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P R E F A C E 

This volume contains the Contributed Papers of the Seventh European 
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TO KAM A KS 1 

MEASUREMENT OF THE ENERGY CONFINEMENT TIME IH TFR 

FOR VARIOUS VALUES OF THE SAFETY FACTOR 

by the TFR Group 

(presented by P. PLATZ) 

ASSOCIATION EURATOM-CEA SUR LA FUSIOH 
O~partement de Physique du Plasma et de la Fusion Control~. 

Centre d'Etudes Nucleaires 
Bolte Postal• n° 6. 92260 FONTENAY-AUX-ROSES (FRANCE) 

~· The energy confinement time TE has been studied as function of 

the toroidal magnetic field (25; 33; 40; 50 kG) or safety factor (3.6; 4.B; 

6.0; 7.0) at constant plasma current (140 kA). TE starts at 15 ms and 

sa turates at 20 ms. 

The following analysis concerns several rlays of experimental work 

spread over six weeks. The value q(a) of the safety factor at the li11iter 

radi us a (• ZO cm) has been varied by changing the toroidal magnetic field , 

B, and keeping the plasma current. I • approximately constant. We have al so 

tried to have the Nel product (HCN laser interferometer) nearly the same for 

all types of the discharge ; this was done by injecting a neutral gas pulse 

during the current rise. Table l sunnarizes the characteristics of the dis­

charge in the stationary state (t • 150 ms). 

B (kG) 25 33 40 50 

l (kA) 140 141 134 145 

q (a) 3.6 4 .B 6.0 7 .0 TABLE I 

V (volts) z. 7 Z. 08 l.B5 l.B5 

Nel pol5 cm-z) 1. 53 1.4 1.35 1. 25 

Radial profiles of the electron temperature, Te' have been measured 

at least up to r = 12 cm by Thomson scattering . As the toroidal magnetic 

field (and the safety factor) increases. the Te profiles become more and more 

peaked as shown in Fig. l. As 90 S of the total thennal elect ron energy is 

contained in the r.( 12 era region, Te profiles have been me21o;urPl1 for r> 12 on 

only for two values of B (25 and 40 kG) rather than systematically. Fig. Z 

contains data obtained at 40 :..G with various gratings in the spectnn ana­

lyzer (lower half-space only). 

Yieasurements of the ion temperature via charge exchange neutrals 

(up to 13 cq on both sides of the equatorial plane) have shown an increase 

in core values and profile- narrowing for increasing values of B. Finally , 

spectroscopic measurements (systematically on 0 VJ, Fe XV, tl V, C Ill ; 

occasionally on Ho XII I and XIV) have not shown a clear-cut dependence of 

the impurity si tuation on B. Fig. 3 Sl.WMlarizes the Te , ; measurements. The 

core electron temperature is a linear function of B while the mean electron 

and core ion .temperatures show a distinctly weaker dependence (probably 

Bl / 1). 

In Table II the thermal energy content per cm discharge l ength of 

electrons (W
0

) and ions (Wi) is given (rte=Ni)' together with the poloidal beta, 

the effective charge of the plasma ions (from the resistivity anomaly) and 

the energy confinement time ,tE• (We + ':4i) 2llR 1- l v-
1

. Note that l"E increases 

with B (due to a decrease of V·I rather than an increase of (We+ W;) but 

seems to saturate. This situation is further analyzed in Fig.4, where 

B {kG) 25 33 40 50 

W
0 

(J/OI) 5. z 5.1 5.3 5.4 

Wi ( . ) 3.6 3.Z 3.0 3.1 

we + wi B.B 8.3 B.3 B.5 

8 0.6 0. 57 0.61 0.54 

TABLE l l 

2eff 
5.4 4.4 4.6 4 .Z 

TE (11s) 14 ,5 17 ,5 20,5 1g,5 

experimental tE( • ) is compared to values calculated for anomalous electron 

heat losses. At present it 1s not clear if the discharge is best described 

by a 10 fold enhanced pseudoclassical diffusion loss (X) (the apparent 

B-dependence is due to t~e varying N
0
1 product) or a dissipative trapped 

electron instability (o). However, at higher values of the plasma current, 

the latter seems to dominate, especi>lly in the 400 kA/60 kG discharge. 

Finally we note that we have also observed temperature relaxations inside 

the q • l region (both from X ray signals, A{t), and from Thomson scattering). 

The sawtooth-like behaviour of the normalized fluctuations¥ and~ 
diminishes with increasing B( * :r B-

1
.
6

) or decreasing radius of theeq • l 

<urface (Fig. !). In the 25 kG runs where 6T/Te is greatest (O.Z) 

about 20 I of the total ohmic power i s evacuated in this way. 

Although this loss mechanism is not the AtOs t important one, it cannot be 

excluded that the relaxation controls in a sensitive way the energy content, 

i.e. the energy confinement time . 

References 
l. B.B. Kadomtsev, O.P. Pogutse ; i n Review of Plasma Physics, Vol.5 

See also TFR papers at this Conference, presented by M. Chatelier , 

C. De Michelis, and o. Launois. 
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Very recently we have done experiments at constant B (SO kG) and varying I 

as suntQarized by Table Ill. 

l (kA) g5 145 zoo 303 

V (volts) 1.85 1.85 1.75 l.BB 

q ( • ) 10 7 - 4.B 3.3 

He 1 ( l015cm-z) -1.07 1.25 + l.BB Z.51 -
TABLE Ill we (J/Cll) z. 7 5 .4 .. B.l 13 

" w. (J/cm) 1.6 3.1 :;; 4 .5 B 
1 

0.54 {!. B 0.62 0 .42 0.3 

Zeff 3.6 4 .z ~ z. 7 3 . 55 

TE (ms) 15 19.5 zz zz . 7 

The normalized T
0 

profiles are given in Fig.5. Combi ned with Fig.I it is 

deduced that t he wi dth (FWHM) of the T
0 

profiles increases linearly with 

[q(aW1. 



2 TOKAMAKS 

THE IONS Ill T.F. R. THROUGH ANALYSIS OF FAST NEUTRALS AND 

NEUTROtl EMISSION. 

T. F . R. ·Group presented by M. Chatelier 

ASSOCIATION EURATOM-CEA SUR LA FUSION 
Departement de Physique du Plasma et de la Fusion Contr6lee 

Centre d 'Etudes Nucleaires 
Boite Postale n• 6. 92260 FONTENAY-AUX- ROSES (FRANCE) 

a) Neutral and neutron tneasuremepts of the ion temperature. 

The ion temperaturA has been measured by energy analysi s 
of fast neutrals escaping from the pl asma (H

0
, D

0
) and by neutron 

flux measurements (D0 ). For fast neutral~ analysis a one- channel 

electrostatic a.nal.yser provides 8 successive ion terupP.ra~ure 

measurements during one discharge. The neutron f lux is measured 
with B. F .

3 
detectol'e and silver activation counters which can 

both be n:.oved around the torus in order to measure the toroidal 

distribution of the neutron emission. Indeed a large non-uniform 

neutron flux ( 1010n per pulse) is usually detected whose maximum 

i s located near thfl molybdenum diaphragm. This flux is strongly 

correlated ~d th the existence of runaway electrons i n the plA.sma. 

This non- thermonuclear flux n:ay be explained ['"~ by supposing 

that energetic runaway eleotrons (E = 10 MeV) create bremstra.hlmg 

'6 photons in the molybdenum which in tum produce photo dissoc-

iation of 1 ts nucleus with neu";ron emission : Y + z H0 " ......... n + .i M :-t. 
A runaway current of lASS than 1 kA due to 10 MeV el ectrons i s 
required to explain the observed flux . I n some discharges hard 

X rays are not observed and the neutron flux (107 - 108 n per 

pulse) seems close to a true thermonuclear f lux . I n that case we 
have compared the two measuremento of the i on temperature . AR seen 
i n t he T.4 Tokoma.k L-U the neutron flux i " less t han required to 

explain the j on teapere.ture deduced from nflutral f l ux analysis. 

Or.e can tmderstand this fact sup~osing that t he deuteron density 

is leas than the electron density which i s the only one measured . 

With a plasma current of 140 kA (minor radi us a = 17 cm) the ion 

tec1peratures are si1t1lar (Fig. 1 ) if we ir.troduce a Zeff = 3 - 4 

due to fully ionized oxygen . With a plastna current of 300 kA 
(a = 20 cm) Zeff has to be ir.creased up to 6. These results are 

consistent with other Zeff determirations. I n or der to do more 
correct correlations between the two measurements the ion 

ten:perature profilA bas to be knO\\"Tl and tt.is has been done by 

tilting tbe analyser which can look at the plasma from - 16 cm to 

+ 16 cm in a plane perpendicular to the 01agnetic axis (looking 

angle 30 - 40') . 

b) Ion tewpera.ture radial nrofilA. 

As alreadY. observed by Petrov L--V on T. 3 measurements of 

t he ion radial temperature profile hy fast neutrals analysis 

taking the s lower slope of neutral distribution function , without 

an ·Abel inversion (which is justified by numerical siaulation L-V) 
also give in T.F . R. a non- symmetric profile (Fig . 2). In one 
direction the i on temperature always decreases with radius where­

as i n the other direction we obserVe a gr eater number of energetic 

neutrals (2 keV < E) than in a Maxwellian distribution. When the 

main toroidal magnetic field js reversed the radial profil• i s 
alRo rev~rsed which shows that ir:fluence of fast neutrals reflected 

on the vacuum chamber c arui.ot easily explain the results . 

b .1 ) Decreasing t~ .·a ture cart of the profile. 

This part ha~ a profile very different from the electron 

telilperature profile and looks more like tbe density profile (Fig.3) . 

At the center Te(o) /Ti (o) is always of order of 2 - 3 but when 
the radius increases the two profile s merge at a radius larger 

than 12 CClo 

For 140 kA when the rr.aic toroidal field was increasedLV 

t he profile ehrank but the teruperature did not change very much 

at radius lArger than 10 cm . 
For 50 kG when the plasma current had been changed from 

100 kA up to 300 kA w~ observed a general increase of the ion 
temperature (Fig . 4) as well as the electron temper ature . 

When we have measured the profile for two limiter radius 

(17 cm and 20 cm) for the same plasma current (140 kA) t he width 

at half maximum was equal for equal safety factor at t he limiter 

radius . 
I n absence of other ion temperature measurements, these 

pr ofiles have been compared with simulation calculati ons made by 

Mercier and Soubbaramayer [V. Agreement is good only i n the 

case when the numerical density profile is si milar to the density 

profil e measured by Thomson scattering, results being ver y 

... 

... 

Q• 

sensitive to the recycling coefficient . 

b.2) Increasing 11 temperature" part of the profile . 

The analyser receives neutrals which are emitted from the 

plasma with v.l » "'' ' that ia , sees parti c les which follow 
"ban8.na" trajectories or are localized in the local mirror of the 

cor.figuration ( SB/B = 6 % at the plasma boundary). The observed 
·asya:metry is in the i on magnetic drift direction. 11 Banana11 parti­

cle a cannot give real asynrnetry · because of the low neutral 

density measured i n T. F .R. (n wo< 10
8 

up to 12 - 13 cm), so the 
charge exchange l ifet ime is much larger than the banana drift 

time . 
The asymmetry i s only observed for particler. whose energy 

is larger than 2 keV having low collision frequency with other 

ions. Nevertheless , taking into account Zeff value whicb is 
larger than one , the displacement along a localized trajectory is 

short (few cm) , collisions faetly detrapping the particles . I t 

is possible that the electric field present in the plasma (the 

pl asma is negatively charged) helps to maintain the particles in tbe 
localized space , the electric drift bringing particles in increas­

ing /, B/B space. Measurements of ion temperature profile have 

to be done with the analyser not placed in the median plane between 

two mair toroidal coils in order to decrease the contribution of 

localized particles in the observed signal . 

References. 

LU Barber et al • . Physical ReView .ll§.. ( 1959), 1551. 
L-V E.P. Gorbunov e t al. 6th European Conference on Controlled 

Fusion and Plasma Physi cs, ( 197J) Paper 1 .1 1 
[i} Pe trov. Soviet Physica Technical Physics Jl., (1968) , 708 

LV T. F . R. Group presented by P . Platz . This Conference . 

LV C. Merci er et Soubbaramayer. This Confor ence . 
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TOKAMAKS 3 

DYNAMICS DF HIGH ENERGY RUNAWAY ELECTRONS IN OR.'IAK • 

H. l<noopfel°! D. A. Spon g! and S. J. Zweb en1 

Oak Ridge National Laboratory, Oak Ridge, Tennessee, U. S.A. 

Abstract: Hard :r:-roys at the 10-M•V level prodUJJed by high energy """""'1y• 

in OR/.JAK can be wuieitstood by an e:raminati.on of the single-particle con­

finement properties of this specie& The results of numerioat orbit calcu­

lations and of hard :t-roy measurs'nwmts from ORMAK discharges are presented 

and discussed. 

Int roduction 

Recent experimental rcsults[l] have shown that in ORMAK a group of 

runaway electrons exists in normal , moderate ly low-density discharges that 

is charact erized by : ve r y h i gh final ener gies (in t he 10-McV ran ge); being 

generated nt early times (0.S- 10 as) and prefe rentially on the out er mag­

netic surfaces (10-20 c•); and being stably contained during most of the 

d ischarge (up t o 80 ms). Thi s clnss of high en ergy rt.maway electrons com­

plements and extends previous informat ion on runaways in toroidal di s­

c harges[2] and could have some distinct consequences on the operation of 

future tokaaak devices. In this paper we analyie the dynamics o f the high 

ener gy runnways and present related experi mental results. 

Theoretical Mode l 

The orbit of a high energy 

elect ron consis t s of a fast 

gyration nbout field lines at 

t he re l ativistic e l ectron 

gyrofrequency super imposed on 

a slower drift motion and 

movement along fiel d lines . 

The combination of the motion 

a l ong field lines and t he 

guiding center drift then 

results in orbits whose pro­

jection on a minor cross 

section is depict ed in 

Fig. 1, where the various 

Fig. J . Drift Orbits of El..ectl'OnB with Kin11tic 
Em1rgi11s of 2 (Out11rmost Orbits) .. 4, 6, ••• HBV. 

shifts and radii are also defined. The vertical drift is caused 

pr edominately by the curvo.ture in the toroidal fie ld ( s ince runaways have 

v11 >> v..L) and leads to an outward displacement of the orbits away fron 

flux sur faces. This s h i ft is approxiaately given by dy-:: rcpLP/R. where 

R is the maj or radius and pLP is the poloida l Larmor radius . For example. 

for a fla t current density discharge., j
0 

= I/nr~, we obtain dy = rUA/2RI. 

where IA • 17;;z-:--l (kA] is the Al fv~n current and y the relativi stic 

energy parameter. The orbi ts with radii rci that just inter sect the out er 

limiter are defined by rci + dy + dp • r L. from which we obtain 

IA 2R ~ r . d J - ..... -1.~-...P. 
I - r L rL rL 

This equation provides the re lation be tween t he (unknown) radius r c i of 

the runawa y o l octron lost at the limiter and its (measurable) kinet i c 

energy Wk • O.Sl(y - 1) [McV] (see Fig. 2, where dp • o. rL • 23 cm). 

(1) 

In Fig . l we show SOlte of the numerically calculated drift orbits for 

an ORMAK type B current p rofile (j(r) "' j
0

[ 1 - (r/rL) 3]}, which are just 

inter sectin g t he limiter. The in t ersection curve, deduced from the numcri· 

cally cal culated shifts, is p lotted i n 

Fig. 2. The question arises, whether the 

mean radius rci of the orbit when inter­

secting the limiter h as exact ly the snme 

va l ue as its radius re before acceleration. 

An exaiai.nation of the tine evolution of 

runaway electron drift orbits based on t he 

constants of motion in an applied e lectric 

fie ld shows that as the particles gain 

energy and displace outward their •inor 

rad ius also increases. This effect has 

been taken into account in the b r oken 

curve in Fig. 2 . The number of n.maways 

6SR driven into the li•iter per Wlit tiae 

as a consequence of the orbit shift is 

given by 

4n2Rr n b rc 
c r~. (2) 

Fig. 2. Intersection Condition . 

where rc(t ) can now be expressed through the curves in Fig. 2 as a function 

of measurable quantiti es [Y(t),I(t)]. and nr(rc) is the nmaway density. 

Experimental Results 

~teasurement of breasstrahlung spectra produced by the high energy 

runaway electrons hitting the target were made with two scintillation 

dct"cctor sys t ems and the results compared with t h e duu. from othe r ORMAK[3] 

diagnostics. The br emsstrahlung produced by high ene r gy runaways can be 

basically understood in terms of the (outward) shift of their orbits by 

dp + dy• where dp is the (aeasurablc) shift of the whole plas•a column. 

In Fig. 3 the maximum runaway energy (deduced from the br emsst rah ltmg 

measurement) is shown to increase during the steady part of the discharge, 

and only slightly less than the free fall curve. This shows that runaways 

at t he MeV- level 110ve aro\Dld the discharae practically as free electrons. 

From the broken curve in Fig. 2 we deduce the correlntion between energy 

(Y), time and r adius r e (plotted on t he bottom abscissa ); f rom the mea s ured 

number of runaways hitting the target (SR) we find. through Eq. (2) . t he 

nmaway density as a ft.mction of radius (Fig . 3). 

To have information on the 

energy and intensity of the 

runaways dumped towards the 

end of the discharge (after the 

voltage pulse ends) we analyze 

i n Fig. 4 the scintillation 

spectrua obtained fro• normal 

ORMAK di scharges with three 

curves constructed from cxpcri­

mcntnl data for moncenergetic 

electrons of 10 MeV (curve a). 

10 and 5 Mev (b). 10 and 8 fleV 

(c). We conclude that towar ds 

the end, the di scharge contains ~ 
with in t he r adius of re cs;, Q) 

16 CJ1 a group of about 1013 Q 
runaway electrons with energies 

around 10 MeV. In addition, 

there are less intense energy 

)( 

17 re i:ni 16 

components in the 4 to 9 MeV range. with a total number of nmaways of 

about t he same o rder (toll). These high energy runaway i ntensities (de t er­

mined to wi t hin o factor of 3) are t ypical for discharges with lino aver· 

aged plasma densities of fi"e • L S 10 13 cm·l. About ten t i ll'les larger 

intensities are obtained at ne = 1 1013 ca- 3. 

In conclusion we cnn say that the mea.surcment of hard x- rays provides 

n powerful and d irect method to detect the high energy runaways p r oduced i n 

tokaaak discharges. In conj\Dlction with theoretical mode l s on the genera­

tion and acceleration of runaways, this aethod may also provide a sensitive 

diagnostic probe o f the e lectric field , temperature. and density within the 

plasmo. 400.---,.----r;....:::= =:::--- --, 
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TO KA MAKS 

EXPERIMENTS ON PLASMA COl.!PRESSION IN THE TUMAN-2 DEVICE 

V.K. Gusev, V. A.Ipatov, M.G.Kaga.nsk:y, S.G,Kalmykov, 

G.T.Razdobarin, K.G. Sbakhovetz , I.D.Shpritz 

A.F.Ioffe Physico-Technical Institute, Leningrad, USSR 

~· Experiments on compression of the tokamak plasma 

oy fast increasing toroidal magnetic f ield are described. 

rhe plasma is shown to be "frozen" in t he magnetic fie ld for 

9. time of order I".; IOO)" s or more . The compressed column is 

maintained during ~ 2 ms, Oscillations i n compressed plasma 

are strongly r educed, 

In t he first experiments /I, 2/ it has been shown that 

the effective compression of a plasma column can be carried 

out by a fast increasing tor oidal magnetic fiel d. However 

the plasma parameters typical fo r the stable tokrunak regime 

of operation have not been achieved because of poor vacuum, 

Improved vacuum conditi.ons have made it possible to obtain 

the substant ially higher plasUIS parameters in the present 

experiments . 

Ohmic heating in a quasi-s tationary magnetic field pre­

cedes compression. The filling pressure i s about I 0-4 Torr 

in hydrogen, The current pulse time is 5 ms, An MHD-s table 

diecharge with a loop voltage UP = (3+4) V typical for toka­

maks turns out to be achieved only when the safety factor at 

the limiter i s q1 ;;. 5, Under the usual conditions the plasma 

current Ip is 5 kA for toroidal r1eld streng-~h H9 = 4 kG . 

During 2 ms after the br eakdown, the plasma parameters vary 

substantially remai ning thereafter approximately constant, 

During this period an average electron 

density is n = (5+7) x I OI 2 cm- 3, and 

the electron temperature a t the centre 

of the plasma , T
0 

= (IOO.I50)eV. Spec­

tral and Thomson scattering data show 

the temperature profile to be narrower 

than the limiter (the limiter diameter 

is I6 cm) (Fig. I) . I t can be approxi­

mated by a parabola T(r)= T
0 
[i - (Jf] 

where a = 5 cm, Assuming the conducti­

1 T,,ev 

Fig. I. 

'"t,cm 

vity C (r) = I .I x 10I3 T*(r) we find the calculated resi s­

tivity of the plasma column to be (0.4+0. 6) m 9. , while the 

experiment yields (0,6+0,8) m.s'Gand Zeff= I.5+2,0, The sa­

fe ty factor at the boundary qa = 2. 5 and q = I at the centre 

in agreement with 131, t he value of ./3r being 0 , 6. The enel'­

gs life time le is about (I50+2ooy1 s in rough agreement 

with Z',.. = 3.6 x 10- 8 s 2 Hl" 141. Thus t he pl asma paramet ers 

obtained are typical for a tokamak plasma. 

The compression is switched on st 2.5 ms after the be-

ginning of ohmic heating. The toroidal field increases up to 

8 maxi.mum during 125 / s . The mwdmum magnitude of fiel~ 

exeeds that during the ohmic besting by a factor of 2+5. The 

time behaviour of t he toroidal ID•&k--=--f'==: Ha kA-_ Hp 

fie ld in a typical discharge is 5dr ~ ~ _ 

shown in Fig. 2. A era-bar of t he I)\. Jp I~ Cl!! 

toroidal H eld winding is produ- Sv I t\.. l Ur I ~ or 
si~ .. 

ced to obtain a compressed plas- i,O ~<~·· I ~ cy 
O 1 2 3 4 S t,mS 0 I 2 3 4 5 t,mS ma column fortv 2 ms. The plasma 

current is maintained constBDt. 
Fig. 2. 

The rise of the column inductance and _,/31 due to compression 

should cause an outward shift of the plasma. This phenomenon 

hss been observed experimentally and to remove it, the trans­

verse field is increased from I 5 G up to 30 G in compression. 

Besides, a shift of the plasma column f rom the equatorial 

plane has been observed. This shift (typically "'2 cm) is li­

kely t o be caused by stray magnetic field Sn • 
Basing on microwave measurements (Fig. 2) the plasma can 

be considered to be "f r ozen" in the magnetic field during co .... 

pression. In Fig. 2 a damping of oscillations in the plasma 

and prolonged confinement of s high density plasma i s shown. 

The appearance of spikes due to compression is characte­

ristic of (JV and CV spectral line oscillograms (Fig. 2) . It 

can be seen from the measur~ments of intensi ty along various 

chords that spectral lines of OV and CV ''burn out" in the 

central region of the compressed plasma column, It i s worth 

mentioning that in another discharge r egime with a lower CUl'­

rent ( IP= 2.5 kA, n = I.5 x Ic12 cm- 3, T0 ~ (40+50) eV ) 

the "burn out" of the OV line is absent during the compres­

sion, change in OV line radial pr ofi-

le describing mainly the compression 

of matter. The r esults of such expe­

riments are presented in Fig. }. Here 

curve I is t he profile of the OV line 

before compression, 2, 3 1 4 - I30, 

300, 600 ,)' s after the beginning of 

compression, respectivuly. It ie 

cl ear that i n compression the av line 

i I 
~~_,._..::;::,,,,6; i,rm 

Fig. } . 

is radi ated only from a narrow region near the axis. 

During the compression, the current radius a decreases 

while t he loop voltage increases. 

This can be easily seen in Fig. 2 and, 

in more detail, in Fig. 4. The co,.,_ 

, pression rate has been shown experi­

mentally to be close t o that of a 

"frozen-in" plasma throughout the ti­

me of compression. This result is 

valid over a wide range of field ri­

se rates. Current diffusion is like- Fig. 4. 

ly to be negligible . Consequently, the safety factor at the 

column boundary should be constant. However a strong dampi ng 

of plasma oscillation amplitude is observed experimentally. 

It can be seen in the Up and OV traces (Fig.I ) and, in pal'­

t i cular, in the trace of the time derivative of the poloidal 

magnetic field H 1' (Fig. 4). 

Thus , stable confinement of compressed plaama in a t oka­

mak-type trap has been shown in t he present experiments. Du­

ring the compression, t he amplitude of the plasma oscilla­

tions is s trongly reduced. Experiments on beating and thel'­

moinsulation of the plasma will be descr ibed in the next r e­

port. 

/I/ E. L, Berezovsky et al., Proc . III Int. Symp. Toroidal 

Plasma Confinement, Garching, I973 , B I9 . 

/2/ Berezovsky E. L. et al., Zb.Tech.Fis. 121 543 (I975) . 

/ 3/ D. L.Di.Jllock et al., Nucl . Fusion 121 271 (I973) . 

/4/ Gorbunov E, P. et . al. , Nucl. Fusion IO, 43 (I970) . 
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HEATING AND Tl!ERMOINSULATION OF THE PLASMA COLUMN IN 

ADIABATIC COllPRESSION IN THE TllMAN'-2 DEl'ICE 

E.L.Berezovsky, V.K.Gusev, V. A.Ipatov, M.G.Kagansky, 

s.G.Kal.mykov, A.I.Kislyakov, G.T,Razdobarin, K,G,Shakhovetz, 

I.D.Shpritz 

A.F,Ioffe Physico-Technical Institute, Leningrad, USSR 

~· Data on plasma heating during a fast increase of the 

t oroidal magnetic field are discussed, An essential improve­

ment of energy confinement in plasma compression is found, The 

ion component heating follows an adiabatic law. The electron 

beating is more intensive. 

The description of the experiment is given in /I/, The 

electron temperature is determined from plasma conductivity 

measurements, spectroscopic measurements and Thomson scatte­

ring of ruby laser light. The ion temperature is obtained from 

an energy analysis of charge exchange atoms. The plasma densi­

ty is determined by microwave (.A- = 4 mm) interferometer mes-

auremente. 

Most of the data are obtained in e typical regime, plasma 

current IP = 5 kA, toroidal magnetic field during ohmic bea­

ting H
0 

= 4 kG and increasing Up to He = I2 kG in 125~ a at 

compression. Before compression, the mean density is ne = 
= (5+7) x Ie>12 cm-3, the electron temperature on the column 

· axis is Te = (I00.;.150) eV and ion temperature - Ti = 30 eV. The 

energy eonfi.nement tiJl!e is cquo.l. to 'l£ •(150+2000 s. 

During compression, plasma conductivity increases. Measu­

rements are made et the maximum of the compression field when 

the inductive voltage may be neglected. 

The current radius is taken as re = 10 

= r
0 

j!J;' according to 11;: The results 8 
Ho 

of conductivity measurements for comp- 6 

reseed column are shown in Fig, I, Here " 

C:, is the conductivity for compressed 2 

plasma and C:, , before compression. 

The data are given for different comp- Fig, I. 

resaion coefficients oC =ff: and for different plasma Clll'­

rents, The experimental results are shown by curve 2, curve I 

giving the conductivity change for the pure adiabatic compres-
C: 

sion .-..£ : CX:. One can see the beating to be more intensive. 
Co I5 

The initial plasma conductivity is C0 = (2+6) x IO CGSE. 

In the typical regime ()(. = 3 the conductivity temperature ii>-

creases from 50 up to I50 eV (assuming Zeff const). 

Measurements of the electron temperature by Thomson scat­

tering are made at the centre of the discharge chamber, Typi­

cally , Te is (IIo! 20) eV in ohmic heating, (19o! 30) eV at 

the maximum of compression and (28o! 40) eV - 32<;fts later, in 

the crow--bsr period. A displacement of the plasma column from 

the equatorial plane is observed /I/ during compression, The­

refore Te measured et the centre of the chamber at maximum 

compression corresponds to the temperature at the column peri­

phery, We SUppose the temperature on the plasma axis to be 

close t o that measured in crow-bar period. It is in agreement 

with the data obtained by other methods. 

Tbe CV ( .A = 2271 1) line intensity measurements are 

made in a cross-section of the plasma column. The CV line os-

cillograms are shown in Fig. 2 for ~1 

central chord (I) and for chords at {\ 

2 cm (2) and 4 cm (3) from it out- ....iJ ~ 2 

ward. If the decrease of the CV li-__A_------.._ 3 

ne i ntensity during compreeaion is ~ 

connected with ionisation tb& elec-

tron temperature may be determined 

from t he ionisation time'?"=,.,_~~>' 

0 0,5 t,O l.st:mS 
Fig, 2 . 

Taking the ionisation rate coefficients from 121 a value 

Te ~ 300 eV can be obtained for the hottest column region. 

Thus a }-fold temperature rise is obtained in the typical 

regime ( ol = 3) , The increase of the temperature is t = O(f~ 
~2 for pure adiabatic process. The additional electron hea­

ting is caused by an improvement of energy confinement. !rhe 

ion temperature increases at compression from 30 Up to 55 e~ 

in agreement with the expected value, The classical electron­

ion energy - transfer time is ~ 5 ms and the fast electron 

heating cannot affect the ion beating. 

The fact that the plasma column heated by magnetic com­

pression does not cool during':::! 0.5 ma in crow-bar period is 

of great interest.It means there is an essential increase of 

the energy confinement time. A calculation gives the value 

?:E = (6oo.;.eoo.),_µ a, 1.e. 4+5 times longer than in the ohmic 

heating period. For comparison, in the TM-3 whose geometrical 

dimensions are close to those of Tuman-2 TE = 6~S is ob­

tained at a plasma current IP= ;o kA 131. 

Thero arc two wayo o~ o:zpla.ining this result. An improve­

ment of thermal insulation may be caused by removal of the 

plasma column from the limiter. Calculations shows / 4/ that 

in such case a rise of energy confinement and the beating 

above adiabatic level may occur at plasma compression. Another 

possibility is connected with a decrease of transport coeffi­

cients, It may be connected with damping of plasm.a oscilla­

tions at compression /I/, The neoclassical theory gives for 

our case 'l:'E~ 2 ms. The difference from experimental value 

'l:'E = (o.e;.;.o.s) ms may be due to radiative losses in the comp­

ressed column. 

The experimental date obtained in 

tbe typical regime are summarized in 

Fig. 3. Thus experiments show that at 

a fast rise of the toroidal magnetic 

field from 4 kG Up to I2 kG the elect­

ron temperature increases from IOO eV 

up to 300 eV, and the ion temperature 

from 30 eV Up to 55 eV, The ion bee-

...~ 
HUTlllO 

Hg .II& 4 

Jp .. I 5 

u,.v 4 

T6.ev SU 

Te.eV 110 

T~ .tV 30 

n,.to'lii 0,5 

p, 0,6 

<. ·rs 150 

-r--Jtt,.rs 180 

Fig. 3. 

cc., rtnMln 

12 

5 

3 

150 

300 

55 

-1,5 

1,6 

600 
100 

ting is in a good agreement with the expected adiabatic com­

pression law, tbe electron besting being more intensive. An 

essential improvement of the plasma tbermoinsuletion is found 

in comparison with the usual tok8111Bk for wicb the formula 

TE = 3,6 x Io-8 a2 B,. /5/ is characteristic. 
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SHA.PINC AND COMPRESSION.. l\YPiR.IYENTS lN A C>.MALL 1 Mrt.TIPOl.E TCKA.'4.AK 

r. . Ciir.n• , C.W. Gowers• • , (:,£.S . Hardinf 1 ,,£ , tcing , H. Krause +++, 
D. C. Robinson , P . A. \o\'olfe:+ , A. J . Wootton. 

+ Institute of Phy sics , Milan lcaly ; ++ AWR.£ Aldcrmastan, U.K . ; 
+++ TPP Garching , '...1. r.ctl"lnny 
Euratom-UKAEA Ass ociation for Fus ion Pesearch, Cu lham Lat-oratory , 

Abingdon , Ox.on . U. K. 

~ f'int results from TOSCA (R"' JO, a• lOcm) with 84' = 1.5 kC , 

20 kA, and fie betvccn 0 .6 ;md S x 1013 c•-J are presented . Equilibria 

ive been established using eirJ:cc .;1n extern'11ly icpo~ed vertical fi e ld or 

1 connecting the wi ndings to s ilfluhtc a conductint: !i!hd 1, filinor r .1ctius C011-

:ession .1nd sh;i.pcd cross section experi~nts a re dcscribrcl . 

!Vice and Oin"lnostic.,; TOSCA has been built t o invcscirate fast Bii COMprcs-

i. om1l hf'4tinr ;md shaping usin~ ll!C ltipolc windin~s wi[hout a convcndonal 

,ell in Lhc pursu i t cf hi~hcr 8 in a Toburilk. ~·is . l i l lustcatcs the wind­

, gs and i11clicates t he dia.tinostics 1_1scd(l) . 

3ui l ibrium Nschar re initLition by a fila"'ent require~ ;tn ave rag<' vertica l 

ield CBv) inside the vacuum vessel .f. 10 G. Equilibria have been e5[;:1hlishcci 

:a l msec , both with and vithout a liMi[er 1 by connec ting the 16 t windings 

n a 4:1 series parallel arrangeren t to siirulate a shell . The i111pcdance of 

he windings causes a curre nt redistribution which produces .:1 6v; better 

ontrol of the plasll'a position is achieved by encrpisinj!' [he Bv '-'indings 

o oppose this f i e l d . Fig.2 shows resul ts from such a c!isch<1-qic . The 

easured displacement resu l ts from an outward motion due to : (1) the hoop 

orc:e ; (2) [he externally .applied fl.v and (J) the leakage of plas .. .-. flux 

hr ough the resistive shell (T ::: 2 ms). and an inwnrd lr'Otion due t o the 

edistribution o[ the E- winding currenL The latter rrotion eventua l ly 

ecomcs so large that the d i scharge is te r r.o inated, as i n Fig . 2 . Oreration 

t 8: l series - para llel and l6 : 1 (all i n seric5) with Bv equilibrium 

ontrol ha s bf!l!n obta ined, 

Rettf!r displacement conlrol has bef'.n obtained by connectin~ E- windin@S 

to 14 in 4:1 series - para llel , and energisin~ wi ndinps 1 and 16 to pro­

·ide thl! correct ver tical field ; the results arc shown i n Fig.), ln th i s 

:ase Bv • tp and the displacel'ICnt is srrall . The dischar~c is terniinated 

•Y a s low decay of plas!T'a current after the available volt seconds i!re 

:01lSumed . Cor11parcd with the discharge of Fie . 2 the fhictuation!I o( the 

1ol oidal and ra.dia l field .:1.re reduced substantially co 68/B .{. 2% i ndicating 

'-js uRFACE BARRIER DETEClOR I 
'--js 1 (LI) DETECTOR I 

F' i r . l Windings 3-nd diagnostics 

Volu ,.,,,.,. • 

Po•lic:t.<k,.,t>IY 

Ctm•l,lQll) 

·· ·~ 
0 ' 1 tlrnllJ-

Fig.2 Results with a simulnted 
s hc l 1 

SliooC Uo ilLJ 
0,. • '-· !110-4 to"H1 
llp • !\G 
llo 1 ..... r1n 

1'·~ , .. ,, 
·~''""""" ,,+~ 

( • 10

11

1 .. ~ .~ 
•'--~~~~~~-":,, 

'l ~-·-~~,.~~ 

·' 

I~ 
0 1 l l " 

'"'') 
Fi g .) Results with Bv generated by cur­

rents in the tl.'o outer E windings 

improved stabi l ity in spi t e of a larger plasr.-a cu rrent. 

Plasl'l!a Par ameters The peak value o! the average electron density , measured 

with the two interferometers, was approximately proportional t:o the f i lling 

pressure , and always decayed . LmlJtn'!.uir probe t11easa r el"'ent5 showed a similar 

time dependence of t he elect r on density a.t 7 . ) cm radius , with electron tem­

peratures of 20 cV. Diamagnet i c loop ireasurements showed that B
1 

varied 

bet~een 0.3 and o.S ! 0.05 , depending on the initial conditions, and rose to 

~ l. O to\.'ards the end of the discharge . \..'ith a 20 kA plasi.a currf!nt the dia­

magnat ic tea:perature at peak current vnried between 60 and JOO eV, depending 

on the dens i t y (ii"c:: l [O 5 x l013cm-l), an~ the conductivity te~pcra ture 
was~ 60 eV . For q(a) ~ 3 . S a disruptive instability te r minated the dis ­

cha.rge . About 20 1Jsec before the start o( the negative f!O ing voltage spike 

x-ray emission was detected. Magnetic field .'.Ind densi t y per turb.ttions a t 

the plasma edge were on l y observed after the start of t he spike , indicating 

an internal ori~in for the phenomen3 . 

Operating regimes s i mi l ar to those in T6(2 ) have been obtained , i n 

wh i ch positive vol Lage spikes occur. Spikes with riscci!Tles o! 2 co 10 µsec 

..,ere measured , .iccomp.:mied by ha r d x-rny emission . Perturbations in the 

poloidal field only At the bo t torr of the torus ;..·ere observed; the density 

and dia.magnetic .e.asure111Cnts showed that there was no additional h@ating. 

Compress ion Be) has been increased by up to a factor 2 (eg 6 to 12 kG) in 

150 µs ec for a variecy of initial 

conditions and the different 

equilibria , No density incr eases 

or outward displncet!'ents we re 

found for plasma currents < 10 kA. 

Above this value the es tirrated 

energy confinement time '-<IS 

:: the coir_press ion time and 

current decreases of up to LS::t 

\."Crc rccot:ded . fig,4 sho"-s the 

measured incre31 e i.n the dis -

placement (outward) .tSsociated 

"'-ith cooopress ion as a function 

o! the compression ratio 

C, • e41£/B4ii for t1o'O equ1l1-

bria. Al s o shown , ns so lid 

lines a r c the [heore tical dis -

placements expected for an 

•' 
(cm> 

•' (cm) 

2 -

>O 

j * 20kA 
Po ~ 4.10·' 

NO 'SHE\t' 

"' 15 ~ A 

,., 
8~ 18~ 

\·1 2·0 

Fig . 4 Expcrimenul nnd theoretical d i s ­
place .. ents as a result o f compression : 
upper '-'ith applied Bv: lower with sin:u­
lated shell 

adiab.:1 t ie coflpression assumi ng e
1 

i • O.S and a parabolic current density 

dis[ribution in the pl.3Saa . F'or BI constant [he [heor etical d isplacements 

would be reduced by it factor ::: 2, Preliminary results from thf! Langmui r 

probe i ndicated a mitrkec\ r educt ion of electron dens icy nea r the wall. The 

4 rmi interferometer sho"ed a 25-30% inc rease (ie a chanre of J} to 4 frin~es) 

of [he initial ph3.Se s h ift (;e - 2.J x 1013 
Cll'-

3
) for C • 1.7 . lhis is con­

s iste nt 1""ith a.n adiabatic COC1'pression ; sill' ilar results '-"ere obtained on 

TMl (J) and TUMAN-2(4 ). ln all cases cof"'J) ression did not a ff eel the goross 

stabi lity as indicaud by f i eld and density fluc t uations . The rws voltace 

fluctu a tions were reduced , although sometimes a small ne(!:ative vo.l tae;e spike 

('\.. l V) occurred, indicating a plasmn current redistribution . 

Shaping Windings 1 and 16 were energised with current paral le.I to the plasma 

current to generate a. separatri x. The short lived plas11a pr oduced oscillated 

in major radius. Equilibrium calculations show cha[ t he plauia was probably 

n • 0 1 m • l unstable. 

Conclus i ons Equilibria have been obtainl!:d using ei[her an external l y 

imposed vertical fie ld or by connectinp the wind in~s to &imu late a conducting 

shell . Compression @xper irren t s indicate a reduct ion of electron density 

near t he wa l l wi[h an increase in microwave phase shift and 11n outward dis­

placement corresponding approxiz..ately to those calculated a11u1t1ing an 

adiabatic compression. Shaping e xperia-ents with a separatrix on the outside 

of the toroidal column lead to uns cable motion . 
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12'1PIRICAL '.roKAMAK SCALING 

J . Hugill 

Culham Laboratory, Abingdon, Oxen, OX14 3DB, OK 

{Euratom/UKA.F.A Fusion Association) 

~ IB.ta from various experiments are fitted to three types of 

empirical scaling laws , for which TE varies as aa a or a 0
• The results 

are used t o predict the perfor1IB.11ce of future large tokato'iks. 

Symbols R = major radius (m) 1 a = limiter radius (m) 1 I = plaana 

current (A), <Ia. 1q
0 

=safety factors at limiter and aagnetic aria, ne,ni = 

mean electron and ion densities (m- 3
) , Te ,Ti =mean electron and ion temp­

eratures (eV) , VR = resistive loop voltage ( V), ~a = poloidal beta, TE = 

plasma energy/input power (a), \, = t oroidal field (T) 1 Zeff = effective 

ion charge. 

Introduction This paper attecipts to predict the perfornence of f\J.ture 

large tokam:ike by usi ng empirical expr essions derived from the data of 

present experiments (Table I). Attention ie restricted to hydrogen dis­

charges, for which there was no large anomalous resistance due to turbul­

ence. The implicit a ssumption i s that the physi cs of the discharge will be 

unchanged in larger devices; a big aeeumption. However, no specific 

physical models are assume~, a priori . 

The t wo basic parameters of interest are the plasm pressure which 

can be sustained by ohmic heating alone , and TE. The latter allows an 

estimte of the additional heating required to reach a specified condition . 

T3 and T}a 

T4 

ST 

ORHAK 

CLDJ-Toknmk 

PlllSATOR 

.U.CATOR 

!bin parome tern 

R(DI) a.(m) I(kA) ntt( 1d
9

m""U 

1.0 0 . 1-0.1? 36-90 0. 9-2.7 

1.0 o. 17 110-180 1 . 0-3 .0 

1 .09. o.o6-o. 1't 10-100 0. 8-3 .3 

o.8 

0.17 

0 . 23 

6o-8o 0.6-2.1 

95-16o 1 . 2-2 .0 

1 . 0-2 .4 

0.98 0.17-0.2 103-300 1.6-3.5 

0 .7 

0.5'; 

0 . 12 

0.10 

44 1 . 1 

190 

S;vmbol 
on Gro.pho 

0 

* 

Rc f erenceo 

1,2 

3,4 

5,6,7,8,9 

10,11 

14 

17 

18 

Effect of Varying qa qa is an independent variable 1 but q
0 

tende to 

be near unity. The ratio determines the basic geometry of the discharge . 

It bas been found on T3 and T4(1) 1 and, more r ecently on TFR(16), that TE 

increaees as q
8 

increases up to ..., 6 1 

then remains constant. Conversely , 

when ~ E\ 2 1 TE decreases sharply and 

large disruptive instabilities are 

seen. For ~ of the data analysed 

here 3 < qa < 5 . 5 1 as shown in Fig . 1 1 

a value which gives optimum plasma 

parameters for a given l\p . In this 

sense, qa is not a proper independent 

parameter. 

3 5 
Fig. 1 . Histogram of Ga. . 

Effect of Varying n Many experiments of moderate size now show that 

TE' ~a vary ae nea' where a- o.4 i n the early Russian experiments (1 ) 1 to 

- 0 . 8 in ST (5) 1 and 1 . 0 in Ormk (12) and Alea tor ( 18) . This implies t he 

amount of plasma in t he discharge does not have a big effect on the energy 

loss rate, or on Te . I t confirms the idea that particle balance and energy 

balance are controlled by nearly independent processes. In some experi­

ments (14 116) ne increas es linearly with I, possibly due to plasma- wall 

i nteraction. 

Scalins with I and a It i e difficult to d isentangle the effecte o f 

. increasing I and a independently 1 since larger experiments tend to run 

higher current discharges . In any case, the range_ of a is limited to a 

factor - 3 . Therefore , three possible types of scaling are tested , for 

which TE var ies appr ox._imtely as a 2 (A), a(B) or a0 (C) . W'e always have 

TE= 3 1-10 IR i;0/8VR' so a knowledge of VR' or the plasm:i conductivity, is 

suffici ent to relate TE and ~ 0 • It is renarkable Uat 9% of the data 

points considered h'lve 2 < VR < 4, but it is not possible to dist inguish 

the constancy of VR from that of VR"R, 

~.,,.as f i rst suggested by workers on TH3 and T3 in the form 

TE- aa neo. 3 Be - a neo. 3 I 

A test of this scaling is shown in Fig . 2 . It does not look ver y convinc­

ing, and the corresponding scaling for p0 - n
0
°·4 I - o . 3 predicts a plasma 

resistivity lower than classical for large devices . The mean value of 

T_iaI ie ... 5 X 10-7 (em- 1 A- 1) . 

~ is illustrated in Fig. 3. 85% of the data is within a factor of 

2 of the expression TE = 8 X 10- 3~ ne rl: though a higher exponent for I , 

up to about 1 1 would fi t the data equally well . 
10-21 
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/ 

.• . ,,.,,... ..... . / 
/ 

Fig. 2 . Type A scaling. 
Fig. 3 . Type B scaling 

~ ie illustrated in Fig. 4. 10 .---------.-,--r-r--~ 
The data fi ta the expression 

T = Te+ (ni/n
6

) Ti = 1700 [mean 

ohmic power density (MW/m- 3 l ]" 

which leads to 

TE = 10- 23 ne T~ . 

I 

/ 

I 
I 

I 
I •1 

/• I 
I • .;• 

This expression ie similar to • /• : I 

that suggested by r ecent results ·-'. • •• ,~ 
in Alea tor ( 18), and also a grees I ·" t 

/·· =1 

I 
I 

with the scaling found on ATC ( 1 1) , in . / ~I~ 

the form ~9/ne Zeffi = 5 . 8 x 10-
18

/ I , O. ~~,.....,--"---!--,..,..---,.,,,........,,~ 
if Zeff= (T/'ra)3/ a. 0 . 1 Ohmic power density ( MW m 10 

Fig. 4. Type C scaling 

Table II shows the resultB of applying the three types of scaling to 

PLT (Princeton large torus) a.n d JET (Joint European torus), assuming 

Zeff = 4 • 

Conclusions There is presently insufficient data to choose between 

scalings of type B or C, but type A looks improbable. Type C scaling 

favours the high field, high current density type of experiment . 

Experimen t 
TABLE II 

Scaling---,-E(s) 

PLT A 

R=1.3m,a=O. l+5m B 

I= 1 MA , ne = 1020 m-3 c 
JET A 

R = 2 . 96 m, a = 1 . 25 m B 

I = 2.6 MA,ne = 10 20 m- 3 C 
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1bstract . The use of the Tokomak plasma trans~ort code to 

iimulate existing experiments suggests empi rical scaling laws 

~or the t ransport coefficient s . The conditi on on the l ocal 

•afety factor q < 1 plays an important rol e . Numerical investi g-
1tions show that this condition may be avoided by a suitable 

idd1tional heating . 

I • I ntroduction • 

A one- dimens i onal transport code i s in use at Font enay 

>ince many yearsL-!J and two new f eatures have been recently 
1dded to the model : heating by high energy neutral beam and 

i1ffus1on of heavy impuritie s . The neutral injection i s adapted 

to cylindrical syll!l!letry taking into account the two inclination 

3Ilgles of the be= 11ith the cross section plane and the meridi an 

plane . The impurity diffusion appr oach combines heavy aton; 

jiffusi on equati on with c oronal model and includes f our types of 

impw-it i es (oxygen, carbon , iron and mol ybdenum) . We present here 

three applications of the model . 

2. Simulation of ex1st1nP. experiments. 

The maL11 disC'barges on existing Tokomaks have been simul­

ated with our code and have shown that the e l P.ctrons are exper­

iencing two type s of tur bulence increasing the transport coeff­

icients : one in the current rise phase (skin relaxation i f the 

skin exists) and the second in the quasi stationary s tate due to 

q ..:::'.. 1 i n the near axis reg ion of t he }:lasma. These ttU'bulen~. 

Af''fP.r!tf'i s:tre super posed on a trans1•ort coefficient which is 
already anomalous. This is summarized by the empirical foroula 
for the particle di Cf usion D and the electron ther mal ccmductivit y 

Ke 

a.~ 400, ).)
99 

electron collision f r equency, r Te electron Larmor 

radius relative t o t he toroidal magnetic field , /.. ((' ) enhancement 

factor : 

{

!\(e) '.l.! .3 to 5 ~o'l I'~ f'c ~; (r= ~ ); 0 (SK,.,, 1tda.uli: .. ) 

(2) !\(r) ~ 5 to i O fo~ <J(f') .(; i (r'""te<"'at d<•tu/'tio..,,) 

(J is the current density). Due t o th1~ enhancement one obtains 

a stationary state . 
The ion1;> have a neoclassical three regimes behaviour 

(3) Ki = Neoclassical . 

but it should be emphasized that up to now Tokomak experiments 

are in plateau r egime . 

3. Investigation of the i nternal di sruption . 

The computations with the formula ( 1 ) show tha~ the 

elActron temperature and the current dens ity peak more and more 

towards t he axis and the value q = 1 is always reached on the 

axis. As illustration , one can prove analytically, with a 

simplified stationary equation , that this happens e ssentiall y 

when the Ohmic heating is the only source balancing the thermal 

l oss given by fonrula ( 1 ) . 

When qaxi s ..::: 1, the observations on TFR L-LJare perf ectly 

simulated by increasing periodically Ke by a factor 10 durir.g a 

short pulse. The formula ( 1 ) with the enh .. ncement of internal 
disru~tion appears as an average of a periodic process. We have 

found empir ical.ly on TFR experiments that i n the case of inter nal 
disruption, a better repr esentati on of this average is the 

followi ng formula : ..:!. ~ 

- .i -T 
(4) Ke=] "' Zeff ("'1 Ai. <f J ~ 

The dependency of Ke upon the atordc mass Ai SIJ8gests 
that the internal disruption is MHD nature . 

4 . Effect of an additionaj. heating . 

The peakil18 of the temperatUl·e may be a ttenuated by 

creating an additional heat sour ce at the edge region of the 
plasma. This may be practically achieved , for instance by 

energetic neutral beam heatine. We have investigated the effect 

of this additional heati~-8 on the q pro:·ne accor ding to the 

angle of injection . It is obvious that the peaking i s not much 

altered when the beam is directed towards the axi s . But if the 

beam i s inclined by a non zero angle o<. on the oeridian t:l ane, 

heat i s deposi ted preferential.ly at the edge region of the 
plasma ancl the t emperature prof ile is flattening . 

Tb.is results are illustrated in the Fig . 1 where we have 

plotted qaxis versus beam incl.ina:<ion angle o( • The exampl e 

considered is a case of TFR with 140 kamps, 40 kG (qedge ~ 6) . 

The three curves correspond to three valuer~ of thA beam intenai ty 
(10 acps, 20 amps, 30 amps), the energy of the beam being 30 keV. 

Numbers in brackets designate the corresponding average i onic 

temperature. One Call no"':iice that i t i s easy to obt ain qax.i s > 1 
with a relatively small inclina tion 0( · o f the beam. But for 0( 

exceediJ1g soce limit « critical ( O(critical depends upon the 
intensity) , the profile is again very peaked . In the nei ghbour­

hood of 0( criti cal both tho two states may be reached depending 
upon thP. past evolution of the dischar£e . 

Let u s poin1. out that it i s not always favourable for 

the pl asma perf"orn:ance to avoid qaxis <. 1 by i nclini ng the 
neutral beam .. There is a balance betwee~ the decreasing of the 

heat deposit due to 0( 4" 0 and thA increasing of transport 

coefficient due to 0( = O, 'laxis <: 1. In t hA example considered , 
with 0( = O, a tur~ulence , relatively small , increases the 

value of qaxis up to 1 and the average ionic temperature is the 
highest in spi t e of an internal disrupti on still present. 
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NUMERICAL COMPUTATION OF TOROIDAL EQUILIBRIA WITH ANISOTROPIC PRESSURE 

A. Taroni, Centro di Calcolo CNEN, Bologna 

A. Seetero , Auociazionc e:uratom-CNEN,Frascati (Roma) 

~: A numerical iteration scheme is presented for the calculation of 

toroidal plum:i equilibria with anisotropic p ressure . An application is 

ma.de to the TEE experiment in Juelich. 

The scalar pressure equilibrium theory may not be adequate for the 

description of experimental situations in which the temperature is s uffi­

ciently high to prevent the complete isotropization of the plasma pressure , 

or in which a certain desree of anisotropy is maintained by the particular 

plasma heating method that is employed. The equilibrium theory of s uch ani­

sotropic plasmas has been investigated in the framework of a lowest-order 

guiding center nodel (see , o.g. ,Ref . I). In the toroidal axisyuactric case 

one has to solve the following equation [ 1) for the s tream function 'JI of 

the poloidal magnetic field , generally with '}' given at the plasma bounda-

ry , 

Cylindrical co-ordinatu r •'f. z have been used and 

0 r• +- r.1. - p,, _ o L ~f ~ l 
1-- -----I • 

'dB B 
(2) 

Here )'Ao is tho vacuum magnetic permeability , B i!; the modulus of the 

magnetic field , I is the str eam function of the poloidal current, pi/ 

and p J. are the "parallel" and 11 perpendicular" pressure, respectively, one 

of which can be specified arbitrarily as a function of t and B , while 

the other one must be derived from it by means of the second of eqs . (2). 

We recall that in terms of tho above quan t ities the magnetic field ..!! and 

the current denslty :! have the fulluwinK ex\ne.s.siuu.s; 

vith the subscripts T and p referring as usual to the "toroidal" and 

"poloidal" part , r espectively. Notice that second derivatives of the un­

known t enter in tho last ter. of eq. (1) through the factor \J 0- ; for 

a discussion of this circumstance in relation to the permanence of the el­

liptic character of the equation , see Ref. 2 . 

The choice of the arbitrary functions p 
11 

C'f',B) and LC'f'> specifies a 

plasma model. For convenience, we shall factorize a costant number al. out 

' of p If and L 

(4) 

so that eq . (1) becomes: 

'"~ + ~ _ .!.. "t ,,_.,_(~ 'J;, +~ ~2 )-i. v.- v+ 
'().,,\ 'Cl1' '1. i)'t "11f o-' ollj- " 

(5) 

While P., Ct1 B) and LC't'> are chosen arbitrarily , the factor C( i s de­

termined together with the solut i on o/ by prescribing the value of the 

total toroida~ current , 1 J'f .I. S, where S is the (meridian) cross section 

of the plasm.a. The numeVical solution of this problem is obtained by an 

iteration t e chnique analo9ous to that described in Ref. 3 for the scalar 

pressure case . A simplified version of the method , valid only in the low-p 

limit, has been considered elsewhere [ 4]. 

As an application, we shall present some results obtained with the 

following choice of p
11 

and L : 

(6) 

wher e b , c and Le are constants. Within this model one easily derives 

(7 ) 

We impose t •O on the plasmn boundary; it easily follows that also p/f ,p.1. 

and J If are zero at tho plasma boundary . As for the meaning of the con­

stant s Le and c, one can see chat they are related to the value of the va-

cuu>11 toroidal field and to the poloidal p , as in the isotropic pressure 

case. The constant b is re l ated to the degree of anisotropy P.t. / p 11 • as 

it appens from the second of relation• (7) . If desi red the number b can 

also be changed (as done with ~ ) at ll!ach iteration so aa to keep constant, 

e.g . • the degree of anisotropy at the magnet ic axis. 

The choice (6) was made with the pur pose of approaching the experimental 

situation of t he TEE ~chine of Juelich Laboratory where a maximum degree 

of anisotropy ~ has been observed near the magnetic axis, while 

Pi.'.t p
11 

at the plasma boundary. The results presented here were obtained 

by using input data for the numerical computation basad on the physical pa­

r ameters of TEE, in particular: 

t\i. • 3, h • 1. a t the magnetic axis , taajor radius R•25 cm. , plasma r r r,, 
radius a • 7 cm , vacuum toroidal field at the centcr Bl)T • 4.5 kC • to-

tal toroidal current I't .. 25 k.A. lt was found, as it appears fron:11 figs . 1 

and 2 , a shift between che current axis and the magnetic axis that can, at 

least partially, explain the experimental findings on TEE [s]. In the fi-

gures solid lines represent level lines for p
11 

(fig.1) and for I (Cig .2) 

vhereas dotted lines arc level lines for t 

Fig. l Fig. Z 
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PARTICLE TRANSPORT DUE TO FOLARIZAT!ON OF TRAPPED 

PARTICLES BY INDUCTION ELECTRIC FIELD IN A TOKAMAK 

R.K. Varma 

Physical Research Laboratory, Ahmedabad 380 009, India 

~ The Induction electric field In a tokamak leads to a polari­

zation oC the trapped particles . The particle t r ansport due to this pola­

rization electric field is calculated and is found to be radially inwards . 

This helps to expla in some of the expe rime ntal observations. 

It is now well known 1 that trapped particles in a tokamak 

suffer a radially inward dr ift of magnitude cEf /Be , where Ef 

is the toroidal electric field and 8e Is the azimuthal field. This dri!t 

can be easily reduced by applying the eonseratlon of c~aJ. 
~ulv., ?nbrnvrLtm., -{; ~J, ~r, 

It has been stated 1 that as the t r apped particles move radially 

inward they would leave the passing particles where they are. How­

ever, experimental results on the tokamak2 seem to indicate an in­

ward motion of more or less plasma as a whole, whereas the trapped 

particles constitute only a fraction .,/f]R
0 

particles. 

or the total number or 

We propose here a mechanism whereby plasma a s a whole m o­

ves r adially inwards , but perhaps with a speed smaller than cE+ / B6 . 

The physical mechanism is that t he trapped particles in a tokamak get 

pola r ized wider the influenc e of the induction toroidal electric field E~ . 

The polarization field in ( "/ 
7 

n ) plane. turns out to be in such a direc­

tion that the r -component of the resulting E X B drift is radially 

inwards. Since it obviously depends on the number of trapped particles 

and, for a given E4 field. on the magnitude of the maximum of 

U1~ rnlrrui· Iich.I, Un: t:Ift:cl will be more lmport.ant fol'" tokamaks with 

smaller aspect ratio R/r. and therefore for those of the reactor type. 

Trapped Particle Density Distribution In the ( Y, fJ ) plane 

Because of the axisymmetry of the tokamak geometry. the trap­

ped particle distribution will obviously be cp-independent. In the 

presence or the t oroidal electric field (also axlsymmetrie) the effec­

tive trapping potential is modified. For t he trapped particles. the 

toroidal electric field can be taken to be derivable from a potential 

which Is given by 

(§ = - fJe E11 = - J~o v-B<PE<r/138 

(1) - -(v-BoE;fee}(e-1-iES•M&) 
where .e represents the coor dinate along the field line and in the 

usual notation /3~ = 8
0

{/+l't..os.f)J-
1
, fqi °" Eo(1+Eu>&t' 

and R =. Ro ( 1 t- E C.vs (j} 
1 
~ = .,./ (l.

0 
The above expression for 

stands conveniently normalized to (f :. O 
1 

-fv,,. {J -=.. 0 · 

The energy of a trapped particle is now given in the usual nota­

tion by & " 1 m ""''\ r B + t- if) so t11at the effective trapping poten­

tial Is J.l. B + '6-1· A particle is t rapped if G < ( f"'-8 t l-<f) n i o.( 

where ( /" B + '(· <f) .,,,It>< is the lower maximum of the potenllal with 

respect to {i . F o r a given fJ... , the maximum and the minimum 

of the potential are easily found to b e given by 

8.,,;., = s;,,,.-1 (1.EoRo/r-Bo) 
e'"(o.' = rr- s;,,._- 1 ('f:.EoR•/f-Bo) 

For a certain u. = IL . = 4 f<.,E./B J () "- e . I . I Jl" ... n r ... i} tl•rLK UL~,., 

(2) 

the potential well degenerates into a point of inflexion, and no trapping 

occurs fo r f < f n .. Vri . For a given value ~ > f1f'l i.t-.. • the 

energy for the trapped parti c les will lie in the range [ ( m;.., J 

( £ < £ ( 'l?l"-11). where£ {,nO,, )1s the value of the energy of a 

part1c1e at the bottom of the weu. B = e,..;,,, with -V,, = o . and 

G ( n1.ii..X) s imilarly is the value at the maximum 

Because of the inward Ware drift, the spatial density distribution 

of trapped particles in the presence of the induction electric field E 

is non- stationary. In what follow, we calculate the polari'Zation electro­

static field due to an "instantaneous " distribution of trapped particles tn 

the ( ..,. • a ) pl ane. 

If we assume a Maxwellian dis t r ibution in the e nergy and for s im­

plicity, a b - function distribution / b ( f1' - fv) . we obtain the 

spatial distribution in ( {' , 9 ) plane 

It~= n.f exp [-(ratlrt~JJ vf[ ~ f~, (B(9.,,..,) 
1 I y T 8<& 

·- B) t 1 (~ { 11,., .. ~) -if)} J 2-- e><f~ [ ~{;l"Bt i<P) /r] · 
1 [ f { t•n( B(G,.,.;,,~-B) + }(q_i(e,,,r..)-iJ?) }] 1,_} (3) 

where ~ x -::.. l / Jfi' J., ~ e. -y ~ is the error function. The electro­

static potential <)>r due to the tt·apped particles is given by 

v(~4r) 
(4) 

M '/2 f ;: ( + 4 tryt~ C/ 13 is the dielectric ccnstant. Eqn. (4) can be 

solved for the potential .<J;.
1 

and the electrostatic field and the EXB 

drift obtained. Since n' r of Eqn. (3) is the expression for 'ii { f-/'-o) 
the solution <Pr of Eqn. (4) can be cons idered as a Green's function 

tor n.ny arbitrary distribution in r 
Numerical solutions of the deifts are obtained for some dist r i­

butions in )'l- . It is easilj tc,. see geometrically that the drift is 

radially inward . 

!. 

2. 
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DETERMINATION OP COODllCTlVITI' AND Z
0
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The radial conductivity profile is determined by inducing, along the 

plasma , a wea k oscillating elect ric f ield E_ • U_/2nR so as to create 

a skin effect in the plasma. (1) The a // ( t) ~rofilc is deduced from the 

measurement of the plasma. i nduc tance It,. • dl: f o r s everal !requencics ~2 •3 • 4) 
dt 

n.c model used for the interpretation of the experimental r e sults implies 
-(r/r

0
) 0 

- a r a d ial conductivity prof ile of the fonn : a //(r) • o 
0 

e 

then 

r
0 

charac teristic length of t he plasma . 

- a stationary plasl'Dll . 

- an axisymctri c pl asma cente t'ed on tl·,e torus axis , 

l a aE 
I f E_(r1 t ) is given by : ; 3r [ r a;]· it.:4J0 (r) E_ 

L_ • µ R Log f + ~ 
0 0 

(1) 

(2) 

For t he steady state of the plasma, L_ depends onl y on the f requency 

f • w/2n and the parameters a
0

, n and r
0 

chara c te r i z i ng t he conductivity 

profile . 

Measurements of L have been mioly performed together with the T and 
(~ - e 

"e p r ofiles during the cur rent pla teau of a 140 KA - 25 KC discharge . 

Figu re 1 shCN'S t he experimental L val ues plotted against t he parame t er 

u • Log ea f a
2

) ; G • _ut • ~ (3) is ~he average condu ctivity, I being the 
0 0 

main current in the plasma i nduced by the electric field E
0 

• U/2 R measured 

• l ong the copper shell. ~ 
The i nductance L..., decreases as t he f r equency R 00 

increases , s howing that a skin eff ect has indeed • 

been imposed on the current pr ofile. I 
For the explored freque ncy range of 30 Hz t o 6 OOO Hz, the o. , c. plasm.:i 

impedance Ls primarily i nductive . The amplitude of the modulation 1_ is very 

small compared with tho main cu rrent I, i.e. 2~ at 40 Hz : and even at these 

lOW' frequencies, no measurable macroscopic modificat i on of the plasma can be 

ob served . 

The comparison between the cxrierimental values L_ (u} and the curves 

computed from the above defined model gives a . range. of t he v3 t ues o
0 

r
0 

and n determi ning 

o
0 

is given by 

che possible conductivity profiles . 
2 -

a <1 
0 

0 o • a -(r/r ) 11 

2 J e 
0 

r dr 
0 

(4) 

For r ~ 7 cm , 311 these profiles are close to one another ; but , 

near the axis , an indeterminati on ex ists which is r emoved in the follou i ng 

way : we assume that the electri c field inducing the main current in the 

discharge is radially constant .3nd equal to E
0 

; so 

-(r/r )n 
J(r) • E

0 
a(r) • J

0 
c 0 

The J
0 

value equa l to E
0
o

0 
i s determined by the condition q(o):-1 

deduced from t he intern3l d i srupr io ns study . ( 6) Thu s 

" ~R _£_ _l_ 
Jo µ

0 
q(o) 

On the other hand, the condition 

r dr (5) 

hu to be met . 

So, the a(r} • nd J(r) profi les are unambiguously determined (Fig.2) 

by n • 2.7. 1 r
0 

•JI.I cm and a
0 

• 9 10 6 mho- aa o r J
0 

• 4 10 6 A/m2 . 

Figure 3 shows the variation o f q(r) defined by 

BT l 
q(r) • R ;;;; 

2 
r 

J J (r) r dr 
0 

(6) 

Then, if we assume chat O(r) is given by the Spiuer's classical formula 

I 
KeV 
ohm 
m 

(7) 

the Zeff profile is d efined using the Te and n
8 

profiles and the above 

experimental determination (r} as described in figure 4 . Zeff appears as 

nearly constant equal to 7.5 for r ~ 10 cm (with an uncertainty of the 

order of the deviation of q (o} from unity) and then d ecreases. 

4 

0 
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FIRST RESULTS ON PETULA TOKAfL\K 

PETUI.A CROUP* 

ASSOCIATION EURATOM-CEA 
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Se1t.v-ice. lGn - Cw.t;J:.e. d' E.tudu Nucll!tUJi.u 
8. P. 85 - Cenllle de TM. - 38041 

GRENOBLE CEOEX I F~ancel 

ABSTRACT : Tokamak di s charges of 40 to 65 kA have been achieved in the 

PETULA inSLallation using a metall i c Liner. Mcasurea".cnts of Te(r,t) , ne(r,t) .. 

at 50 kA and 16 KC:a.uss uc reported. 

L'ITRODUCTION. Pl::TULA is a ooderate size Toksm..1k designed Cor R.F . healing. 

especially 1".T .M.P. heating. In orde r co get the penetration of the high 

frequency electromagnetic fie l d inside the plum.a, the vacuu" vessel wil t be 

made of six identical alumina nctors, e:ach of 30° arc length, connected to 

six observation and pumping pores by stainless steel belm.,.s . Six coils loca­

ted between the copper s hell and the alumina s e ctors will produce a 3% modu­

lation of the toi·oi.dal magnet i c field. During the const ruc tion phase we dec i ­

ded lo use the anticipated interval between the completion of the t oroidal 

field sySLem and the alumina vacuum vessel to car ry out some experiment& with 

lhe usual 111etallic liner. Apart from the obviou s. ai11 of testing PETUL\ and 

its diagnostics these experiments al lov us a reference f or direct. compar ison 

wi th the exist.ing Tokamak discharges and that which we wi 11 have wi t h the 

.alumina liner. 

APPARATUS. Main di1>ens i ons of the torus are : l.ugc radius 72 cm, maxi111um 

l imiter radius 15 cm. Toro'idal magnetic field is produced by neans of 24 

b ilter coils : i u maxir.um ·value with cxisti11g rectifier i s 16 KCeuss which 

"''i 11 be increased to 25 KCauss nex t year for the second phase of the experi­

ment. Current is induced by d ischarging a capacitor bank into different sets 

of coi l s which are coupled to the plasaa through a O,S k'b central trausfor.er 

core wilh six re t urn limbs. Coil confiauration can be changed in o r der t o vary 

vertical He l d. A 2 cm thick copper sha ll with about 50ms e - fold i ng time is 

used to stabilize the plasma discharge. Its 23 cm radius was a compromise 

between desirab l e stab ilizing effect and dissipation produced by the R. F. 

co i ls to be locat ed inside. The whole raachinc is divided into six identic:i.l 
? 

parts . Each parl has a l a r ge horizon t al port ( 15 x 45 cm-) for diagnostics 

and pu;iping as well as smaller vertical ones, adjacent to a 0.5 nm thick 

stainl ess stee l bellows. 

EXPERIMENTAL RESUl..lS. As a standard Tokamak, PETULA h3.s been in operation 

since Februar y . Aft er a few weeks il was found that the: maximum current in 

s table regime was 65 kA, with a density of J 1013c.-J and 580 e\I electron 

t emper ature. ilowever most. resulls were obtained at 50 kA with Bqi • 16 KCauss. 

Typical results arc presented in Fig. I as a function of tia.c. Radial profi­

~cs of ne and Te al~~g a vertical line a~e ~iven in fig .. 2. Bas~/ressure is 

t.n the range 1-5 10 Torr and hydrogen f1ll1ng pressure is 8 10 To rr. 

Neasurcir.entA of e lect r on temperature , Te• by Thomson scat t ering show that i t 

increases to a maximurn o( 4 10 eV pretty well following the evo lut i on of dis­

charge current which reaches its peak of 50 kA at JO msec whereas the densi ­

ty, "••peaks at 4 . 2 10 13cm- J at 1,0 m .. c . The r ad i al profi le fort > 10 msoc 

shows neither skin effect nor pronounced peaking since a l r • 12 cm, Te > IOOeV. 

Magnetic pr ubes and radial profiles measuretnents show a downward displace1t.t!.nt 

due to toro'idal field errors which has now been corrected by a steady state 

radial field. Average den8ity obtained by sca ttering is in good agreemen t with 

inter!e romctric results at 2 ll'lD. Ti by line broadening measurements of Ovn 

1638 A, NV 1238.8 <1.n d c1V 1548, show maxima of 180, 100 and 50 eV r espectivel y . 

Radial profile<> which vill be so obtai ned are to be compared t o Ti measured 

by charge exchange. Calculat i ons based upon our measurements at maximu• cur­

rent show that ze.fl lies be tween ) .8 and 4 . 8 for arc voltages between 4 and 

5 volts, S polol.da l is 0.4, and the energy con f i ne•nt time is 1 .6 msec. 

NUMERICAL SUflJLATI ON . Us ing the numerical code developpcd a t Fontcnay-aux- RO'>es 

by Mercier, Soubbarameyer and Boujot, a first attempt has aiven a correct 

s imulation of t he time evolu tion of t he n:ean electron den si l y and Te' Ti on 

the axis (fig. I). The energy confineun t t ime is then about I ms and 8 

polo.idal between Q.25 and 0 .30. These resu lts have been obtained usumin g 

ions in the plateau regime and .setting the e l ectron thermal conductivity in 

the Pf i rsch-SchlUte r one but increased by a fac t or 2000. This factor was aore­

over enhanced in the central part of the plasma to take inLo a ccounl i n-

duced turbulence when q is less than unity. 

This work wiJ l be complet.ed in o rder to ge t a better simulation of the Te 

radial profile! which is presently .ore peaked than the experimental one 

t hus explai ning the l ow computed value of 6 poloi d al . 

:x - R. HARDET - H. BERNARD - G. BRin'OD - M. CLEMENT - R. }'RANK - A. GAUTHI ER -

M. GREGOIRE - P. GRELOT - H. llESSE - F. PARLANGE - D. PINET - E . PORROT -

C. REY - J . WEISSE. 
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+ experiment a l resulls (l'homson scattering and Doppler broudening of 
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Fig. 2 - Radia l pr ofi les of electron temperature and dens ity 

along a ver tical chord 11. t R • 72 cm. 
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CORRELATION EFFECTS IN CYCLOTRON RADIATION FROM PLASllAS. 

K. Audenaerde and F. Engelmann 

Lnb. Gas I oniz~nti (Euratom- CNEN), C.P.65, Frascn ti, Italy . 

Abst1·act : The dispersion and corre lation effects on t he optical --,--
constant s for cyclotron radiation are evaluated fo r equilibrium 

plasmas (Te~ 10 keV) !or arbi trary densities. I t is shown that 

in cases of prncticnl interest dispersion dominates and attenu ­

ates the emis sivity. T he r esults arc cons i stent with K1 1·ch-

hot!'s law. 

Cyclotron rad iation is an important energy loss aechnnism of a 

magnetically confined high temperature plasma . (l-S) So fa r de­

tailed stud ies have been devoted essentially to the reg ime whe­

re the plas ma density is low enough thn t correlati ons between 

electrons do not influence the e mission. In such a situation 

the optical constants of the plasma are proportional to the 

plasma density. 

In this paper we study cyclot ron emission for the c ase of a r bi­

trary dens i ty . The plasma is assumed to be homogeneous and sta­

tionary, the ions fo1·ming an immobile background . The typical 

electron velocities v are taken small compared t o the light 

speed c so that all results can be taken in lowest significant 

order in (v/c)2 . Having in mi nd appl1cations to laboratory 

plasmas with temperatures be low 10 keV, the final formulae are 

wr i t ten i n a form, whe 1·e the contr i butions of different harmo­

nics nre separated. 

The quantity of in terest is the spectral eanissivity Y\S1 (~), in 

t he polarization raodes 1-1,2 , o! light of frequency w , defined 

in an e lementat·y cone d"s abou t the Poynting vec tor §_. As this 

is difficult to calculate i n a d i r ect way, we computed a quanti­

ty T\~l~), c l osely rela ted to the spectra l emi ssiv .t.ty, bu t de ­

fined with respect to ·an elementary cone dnk about the wave 

vect or ~· Both quantities are linked by 

11~!~> ~ - 11~il~> di\ (1) 

I t may be shown that 

dn n
2 

k l" 
d"g - :2 . cos fl (2) 

whore n is the refractive i ndex, nr tho ray refractive index, 

the angl e i ncl uded between t he wave and Poynt ing vectors and 

the sign .. denotes unit vectors. The quantity 'l~il~> can be 

calculated from 

<n· e2 <n • 
').., \~) • 6V ' (§. \'-'•!.:.» - ~ (3) 

whore 
(i\ 2n e

2 
(i) (i\• (i\ 

(§. 1"'•!:.l) - T 16n>w(~ ! \<.>,!:_) .! lw,!:_) 

- ~(i) ·!(ilw,!.:_)E:_(ilti, !:_~ +complex conjug>te (4) 

i:J t he average spectral en~rgy flux density at a point E_, cre­

ated by the sources in a volume bV 1 around the position r' and 

.f - !_-!.', the k (l ) ' s are solutions ot the dispersion rel:tion, 

! ( i lw, .!:_) being the Fourier component ot the corresponding elec­

tric f i eld amplitude of the mode i, T the observation time and 

e the element ary charge. 

For linearly stable plasmas, the amplitude !(i~W 1 £) can be ex­

pressed in terms of the "fr ee curren t sources" JL by using t he 

Kli11ontovich approach (G) and following a method-due to Baldwin 

et al.(?) . Neglecting ternary correlations between elect rons, 

one may st a rt with the linearized Kliraontovich equation 

( ..E. + v . .E. • .!....c..e..J..)6v - ~(i;; .• ~)-~ :o (5) 
Jt - d r, Me c c) ':'. M1 c ~y 

wtu~re bv - v - nef is t he diffe rence bet ween t he fine-grained 

density v and its statist i c a l average(v)- n f, f being t he dis-
e 

tribution function of the electron velocities v , normalized ac-

corting to fd
3

v t - l and independent ot posit~on !. and time t, 

!a is the (constant) external magnetic field, ! 1 and ,!!
1 

the 

self-consistent electromagnet i c fields, and "e and Me, respec­

tively, the electron density and mass. The solution of this 

equation hns the s t ruc ture 

b\i B av L + :i.,E (6) 

where ~vL is the solution ol the homogeneous pa1·t of eq, (5) s a­

t isfyi ng the initial conditions adopted and, hence, contains the 

electron dynamics disregat·ding the ir interaction forces, where­

as ~\.IE describes t he effects of the self-consiste nt fields. In 

part iculnl', t he dynnmics is to be cons idcrcd -for asympt ot i en l ly 

l arge t tmes . Decomposing the current dcnsi ty in an ann logous 

way, and usi11g Maxwell's equations to e liminate electri c and 

magnetic field quant ities, one finds even t ually for t he spec t r al 

e miss iv ity 

( \ c 2k (il 3c.J 
n}\~) • ---A 
\ 4n2 m 

where Arnn • bmn - kni.kn , ! ls the dis persion tenso r , 6 lts de­

terminant and the superscript A denotes the matrix of comple­

ments . The correlation f unction of the free current denstty 

can be calcul a t ed from i t s defi n1tion, yielding 

<l<w, k)JL( t.., kl) _ 2 rrn e2 f 3 < ) J2n.(~) v(n)v(n)* 
T , ,yt e d v f (vu v") o (GJ-kr..-nuc ~ 

wi t h 
v(n) - ( no.Jc ' -i 

k.1. 

For special cases a co:nplete 

J' f v.L vu) 
n 

analy t i c treat•ent 

for l ow density plasmas, i.e . in t he limit where 

(8) 

(9) 

is possibl e ! 

c:J.2~ ~ (.( 1, 

the known resu1 ts are cont irmed. For pr opagat i.on perpend lculnt· 

to t he static magne tic f~old , i t re~ults for the extra -ovdit1ary 

mode (i•l, say) and for the mth harmonic : 

~ 
~-~ ~ 

<•> (~)= c.:'9 ..'!.. ~ ,,,•~· · ( e )-·· '"., <•-.. ;>'n;'-•] (• +~) 
1\t..:."' - ar.~c.1 t"" c cwi.1H M;C.l Cf'"( ) C•-t< )"'' _, C•-~tp"'-' 

. 2 2 (oe) 
while the ordinary mode is about a fRc to1• . l (vth/c ) weaker. In 

the l attor equation, 'f~X{w) r e presen ts t he line profile of t he 

ex\:ra-ordlnary mode, in which t he rel a t ivis t ic ef fect prevails . 

The correction facto r between square bracke t s describes disper­

sion effects , wh i le the one between parentheses accounts tor 

correlation effec ts . In the lower le f t area of the CMA- diagrR iw 

(S) (i.e. for not too high plasma densities), the dispersi on 

reduces the emissivi t y by n fac t or like 2 (2nd harmonic n t hnlf 

the cut-off density, i.e. at ~2- .25) 0 1· 12.6 (5tlt ltarmonic a t 

o? - . 4) . On the contrary, the correlation amplifies the emissl­

vity by n factor l. 5 i·esp. 1,33 a t the s ame para11.eter values . 

Thus t he overall effect is n rather strong attenuation. 

For arbi t rary directions of propagation the effect has been stu­

died numerically and shows the same tend encies . 

The relntive absorptivity c(i..: has been cnl r;u1ated independc ntl;r 

from the dispersion r elat i on by means of the definition 

cl..,- 2 Im k • cos f> ( 11) 

Both analytical (for l ow density or propagnt ion nt ~-90°) and 

numerJ cal (for arbi t rary d e nsities and directions ) resul ts a1·c 

in agroomont with Kirc hhoff ' s lalV 
2 

'"(w(~) • Ibb nr • ~"' ( 1 2) 

wher~ Ibb i·epresents vacuum black body intensity. It is note­

worthy that from cqs. (2-11-12) a Kirchhoff-like r e lation 

1"\J~) • Ibb . 2. Im 

follows fo1· the quan tity l\.C~l . 

(13) 

Acknowledgmcnt : One of t he authors (K.A .) did benefi t f rom n 

Euratom scholarship. 
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MEASURHIEHTS OF THE ELECTRON CYCLOTROll EM ISSION 

FROM THE TFR TOKAf.IAK PLASMA AHO COMPARISOll WITH THEORY 

TFR Group'~ and NPL Submi 11 imetr~ Wave Group1
H: 

(presented by A. E. Costle/'
0

') 

,., ASSOC IATJON EURATDH- CEA SUR LA FUSION 
D~partement de Physique du Plasma et de la Fusion Contnlae 

Centre d'Etudes Nucleaires 
Bolte Postale n' 6. 92260 FONTEllAY-AUX-ROSES (FRANCE) 

'' ''DIVIS I ON OF ELECTRICAL SCIENCE 
National Physical La boratory 

TEDO INGTDN, Middlesex (rnGLAND) 

Abstract. We present measurements of the electron cyclotron emission froo 

the TFR tokamak plasma. The emission is, as predicted L-1), self-absorbed 

but contrary to r ecent predictions L2, ~7 has the same frequency spectrum 

both al ong and at right angl es to a major radius a nd peaks at a frequency 

"' l.ilpe in addition to nwce· l~e suggest possible causes for the discrep­

ancies. 

Measurements of the electron cyclotron emission from the CLEO 

tokamak plasma have shown that the emi ss ion in not as expected (4). In 

particular. the radiation crossing the plasma/vacuum boundary i s not 

polarized probably because of reflections of the radiation withi n the 

torus, and can De a11 order of magnitude above the predicted power level 

probably because of the presence of supr athermal electrons. In this paper 

we present measurements of the emission in the frequency range 

O.Sw1..e < w < 4wr:e from the TFR plasma. (See (5_7 for measurements of t he 

emission and w"' 2wce at high resoluti on) . The new mea sur ements, while 

confinning the theoretica l prediction of significant self-absorption of 

t.he radiation [ -1). show some further discrepancies between experiment 

and expectation. 

Two discharge conditions are investigated : (A} toroidol flux 

t.l~11)iLy 6"' ""2 .6 T, centrol elect ron density neo ""'5 x io19 m-3 , central 

electron t emperature Teo "" 1.1 ke'I , major radius R0 ,,. 0 .98 m, minor1~ad~~s o0 • 0 . 20 m and duration T ~ 350 ms ; (B) e
0 

~ 3.9 T, neo ~ 5 x 10 m 

Teo "" 1. 9 keV. R
0 

= 0.98 m, a0 = 0.20 m, and T '\, 350 ms . In both cond­

itions the runaway level and degree of plasina/\1al1 interaction are low. 

The 11easur ements are made by observing the plaslkl both along 

(direction ( ! ))and at right angl es (direction (2)) to a major rodius 

(Fig. I). Rad iatio n from the plasma is directed with ovenooded light-pipes 

(diameter ~ 10 ~MAX ) into two-beam polarization type inter ferometers. The 

path-diff er ences withi n the interferometer s are scanned rapidly (usually 

in 10 ms) and the resulting interference pdttt:rnc; are detected with Putley 

indh.n antimonide detec tors . Subsequent Fourier transformation of the 

interference patterns and calibration of the apparatus yield the emission 

spectra ( J(w)). 

The emission spectra observed along a major radi us under discharge 

conditions (A) and (B) a re s hown in Figs 2 a nd 3 respectively. As expected 

emission peaks occur at hamonics of the electron cyclotron freq uency (wee) 

for the magnetic field B0 at the centre of the plasma. Since for condition 

(A} !("ee l < 1(2"ce) and for (B) !("eel < 1(2wcel < 1(3"'ce)' significant 

sel f-absorption of the r adiation occurs. 

I n addition, an emission peak occurs at w"' wpe under condition 

(B) , where "pe is the plasma frequency corresponding to neo· Spec t ra 

obtained at later times in the discharge duration show that the amplitude 

of this peak decays with a time constant ""100 ms. 

The emission spectra observed simultaneously in two directions of 

observation under condition (A) are shown in Fig. 4. The spectra have been 

normalized at r.t"' 2wce· Nearly identical spectra are also observed under 

condition (B). 

The pr edictions of the theory of tokamak cyclotron emission L~.~i 

for t he emission along a major radi us are shown in Figs . 1 and 2 for compa­

ison with exper iment . (Again the spectra have been nonnal ized at w = 2"'ce) . 

In the associated computations t lie measured values of 8p • neo• and Teo• with 

a ssllAPd parabolic profiles for the latter two , are used , and the effect of 

wall reflections whicn l')aintain the angle between the radiation vector and 

the magnetic fi el d ar e incl uded . In addition. the presence of ports is taken 

into acc.:>unt by reducing the conductivity value fo1 · the reflectivity of t he 

wall mat:erial by an appropriate factor f • surface area of ports/surface 

area of torus, polarization scrambling is included by introducing a transfer 

fractio n p between the two possible polarizations at each reflection , and 

reflection of the extraordi:iar.:r· rode fundamental in the upper hybrid r egion 

is included by reducing the calculated value with polarization scrambling 

by a factor ~ 2 (see (4) for details). 

The theory predicts that the emission line ·~ 2" ce shoul d be 

optically thick under both discharge conditions and so 1(2wcel should be 

equal to twice the s ingle mode black-body l evel (1
06

) for the meas ured Teo 

(twice, because of polari zation scrambl ing) . Prel iminary estima t es based 

on a microwave calibration of the i:omrl ete system used to detecte the 

emission in direction (1) (i .e. interferometer, detector, light- pipe and 

coupling to torus), give the level of the emission at this frequency to be 

within .an order of mt'lgnitude of 2 188 in both cases. 

The agreement between exper iment and prediction is evidently good 

for the relative heights of the harmonics and suggests tha t a measurement 

of the frequency spectrum of t he emission would be a useful diagnostic 

for Te0(t) under low runaway conditions (6) . However, three substantial 

discrepancies exists : (i) t he apporent isotropy of the e.~ission , ( ii ) t he 

peak in the emission at w"" wpe• and ( ii i) the relativel .t narrow exper­

imental line w!dths particul arly for the non opti cally thick (n = 3) li nes 

(7). Reflections of the radiation within t he to rus which change the 

o ngle between t he radiation vector and the magnetic field may be the cause 

fo r (i) and (iii), whil e the occurrence of a collect ive phenomenon may be 

the source for ( i i). 

We wish to thank the Culham Laboratory , UKAEA, for supporting the 

major part of this work.. 
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B.A. Trubnikov a nd V.S. Kudryavtsev, proc. 2nd UN Conf. Peaceful 

Uses of Atomic Energy (Geneva) B_, 93 (1958). 

M. N. Rosenblu t h , llucl. Fusion _!Q, 340 ( lg7o ). 

F. Engelmann a nd M. Curatolo , Nucl. Fusion 13, 497 ( 197_3). 

A.E. Costley , R. J . Hos t i e, J .W.M. Paul, and J. Chamberlain , 

Phys. Rev. Letts . .:!_!, 13, 758-761 (1974). 

TFR Group, Paper presented by R. Cano at t his Conference. (5) 
(6) Note that t he agreement is good even for the fu ndamenta l where one 

of the basic a ssumptions of the theory ( ~~e C/ w
2 vt h « l) i s 

(7) 
violated. · 

Note that because of the fin ite reso l ution (R) of the Fourier 

spectrometer the real line widths 111ust be less than those shown in 

the figures . 
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ELECTRON TEMPERATU RE RADIAL PROFILE DEDUCED 

FROM CYCLOTRON EMISS ION IN TFR. 

TFR Group presented by R. Cano. 

ASSOCIATION EURATOH- CEA SUR tA FUSION 
Dopart ... ent de Physique du Plasm.! et de la Fusion Contnlae 

Centre d'Etudes ffucl ~aires 
Boite Postale n• 6. 92260 FONTENAY-AUX- RDSES (FRANCE) 

~.. Measurements of t he radial profile of t he electron cyclotron 

radiation at the second harmonic in the TFR devi ce are reported. Comparison 

of t hese measurements wi t h t he theory for a weakly ;nhomogeneous hot plasma 

gives the electron temperature profi le. The resulting temperature profile s 

and thei r time evolut ion are compared with those obtained from Thomson 

~cattering measurements. 

Electron cyclotron radiation measurements at the second or higher 

hannonics have been proposed as a means of Pvaluating the electron temper­
ature and its time evol ution (1). Previously , the validity of the 

conventional hot pl asma theory for the propagation and absorption of an 

electromagnetic wave at the second hannonic of the electron cyclotron 

frequency in a homogeneous magnetic field has been verified in the 

C Stellar ator (2). Measurements of the cyclotron emission have been 

reported in CLEO (3) and TFR (4). In a toroidal device, taking advant­

age of the radial inhomogeneity of the magnetic field , a si1Aple spectral 

analysis of th~ emitted radiation is required to obtain a local measumrent 

of the electron temperature. 

In t his paper we report measur!!lllents of the radial profile of the 

second hannonic electron cyclotron radiation carried out in t he TFR device. 

The experimen ta l arrangement is illustrated in fig. I. The emitted rad iation 

in t he extraordinary polarization is measured perpendicularly to the magnet i c 

field in the direction of the large radius R. The horn is connected to a 

superetherodyne receiver through a 4 m length 3 cm rectangular oversized 

wa•eguide. Two local oscillator• hove been used cover ing the band from 120 

to 160 GHz. After mixing , the signal goes through a pass band video 

a1Dplifier (F
0 

• 375 ! 125 MHz) followed by a diode rectifier and an audio 

a1Dplifier (de to 30 kHz f~equency band). For a given value of the toroidal 

magnetic f ield we select at 

each shot the frequency of the 

local oscillator F
0 

and we 

measure the emission i n the 

band F
0 

! • F ( OF = 125 MHz). 

Supposing that the strong inter­

a ction between the plaSllla and 

radiation of frequency f
0 

is 

localized in t he region where 

F
0 

= 2 Fc( r ) (where Fe is the 

electron cyclot ron frequency) 

we obtai n t he radial prof ile of 

t he emi ss ion shown i n fig. 2. 

The specific int ensity 

AMP!.. DC-30 KHz for the extraordinary polariz-

~· ation at the second hannonic 

E:rperimental &:heme. is ~iven by 

.. ~ k T~ 
·~ 11- e-T(r) 

8 . c 

where (2) 

(HYi2 k T ( r) 
'(r) • 4 ,2 6 = Y Y~ 

2 
2Y 2 me 

w (r) 
y (r) •~ , A=f-

~2C{r) o 

For the experimental conditions of f ig. 2 at r • 0 using the density given 

by the microwave interferometer n• = 6x1013cm-3 , the temperatur e given by 

Thomson scattering Te • 1,25 keV we obtain .(0) • 35. Therefore the 

condition of an optically thick layer ( , > I ) is satisfied over the major­

i ty of t he plasma cross section. (r , 1san). 

Under the conditions of antenna-plasma matching the power measured 

by the receiver is P <wl • k Te(r) ~ where "'-/2• is the band of t he 

vi deo amplifier. Call ing L t he di s tance from the surface of blackbody to 

the antenna, A the 1 i near dimension of the antenna aperture and D the trans­

v~rse dimension of t he blackbody t he condit ions of matching given by 

A / 4 A< L 'A0/2 A are satisfied in t he r egion of the 11easured emissi on 
profile . 

F" ,.. 2 

Po~r radiated a~nic us . l'G.dius 

( .A. J and electron temperotur9 by T::omson 

Df''7.tte:ring ( t) 
I: 140 kA,, BT= 36 kG~ t = l SO m8. 

Taki ng into account th 

sensitivity of the receiver 

(2xl0
6
m V/m W) and the losses 

of the transmiss ion line we 

fo und at r • 0 p • 0.5xlo- 7wat 

and Te • l.4 t 0.3 keV in good 

agreement with 1.25 ! 0. 2 keV 

given by Thomson scattering 

measurements. 

In fig. 2 t he temper­

a t ure profil e obtained by 

cyclotron ~ission i s compared 

to the Thomson scattering 

profile . The emissi on profi l e 

has been measured in the equatl 

orial plane whereas the Thomsotj 

scattering is in the vertical I 
plane 2 C11 outside the ge01Aetr1 

ical axis. A somewhat narrower! 

profile is obtained by t he 

emi ssion measurements. 

In fig. 3 1.e show the 

time evolution of the cyclotro 

emission at r = 0 measured 

during one shot compared with 

the value of Te given by Thoms9 

scattering (one shot is needed 

for each Thorlson sea tteri ng 

point). The condition of black 

body emission is fulfilled 

approximatly 10 ms after the 

·~~~~~~~~ 
0 ~ ~ ~ 

Figuril 3 

.,, t (m•I ,,, begi nning of t he discharge. Th 
dispersion of t he Thomson 

Electron ter.peruturs at r = 0 VB . time sca tter ing points duri ng t he 

meaBured by cyclotron omission (curve) first 25 ms can be attributed 

and by '.fhomson scattering (points) for to the narrower temperature 

t he contHtions of fig. 2. The emi.sRion i.s profile normally observed at t 

nomrilized to Thomson ooatter ing at 

t : 120 ms. 

beginning of the discharge and 

to the displacement of this 

profile early 1n time. 

Emissi on more than two orders of magnitude larger than the previous 

measurements has been observed f or particular discharge conditions . X- ray 

measurements suggest that the discharge is then dominated by runaway 

electrons thus the measurement of the spectrllTI in this case could yi eld 

infonnation about the suprathermal electron population. 

In conclusion. for low runaway working condit ions of the TFR. th 

radia l profile and the time evolution of the second hannonic cyclotron 

radiation seems in good agreement with the hot plasma theory of radiation 

in t hermodynamic equil ibrillll. The local electron temperature is then 

readily obtained by the emission measurements. 
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ELECTRON TEMPERATURE RAD rAL PROFILE DEDUCED 

FROM CYCLOTRON EM[SSIOH rN TFR. 

TFR Group presented by R. Cano. 

ASSOCIATION EURATOM·CEA SUR LA FUSION 
Dopartement de Physique du Plasmo et de la Fusion ContrOl~e 

Centre d' E tu des Nuc 1 ~a1res 
Bolte Post ale n• 6. 92260 FONTENAY-AUX-RDSES (FRANCE) 

~: Measurements of the radial profile of the electron cyclotron 

radiation at the second harmonic in the TFR device are repor ted. Comparison 

of these measurements with the theory for a weakly ; nhomogeneous hot plasma 

gives the electron temperature profile. The resulting temperature prof iles 

and thei r time evolution are c0tnpared with those obtained from Thomson 

~ea tteri ng measurements. 

Electron cycl otron radiation measurements at the second or higher 

hanoonics have been proposed as a means of evaluating the elect ron temper­

ature and its time evolution (1). Previously, the validity of the 

conventiona 1 hot plasma theory for the propagation and absorption of an 

electromagnetic wave at the second hannonic of the electron cyclotron 

frequency in a hOR10geneous magnetic field has been verified in the 

C Stellarator (2). Measurements of the cyclotroo emission have been 

reported in CLEO (3) and TFR (4). [n a toroidal device, taking advant­

age of the radial inhomogeneity of the magnetic field , a simple spectral 

analysis of the emitted radiation 1s required to obtain a local measurerent 

of the electron temperature. 

In thi s paper we report measurements of the radfal profile of the 

second harmonic electron cyclotron radiation rarried out in the TFR device. 

The experimental arrangement is illustrated in fig. 1. The emitted rad iation 

in the extraordinary polarization is measured perpendicularly to the magnetic 

field in the direction of the large radius R. The horn is connected to a 

superetherodyne recei ver through a 4 n1 length 3 CAl rectangular oversized 

waveguide. Two local oscillators have been used covering the band from 120 

to lfiO GH1. Aft er mixing . the signal goes through a pass band video 

amplifier (F
0 

• 375 : 125 MHz) followed by a diode rectifier and an audio 

amplifier (de to 30 kHz frequency band) . For a given value of the toroidal 

R .. , magnetic field we select at 

each shot the frequency of the 

local oscillator F
0 

and we 

measure the emi ssion in the 

band F 
0 

! 6 F ( 6f • 125 HHz). 

Supposing that the strong inter­

action between the plasma and 

r adiation of frequency F
0 

is 

1oca112 ed i n the region where 

F
0 

• 2 Fc(r) (where Fe is the 

electron cyclotron frequency ) 

we obtain the radial profile of 

the emission shown in fig. 2. 

The specific intensity 

AH'!.. OC-30 KHz for the extraordinary polariz-

~- ation at the second harmonic 

Experimental Scheme . is given by 

w ~ k T 
·~ 11 - eT(r) 

B • c 

where (2) 
2 (~-2 k T.<r) T(r) • 4 • Y y~ 

2 
• 2Y 2 me 

w (r) 
y(r) • .::...E..:...'. • •=~ 

w2c(r) r o 

¥· 

For the experimental conditions of fig. 2 at r • 0 using the density given 

by the microwave interferometer ne = 6x1013cm-J, the temperature given by 

Thomson scattering Te= 1,25 keV we obtain t (O) • 35. Therefore the 

condition of an optically thick layer ( t > I) is satisfied over the major­

ity of the plaSlla cross section. (r < 15an). 

Under the conditions of antenna-plasma matching the power measured 

by the recei ver is P (wl = k Te(r) ~ where l>w/2• is the band of the 

video amplifier. Calling L the distance from the surface of blackbody to 

the antenna, A the linear dimension of the antenna aperture and D the trans­

verse dimension of the blackbody the conditions of ma tching given by 

A
2
14 ,<L < AOJ2 , are satisf1ed in the region of the measured emission 

profile. 

't6 
i 
Q.5 vs 

\00 

'> 
~ 
t-!! 

a.so 

'\ .. 
t .... 

llJ " " r (cm) 20 

~ Po&Jer ra.di<Jted at 2 ha1'71')nic vs . radius 

( A ) and electron temperature bv r.iomso" 

B"'ltteri.ng ( t) 
I = 140 kA , BT = 26 kG, t = 150 ms. 

Taking into account the 

sensitivity of the receiver 

(2x106m V/m W) and the losses 

of the tranS11ission 1 ine we 

found at r • 0 P • o. Sx10· 7watt 

and Te= 1.4 t 0.3 keV in good 

agreement with 1.25 ! 0. 2 keV 

given by Thomson scatteri ng 

IK!asurements. 

In fig. 2 the temper­

ature profile obtai ned by 

cycl otron e:miss i on is compared 

to the Thomson scatter ing 

profile . The e>iss1on profile 

has been measured in the equat­

orial pl ane whereas t he Thomson 

scattering is in the vert i cal 

pl ane 2 cm outside t he geometr­

ical ax i s. A somewhat narrower 

profile is obtained by the 

emission measurements. 

! n fig. 3 \'le show the 

ti~e evolution of the cyclotron 

emission at r ::1 0 ineasured 

during one shot compared with 

the va 1 ue of Te gi ven by Thomson 

scatter ing (one shot is needed 

for each Thomson sea tteri ng 

poi nt). The condi tion of black 

body emissi on i s fulfilled 

appr oximatly 10 ms af ter t he 

'~~~~~~~-
0 ~ ~ ~ 

~ 

"'t (m•I ,,, beginning of the di scharge. The 
dispersion of the Thomson 

Elect ron tsr.pam t ure at r = 0 vs . time. 

measured by c yclo tron emission ( cuwe ) 

and by Thomson acatter>ing (point s) for 

the conditions of fig. 2 . The emisnion i s 

normalized t o Thomoon scattering at 

t =120ms . 

scatter ing points during the 

f irst 25 ms can be attributed 

to the narrower temperature 

profile nonnally observed at t he 

begi nning of the discharge and 

to t he displaceme nt of this 

profi le early i n time . 

Emission more than two orders of magnitude larger than the previous 

measurements has been o bserved for particular discharge conditions. X- rays 

ineasurement s suggest that the discharge is then dominated by runaway 

electrons thus the measurement of the spectrum in this case could yield 

i nformation about the suprathennal electron populat ion. 

Jn conclusion, for low runaway working condit ions of t he TFR, the 

radial profile and the time evol ution of the second harmonic cycl otron 

radiation seems in good agreement with the hot plasma theory of radiation 

in thermodynamic equilibrilJD. The local e lectr on temperature is t hen 

readily obta ined by the emission measurement s. 
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DY!IMlIC STABILIZATION OF A DISRUP.l'IVE IllSTABILI TY 
IN TOKAMAKS 

R.A.Demirkhanov, A. G.Kirov, V.P.Sidorov, A.I . Astapenko , 
E.M.Lomakin, N.I.Malykh 

Instit ute of Physics and Technology, Sukbumi , 
U SS R 

ABSTRAC~ : The paper present t he results of experimental 
studies on suppressing the disruptive instabili ty by means or 
stabilization in a tokam"k using a longitudinal alternative 
current . Stabilization i~ realized at Jp/Jr "- 0,2. 'rhe expe­
rimental resul t ·a are analyzed on the basis of a t heory of com­
bined stabilizati on . 

As it is well- known, the disruptive instability occuri nll 
i n tokama.ks is an obst acl to lowering the safe ty r .. ctor below: 
q ~ 2, 5 . The investigations of this instability in "T- 6" /I/ 

indicate that a helical MHD ·instsbility is a cause of its 
occurence . These instabilities can be suppressed by t he dyna­
mic stabilization us ing h.f. fields and feedbacks. The paper 
121 presented the preliminary results on stabili zation of 
helical instabili tie in tok8lllak "RT-4" by h .f . fields . The pre­
sent paper gives more deta iled results on dynamic stabil iza­
tion studies of the tokamak discharge disruptive instability 
by a h . f . current at higher freguencies and wider range of 
plasma parameter variations . A possible mechanism of the 
effect obser ved is discussed. 

The experimental ma.chi ne ' RT-4" is a. tokamak i n which a 
longitudinal h.f . current can ·oe excited in addit ion to the 
discharge quasistationury current . There i s no liner i n t he 
machine , and t he casing serves as a vacuum chamber and a pri­
mary windi ng of a.n air- transformer which excites both quasi­
stationary and h . f . currents i n t he plasma . 

I n a circuit ~xciting h. f. curr ents, the casing forms a 
part of inductance of the oscillat ing contour fed by the sel f ­
-oscillator . The power diasip~~ed in ~he oliclllHt ing contour 

i s ...... 4 Mwatt . 
The machine magor radius~ = 20cm , the minor onear;4 cm, 

bcas . = 4,5 cm . 
The experiment!:> hove been carried out i n the following 

range of variation par<l1D.eters plasma: 
Bz = 8+20 KG ; Jp = 6~25 ka ; Jpstabil . = 0~5 ka ; q=8+2 
n., = 3 . Ion+IoI4 cm- 3; j 11ax= 600 a / cm2, w = 5 . Io5 sec- I 

Conclu.cions on the discharge stability have been drawn on the 
basis of loop voltage , plasma current and plasma vol ume 
X-radiation analycis . Dens ity measurements have been carried 
out using a 11:.1ser three-mirror interferometer at t he wave 
A = 5!>7.f'm which alloi'led us to measure the concentrations 

from 3 .1012 to I o16 cru-3 , 
In Fig. I A typical traces of a "purel y" tokamak discharge 

are s hown at QJllin"" 2 and ''j'Pmax= 20 ka . The current front 
shows the steps corresponding to the instantane ous q-values , 
and the loop voltage indicates the oscill ati ons developing at 
the momen t of t he current pass the step . The p l aema volume 
X- radiation analysis shows that the common monotonous- rising 
s ignal has the oscillations correlated with loop-voltage and 
current oscillations . On developing these osci llations the 
plasma density s lightly rises . When the current gro'1S rurther 
the l oop- voltage and X- ray signal oscillations begi n to damp 
and the discharge becomeG more quiescent; a£ter11ards the loop 
voltage decreases a little and undergoes a sharp spike . Simul­
taneously, we observe X-radio.tion blow- out, a snall 11peak.11 of 
the pl asma current o.nd dennity growth, i .e ., a whol e set of 
phenomena characteristic of the disruptive instability . 

When generating an additional h .f. current of a cert ain 
value i n the plasma , the diagnostic signal oscillations disap­
pear and the dioruptive instability does not develope . 

Fig . I B shows such traces of t he d i s charge stabilized 
by h. f . currents . Fill · IC s hows an envel ope or t he stabi li­

zing h. f . curr ent . 
Stabilization is of t hreshol d type and is reali zed i n a 

whole range of q=2+8 at Jp/~ ~ O, 2 . When J,, /Ji' <.<. O, 2 the 
oscillations slightly change t heir ampli tudcs but when approa­
ching the threshold value , considerable spi kes in the loop 
vol tage disappear and there remain only smal l ones and com­

pletely disappear at ~/jp ~ 0, 2. 

In a poorly s et r egimes when the ch8lllber wall s release a 
consi derable flux of impurities and a neutral gas , the stabil i ­
zation condit i on get s worse and J,. IJ,, <== o, 25. 

In s tabilized r egimes , we observe plasma conductivity gro­
wing I.5 times at Te.,.<= 80 ev and n,"' 6+8.IoI3cm-~ . 

The experiment al dependences obtained s how that the value 
which i s necessary to s tabilize the field disrupti ve instabili­
ty : 

I. s light ly depends on the p l asma density n, , 
2 . grows t ogether with t he plasma current Jp, 
3 . decreases on incr easing t he quasi stationary f ield Bz· 

Fig . 2 shows the experimental points rerlecting the depen­
dence of t he va l ue hcrit = B~,/ii~ which is necessary to r ea­
lize t he stability at the gi ven q , It is evident t hat hcrit 
slitlhtly depends upon q. The comparison of the dependence f~/ 
hcrit with the theory of a "purely" dynamic stabilization 
(Curve I in Fig .2) shows some divergence in the region of small 
q . 

We suppose that the observed effect of the disruptive in­
stability suppression can be treated in terms of the t heor y of 
combined stabilizati on of plasma !JllD-instabilities using h . f , 
fields and f eedbacks . As s matter of fact , on imposing a h .f. 
field on the pl asma column, pl asma shows perturbations contai­
ning spatial and temporal harmonics . The automatic cont r ol 
system receives and amplifies each harmonic separately. A well­
conducting copper casing i n ''RT-411 probably acts as an automa­
tic control system •1ti th each harmonic 8lllplifi cation factor 
being equal to I . The h. f . rield amplitude necessary for the 
MHD mode stabilization m, a s it follows from the t heory con­
s idering t he cas e in 11RT-411

, i s given by the expr essi on: 

2 'e/ { 1- ra16>2'm'l A ·t _ _Id;£ - ( I ) 
er< - rv -/m /{Jm/- i +(/m/+ i)(0./6)2'"''} 

In order t o make direct compari son wit h t he experimental va­
l ues of hcrit• it i s necessary t o know hcr it(q). It rol l ows 
from the theory: t hat the range of instable "I 1 

f -(a/ig)2imJ {'2) j-(0/6tm A lh2) 
m - 2 + fJ n > nci- > m - - 2 - L.11. 

with ~(If )-o at if _..rrcrit Thus, ut 6- = ~crit the equality 
ru = nq is fulfilled within the accuracy not less than IO f. , 
Thus , expression (I) gives the dependence of Ji-crit(nq) . Expe­
riment .. ! and theoretical dependences of hcrit(nq) at n = I are 
given in Fig. 2 ; it s hows that the theory and experiment coinci­
dence is rutber good . 

1/e express our ackn.owledgements to V .B .1.lyburov for help 
in deve loping and setting t he h .f . s ys tem and to I .S . ~'urs.,_ for 
continuous help in operation . 
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INSTABILITY HEATING IN THE LT-3 TOKAMAK The Injection of lmpurltles may be the major impediment to this 

M. G. Bell, I. H. Hutchinson and J . D. Strachan 

The Australian National University, Canberra, A. C. T. , Austral ia. 

Abstract: In the Canberra tokamak, appreciable ion heating has been 
~at the disruptive instability. Experiments on LT- 3 have been 
aimed at evaluating the potential for using such heating to bring a reactor 
plasma to ignition. 

Ion Heating: Jn t he small tokamak, LT- 3 (major radius R = . 4 m, aperture 

radius a = 0. 065 m, tor oidal magnetic field B+ "lT, gas curr e nts lcp S 

25k:A T-T -soev. and n- 3xl0
13

cm- 3) the ion temperature can be 
' e i e 

deduced Crom measurements o r the thermal Doppler broadening o f impurity 

Unes. The results from 0V2781 X broadening during an unstable dis-

charge indicate a rapid rise in t he ion temperature at the disruptive 

Instability which then decays over a period or 1 5Dµs (fig. 1). The heating 

l s observed to increase both with the plasma current and the toroidal 

magnetic field. 

2 2---- 2 
The pololdal beta, P

1
=8 n a n (Te +T

1
) / µ

0
1<1> , has been observed to 

change only marginally at the dis ruptive inetabUity under most conditions 

and may be a decrease or an inct·ease of up to 30% depending on I+ and B+· 

Observations of the emission from the successive ionization stages of 

oxygen (01 to OVI) indicate that the electron temperature falls at the dis-

ruptive instability by a factor of 2 or 3. 

The Heating Mechanism: The disruptive instability is irnown to follow a 

shrinking of the plasma current profile. In about tOµs. the plasma 

eXPands to fill the torus and the current profile flattens . We believe that 

the ions are heated by current driven turbulence c reated by the high 

toroidal electric field, E+, induced by the expansion. This field is seen 

as the negative s pike in the loop voltage. 

Although the total plasma current remains constant, the redistribu-

tion of the cu rrent is associated with a reduction in the stored magnetic 

energy by[2wp In Cr
1

/ a) /pJwhere Wp is the initial plasma kinetic energy 

and r 1 is the initial plasma radius. Up to 20% of this c hange in magnetic 

energy finds its way into the ions. 

Ole possible ener gy transfer mechanism is by ion cyclotr on drift 

waves. Magnetic probes at the plasma edge have picked up oscillations 

at the ion cyclotron frequency during the negative voltage spikes (fig. 2}. 

Work on the Princeton Q· machine (1) at lower electric fields indicate s that 

this form or turbulence could account for the magnitude or the observed 

temperature rise in LT- 3. 

Reactor lmpllcations: The mean kinetic energy in a tokamak plasma is 

- - 1 P1 (a) 2 
2 n (T +T.) • - -- - a... where q(a) is tht? aperture safety 

e i 2 µ
0 

q2(a) R T 

factor . Ignition requi res the achievement of a high value of n and Ti; the 

quantities JJ1 and q(a) are limited by the fundamental plasma behaviour 

while (a/R) and B+ are limited by technol ogy. To achieve Ignition within 

these constraints, it is desirable to increase Ti/Te. The ion heating 

and electron cooling associated with t he disruptive instability docs, in fact, 

increase thls ratio. By ohmlcally heating a r eactor to its limiting value 

and t hen inducing a single disruptive instability lt might be possible to 

achieve ignition. 

T he dist ribution of the turbulent heating through the plasma depends 

on the induced electric field, whose profile is more favourable than that 

!or an e xternally applied electric field . We expect that E <j> wlll be suffi­

cient to exclte ion cyclotron drift waves close to the minor axis. 

reactor concept since the disruptive instability can cause the plasma to 

interact with the walls. The inilux of impurlties at the disruption has 

been difficult to as sess on L1~-3 but our impurities enter primarily early 

in the discharge when the current profile is hollow and also during the 

"oscillato r y phase" which follows the disruption. It should be noted that 

the disruption may have the favourable effect or redistributing the impur-

Hies evenly through the torus and thus remove any impurity concentration 

from the torus cent re<2 l_ 

Followlng each disruptive instability is an oscillatory phase which 

lasts for 200µs during which the ion temperature decays. The r ate of 

temperature decay is reduced by increasing the toroidal magnetic field. 

The minimum decay r ate is consistent with the electron-ion equilibration 

time which is also about the energy conflnement time for an LT-3 size 

device. 

We have been able to truncate this oscillatory phase (rig. 3) by 

reducing the current slightly so that the q(a) rises above 4 and the plasma 

re- enters the stable regime. Unfortunately for this marglnally unstabl e 

regime in LT -3 the toroidal current is so low that appreciable ion heating 

has not been obser ved. 

The authors woul d like to thank Professor B. S. Liley whose ideas 

motivated this study. 
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INJECTION OF A HIGH INTENSITY RED INTO A TOKAMAK 

M, Masuzaki, A. Mohr i, T. Tsuz uk i , A. Nishi zawa and K. Ikuta 

Institute of Plasma Phys i cs, Nagoya Uni versity 

Nagoya, Japan 

Abstract : A high i nt ensity relat ivi stic electron beam{REB) wa s 

successfully injected into a tokamak plasma . The behaviour of 

the plasma- beam system depended upon the rel ative directions 

of the toro i dal magnet i c field , the Ohmic-current and t he beam 

current . Energy dens ity of up to 6 , 4 ~ 1015 eV/cm3 wa s t r ans-

ferred t o the plasma , which corre sponds to the efficiency of 

about 5 %. A globa l motion of t he plasma-beam system was ob-

served . 

Introduct ion : Recent successes of the inject ion of high inten-

sity REB's into toroidal fields[l,2,3) have made it possible 

to investigate exper imentally whe ther REB • s can be injected 

and t r a pped into to~oidal plasmas such as tokamak p l asma s wi th-

out serious disturbances and whe ther they can heat plasmas e f fe-

ctively as in the case of linear plasmas (4) . I n this paper, 

some preliminary r esults of our experiment concerning these 

problems are reported. 

Experimental details: Fig . l shows a schematic drawing of the 

exper imental setup whi ch mainly consists of a tokamak SPAC- I I (5) 

and a REB source Pho ebus- I{6] . The characterist ics of SPAC-II 

arc : the major radius 28 cm; the i nner radius o f a liner , made 

of stai n l ess-steel bellows of O. 3 mm thick, 6 . 7 c m; the inne r 

radius of a limiter 5. 5 cm; and t he inner radius of aluminum 

,;.h,..11 nf 1 . .:; r:m t.hi.ck 8 c m. The t ypical. par ame ters in this 

experiment were : the peak of the toroidal magnetic field Bt 

10 KG; t he vertical magnetic fie l d Bv several tens of gaus s: 

the peak of the 

Ohmic-current Ip 

around 10 KA; the 

averaged electron 

density , measu r ed 

by a HCN laser in-

ter ferometer ( 7 J , 

l~3x1013 cm-3 ; and 

the electron con-

WATER DIELEC TRIC 

IMPEOANCt TRANSFORMING 
, l/NE 

··~ \ -~ .. ~· 
CA THODE-' ( .. ~ ~ 

"~::::::= 
duction t emperature, assuming zeff•2 , around 60 eV; the fi ll ing 

pressure of deuterium gas being s everal times 10-4 torr. 

A diode was loca~ed near the limiter on the meridian plane 

as shown i n Fig.l , the head of its hou~ing prot ruding l cm into 

the tor us from thr .miter . The d iode consist s of a carbon 

cathode, t he dimensions of the emitting surface being 1 , 8 cm x 

1 . 5 cm, and a grid anode; it ejects e l ectrons pa r allel to the 

toroi da l magnetic field , Tho di ode voltage , t he diode current 

and the FWHM of the pulse were t ypically SOO KV, 13 KA and 

40nsec, r espectively . The diode characteristic s wer e the same 

with a nd wi thout t he p lasma . The beam was inj ected, in most of 

the experiment , at the q uiescent s tage of t he tokamak p lasma . 

During the experiment , all four combinations of the directi ons 

Bt and I p, .the direction of the beam current I b being fixed, 

were tr i ed with a l most t he same p lasma paramete rs . 

~ The magne t ic measureme nt s b y fast magnetic probes 

placed just inside t he liner showe d that the behaviour of t he 

plasma after the beam injection depended s t rongly upon the dire­

ctions of e t and I p . For exampl e , the variation of the tor oidal 

field be tween the p lasma a nd t he liner 6Bt e ' whic h s howe d the 

diamagnetic behaviour of the 

plasma- beam syst em under the 

assumpt ion that the toroidal 
VER' 3 . 2xl o 15eV• cm- 3 /O . 

magne t i c f l ux was conserved inside HOR : 200nsec/O . 

the l iner during t he characteri-

stic time of the behav i our of t he 

pla sma-beam system, had the 

following i nclination: 6Bte (~tf) > 

6Bte<t.l.J. l;:, 6Bte<Ht l> 6Bte< tttl, 

J6 . 2G/D . 

-

28G/D. 

~l•sec/D . 

Upper : Upsido 
Lower: Downside 

where t he first, t he second and !l9_,__1 iI 1" I 
p b 

the t hird arrows i n the bracket means the directions of Bt , Ip 

and l b, r espective l y . Fiq . 2 shows a typical signal for the 

case <t f+), the peak value being 6 . 4Xl015 e V/cm3 with t he 

efficiency of about 5 \, 

The variation o f the poloidal field ABP depended mor e com­

plica t edly upon t he field configuration , However, it was evi-

dent that part of BP was due to the motion of the plasma-beam 

system. For exampl e . Fig . 3, which shows typical signals of the 

probes placed at the upside a nd t he downside of the plasma for 

t he cas e of (i t i ), e xhi bits t ha t in this cas e there was a n 

upwards motion . The direction of the motion was reversed with 

a reversal of Bt. This fact suggests that t here was an excess 

of negative charges in the major- axis-side of the plasma a nd 

the e l ectric pot e nt ial surfaces d i d not coincided with the mag-

netic surfaces . The observed hard X- rays from a tungsten-wire 

tar get of 1 nun dia . , inserted horizontally int o the plasma . 

showed that the e ner getic electr ons had the inclination t o con­

centra te in the ma jor-axis-side of the plasma column . 

Conclusive Remarks : The experimental resul ts mentioned above 

show the successful trapping of t he injec­

ted REB into the p l asma . An another evi-

dence of t his is tha t the rather l ong 

duration of emissions of hard X-rays from 

the l i miter and t he l iner as shown in Fig . 
SOOnsec/D. 

Fig. 4 

4. The poloidal displacement be tween Ib and the return current 

due t o plasma res i stivity may be responsible for the trapping [8] . 
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The Divorto r Experiment on the He liotron-D Device 

K. Uo, O. Motojimo, A. Iiyoshi and S . Morimoto 

Plasma Physics Laboratory, Faculty of Engineering 

Kyoto University, Gokasho , Uji, Jnpan 

Abstract : The Hcliotron-0 device has an intrinsic magnetic limit­

er and a built-i n divertor because of the characte ristics of the 

mngnctic field configurnt.ion of the helical hcl iotron . We report. 

the computer calculation of the sepnratrix region nnd the exper-

imen t.al result.a which confirm these characte ristics . 

The He l iotron-D device ho.s nn intrinsic magnoti c limiter 

and n built-in divertor because of the characteristics of t he 

magnetic field configuration of the helical heliotron . Therefore, 

it. has n great advantage to overcome the problems of t.he protec-
(1) ( 2) 

t ion of the fi1·st wal 1 nnd t.he impurity concent ration . The first 
(3) (4 ) 

kind magnetic s urface of the hcliotron is cl i ptic and it has t.wo 

ridges of the s eparntrix nt t he farthest place from the hel icnl 

conductor . Its rotational transfo r m and s hear are large and 
( 5) 

these contribute g reatly to the stnbl e confinement of the plnsmn. . 

Us i ng the magnetic lines of force in t he se pa r atrix region, it. is 

possibl e to set a divert.or . The conf i guration of the se paratrix 

region of the Heliotron-D for J=Bt 0 / Bh., 0 =0 is sho..,n in Fig . l, S, 

where Bto and Bh•O are the magnetic flux densities of the toroid­

al field and the toroidal component of the helical field r espec-

tivcly. The finite vidth of the separatrix region is attri buted 

to the toroidal effect. To extract the incoming impurity atoms, 

t. he divertor luyer of t he hc liotron i s thick enough to ionize 

them within the layer . Vhere we use the term divert.or laye r as 

o. layer of the plasma str e am whi ch escapes from the scrape- off 

lnyer al ong the magnetic lines of forc e in the sepo. r atrix r egion 

nnd the scro.pe-off layer i s l1 part of the scparatri x region j ust 

outside the confining region . The plasma. diffuses during the 

excursion along magnetic lines of fo r ce . Ther efore, the \o'idth of 

t.he divertor lnyer i s wider than t he width of the sepnra t rix re-

gion . Howeve r, since the length of t he mo.gnetic lines of force 

in t he separatrix r egion connecting the s crape- off layer with 

the opposite side of t he helical conductor is shorter than the 

toroidal radius , the increment of the widt.h of the divo rtor l ny-

e r due to the diffus ion is rather small in the heliotron . The 

vidth along t he long axis of the magnetic surface and the vidth 

along the s hort a xis are about 4cm and l cm respectively. The 

magnetic l ines of forc e in the se pn r utrix region fill t he regionS 

inn very complicated wJil.(B)If ..,.e scal e up t he dimensions of 

the device up to the future reactor design, t he width of the sep-
(6) 

aratrix r egion ~ill be more t han l Ocm . This value is vide 

enough to ionize the incoming neutral a.toms and this means that 

the hel i otron 

type dive rtor 

uchicve s a high 

divertor effi -

ciency . The 

widt h or t he 

SCparntrix r ogion 

can be varied if 

ve cha nge the 

aspect ratio and 

the pitch number 

1(:12.S 
R: 1.085 
0 . 0 .13 
y" t.498 
Cl••o.o 
$• :-0.146 

Fig .1 

of t he helicnl co nductor . 

The measurement by the double probe shovs thot there i s a 

s ide dcnsi ty peak at. the location of the separatrix region avoy 

from t he confining region . This side peak corresponds to the 

clivertor lnyer . Sha pes of the side penlts nre shown in Fig . 2 for 

the sever al mngnctic flux densities . Abacissa X is the distance 

from the mngnetic a xi s . The width of the side peak is a l most. 

independe nt of the plasma densi ty . The s hape does not chnnge 

greatly and this fnct means t ha.t in our experimental conditions 

Te- JOeV, I 0 h- 5kA, Ne- lxlo13 cm-J, t..he \o'idth of t.he divertor 

layer is determined mninly by the \o'idth of the sepn rntrix region 

it.se lf and it. does not depend on the plnsma diffusion during the 

excursion along the magnetic l i nes of force in the separat.rix re-

gion . This resul t. give s 

a great advantage to con-

struct n cl ivertor . Fig . ) 

shows the dependence of 

the ratio of the dcnsi ty 

of the side peak, n 5 , to 

that of the main plnsma , 1 
"' n0 , on the magnetic flux ·~ 

densi t y. The ratio de- C 
c r eases as the magnetic 

flux density increases . 

tn the cnse of our cxper-

iment, the increase of 

t he magnetic flu x densi t.y 

gives rise to t he increase 

o f t he plasmn density . 

X (cm) 

Fig .2 

Since t.he increase of the density of the side peak is sma ller 

t.han that of t.he con fining r egion, the nbove result is attribut-

cd most.ly to the i mprovement of the plnsmu con finement . All 

these experimcn-
03 

tal r esu lts 

n pprove the 

presence of the 
0.2 

divertor Layt{) 

of the He 1 i otr on-
0 c 

--...... 
c 0.1 

D device. 

0 o~.s,.-~~.....,.1.o=-~~~1~.s,--~~----:w:-:-~~~~2s 

B ( kgauss) 

Fig. 3 
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A Concept for a Moving M.3.gnetic Limiter 

K.v . Hagenow, K. Lackner 

Max-Planc.k-lnstitut filr Plasmaphysik 1 8046 Garching bei Mi.inchen, 

Fede ral Republic of Germany 

Abstract: To suppress the skin effect during the current- rise phase in a 

large tokamak, one would like to enforce proportionality between the cross-

sectional area of the discharge and the plasma current. In the case of a 

divertor tokamak this would imply a proper variation of the poscion of the 

separatrix, acting as a moving magnetic Limiter. For a tokamak with 

locali zed divertor fields , which decay rapidly cowards the plasma center -

like in the ASDEX and POX experiments - this perfect magnetic limiter 

behaviour cannot be achieved over a large range of currents without chang-

ing the position of the plastll.8. center. 

The following arguments are illustrated at hand of a configuration similar 

to ASDEX in the approximate position of the divertor coi l triplet. (Fig. la) 

The detailed arrangement of divertor coils as well as the rat io of divertor 

currents to nominal plasma current have however be changed to pr oduce a 

stagnation point sufficiently far away from these coils to allow 

approximately 3 m o f space for blanke t and shielding if the small and lnrge 

plasma radius were to be scaled to typical fusion reactor dimens i ons of 6 

and 17 l!I• respectively . I t was the purpose of the s tudy of this configura t -

ion to decide whether essential points of the ASDEX concept - like 

localized divertor fi e lds, self-similar plasma shapes for different plasma 

currents in spite of t ime-independent ope ration of the multipole coil 

currents , <1nd nearly circular flux s urfaces in the plasma interior - can be 

maintained in such an extrapolation. 

I n the corresponding vo.cuum field configuration the magnitude of B rises 

rapidly - in fact exponentially - in the direction towards the divertor.As 

a result of this, changes in the plasma currents around their nominal value 

result in only small ir.ot i on of the s t.ignation point . The cross-sectional 

area therefore initially changes much too slowly and much too fast at later 

stages to correspond to a perfect l imiter behaviour. An also quantitatively 

very similar result holds for the PDX configuration. Eliminating ft"om the 

presented design the so-called multipole compensation coils - which compen-

sate the field of the divertor coils over the inner region of the plasma 

co lumn - would result in some improvement in this respect, but at the cost 

of drastic changes in the plasma shape and the displacement-stability 

behaviour for different plasma currents , 

The above r esults re fe r to the technically desi re.ab l e case of constant 

currents in the divertor coils . The separatrix could be forced farthe r 

in..,•ard during the lower plasma current phase by increasing these divertor 

currents. Computing the factor by which these cunents would have t o be 

increased to enforce perfect magnetic limiter behaviour as a function of 

plasma currents show that this option is inconvenient and expensive even 

if used only during the last half of the current rise, and impossible to 

use over a larger range of plasma currents . In order to enforce perfect 

limiter behaviour over a factor of 5 in pl asma currents one would need in 

the present design initially divertor cunents 5 times as large as for the 

final plasma currents. 

An effective and cheap way to vary the plasma cross-section in a p r ogra1m1ed 

way consists in shifting the plasma column by proper magnetic fie l ds into 

the vicinity of one of the divet:tor coils. For the present configuration -

like for ASDEX - this suggests a shift of the plasma column in vert i cal 

direction. Figures la-d show a corresponding set of equilibrium configurations 

computed by the code described in [ 1] for plasma currents of l/8 1 1/4, 

I /2 and full nominal va lue, where the displacement of the phsma column has 

been chosen properly in each case to cake the cross- sectional area 

proportional to the plasma currents . 

A simple mode l for the scaling of the redia l fields required for the proper 

shift of ~he plasma column shows that their value neve r exceeds more than a 

few pe rcent of the vertical B-field required to balance the hoop-fo r ce at 

full plasma current. Of course this mode of operation cannot be simply 

extrapolated co arbitrarily small plasma currents without additional 

investigations, as for small plasma c urrents the increasing vicinity of the 

divertor coils together wi t h the decrease in the vertical field required 

for balancing the hoop force will make the multipole fie l ds increasingly 

dominant over the whole plasma cross- section, possibly violating at some 

point the condition for displace~nt stabi lity . 

All equilibria shown in Fig. I were found to be stable against rigid vertical 

displacement [ 2] , As no code is presently available for testing numerically 

computed configurations against generalized disploc:ements, equilibrium 

calculations were carried out for neighbouring, displaced equilibria . These 

calculations, which do not take into account the s tabilizing influence of 

poloi<lal and toroidal flux conservat ion indicate that the equilib r ia I c 

and l d might be unstable. 

If these results were to be confi rmed by a mo re consistent analysis, and 

if no feedba ck system were to be employed, a mode of operation would be 

appropriate in which the discharge is formed. at the mid-plane and is left to 

gr ow till the dischar ge a rea corresponds to l /2 the final pl3sma cross-

section. For the pr esent configuration th is would happen at about 18% of 

the nominal plasma current. During the rise of Ip from 18% to 50% of its 

nominal value the plasma column is s hifted vertically in such a manner that 

the cross-sectional area remains constan t . During the last phase of the 

current rise between SO and 100% the plasma column i s shifted back to t he 

center maint.1ininB propotional i t y between pl.1sma current and cross-sectional 

area. 

[ I] K.v. Hagcnow , K. Lackner, Computation of Axisymmetric MHD Equilibria, 

7th Conference on Nun:erical Simulation of Plnsmas 

[ 2 J K. Lackner , A. D. Macmahon, Nucl . Fusion 14 ( 1974) 575 

"This \.'Ork was performed under the t erms of the ag reement on association 
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A MAGNETOHYDRODYNAMIC THEORY OF DIVERTORS * 

A. H. Boozer 

Princc ton Unive rsity, Plasma Physics Labor a tory 
Prince ton, N. J, 08540 USA 

~: A two.fluid MHD divc r to r model is s tudied with zero ion 

temperature . The e lectrons are shown to leave the divertor much d ote r 

to the maln plasma body than th e ione . The divcrto r width is found corn-

parable to the ion gyroradius calculated with the electro n te mperature. 

T h e importance of divertor a fo r controlling impurities has been 

r ecognized since stellu·ator expe riments in the 1950's . However, 

divertor theory ha s remained remarkabl y primitive and been based on 

the theory or planar discharges. 

A p lanar discharge is a one-dimen s ional system with the electro n s 

held at a constant tempe rature, Te. Plasma is created from a background 

neutra l gas a nd flow1 to neutralizing walls, which arc two paralle l infi-

nite planes . An electrostatic sheath form s at the walls to equalize the 

ion and e lectron curr en ts . With the usual a ssumption o( z.e r o tempe ra-

ture ions , there are two primary results . The ions enter the s heath at a 

velocity C = { T / m )1/Z with m the mass associa t ed with a positive 
• c + + 

charge . The jump in electr ostatic potential ti.9 acro ss the s heath is 

approximately 3 . 5 Te /e. 

These two basic planar d ischarge r esulU were a ssumed to apply 

to divertor s . However, FM- 1 expe riments at Princeton have given p o ten-

tial jump• b e tween a divertor plasma and iU neutralizer which vary from 

less than 5 T e/e near the main p lasma body to greater than ZO T e/e 

on the o u ter e d ges of the divertor [l]. 

T h e electron-ion current ratio to the n eutraliz ing walls is expo-

nentially dependent on the potential j ump. Consequently these e xpe ri -

ments arc in sharp disagreement with the traditio nal divertor as sump. 

lion tha t the ratio is unity on each fie ld line. The experimental plasma 

Clow ve loc ity to the n eutr a liz ing walls , ...... C
9
/3 , is, h owever , i n approxi ­

mate a greem e nt with the theo ry. 

P la1ma discharge theory does not apply to a diverto r because a 

d ivertor i s intrins ically two dimens ional. P lasma diffuses from the main 

plasma body onto open magnetic Cield lines and then flows along the Held 

lines to n etrali zin g 

wall&• In the F igure Lhe 

simplest two-dimensional 

divertor- lik e system is 

illustrated. We have 

studied this s ystem 

un der the assumption 

o f zero ion tempera. 

ture with two fluid 

MHD equations. 

T h e electron mean 

fr ee path Ae i s 

assume d to satisfy 

<m+/m 11/l» L/~ » 1. . . 
The major results are: 

F igure. The Divertor Model. T h e 

main body of the plasma is s urrounded 

by a uniform z. directed magnetic field. 

T h e m a in plasma is assume d to b e of 

infinitesimal extent i n the x dire c t ion, 

but o f a size comparable to L in the 

z direction, All quantities are inde­

pende nt of y . 

OJ The electr ic field Ex ie of constan t m agnitude for s cale• le ss than 

P + (T 0 ), the ion gyroradius calculated with the e lectr on temperature . 

This implies e 6.J?/ T c i• not cons tant. 

(Z) The electrons flow to the walls in a region o( approximate width 

p eL/'Ae, p
8 

being the electron gyroradius. The flow is near the main 

p las ma body. 

(3 ) The ions flow to the walls in a reg ion of approximate wid th P+(Te), 

Tbia i s also the divertor width. It is sub s tantially wide r than the usual 

. I 1/i 1/z 
estlmate (D

1
L C

5
) which classically gives (p+pcL/'Ae) . 

(4) The ion flow velocity into the electrostatic s heath is C . . 
(S) The pressure on a field line is lower b y l/VZ at the electrostatic 

s h eath than a t the cente r o( th e dive r tor ( z :::: O ). 

Even though the elect ron and i on c urre nts to the walls are con cen trate d 

i n different regions of the divertor. the integrated flux is the ea me for the 

two species . Quasi- neutrality is a u umed to hold throughout the dive rtor 

e x c ept in the O e byc length scale electros tatic s heath ne ar the neutralizing 

walls. The electrons in the oute r parts of the divertor form a 1 tagnant 

Huid confined by large p otential s compa r ed to the e lectron temperature 

The two fluid MHO analysis with zer o ion temperature required 

the s olution or five coupled, nonlinear, vector equations - two kinetic 

equations, two continuity equations, and one ene rgy equation, The reason 

the one-dimensional theory fails can, however, b e easily seen. The Y 

comp onent o( t h e kin etic e quation formed by sum min g the equation s for 

the two species is m ,,. n;"'. V vy + jxB/c = 0 while vy=- cEx/B . 

H 6 i s the dive r tor width, the fall i n electron temperature across the 

divertor means e IE.J-= T e /6 for equal electro n and ion currents on 

each fi e ld line . U•ing -:;". V = C/L , we find J j xJ =en C
5 

(0/L) (p+/6ll . 

T h e ion continuity equation implie s vx:::: C
5
6/L, so the cur rent a cross 

the d i vcrto r r each es en vx for 6 ::::: P+ (Te), This m e ans the e l ectr ons 

are not m oving across the divertor Cor 6 ~P+ (T
9
). S ince diverlors 

are generally auumcd to have dimensions comparable to p + , one­

dime nsional theo ry c annot apply. 

• Wo rk s upported by United States Energy Res earch and Deve lo pment 

Administratio n Contract E(ll-1)3073. 

[lJ Princeto n University P lasma Phyaic11 Laboratory 1973 Annua l Report 

MATT-Q-31, p . 10. 
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. 
NEUTRAL INJECTION IN TOKAl'IAKS 

John Sheffield 

EUAATOM-Ul<AEA, Culham Labor a tory, Abingdon, Oxon, England . 

Abstract : The requirements of adequate beam penetration and 

equilibrium limitations to the total contained prees ure are com­

bined in determining for a Tokamak, (a) the maximum neutral 

power t hat may be injected , (b) the maximum beam fusion power 

t hat may be generated . 

Constraints on neutral iniection. It is generall y agreed that 

the injecte d pOW"cr s hould not be deposited near. the plasma 

edgo because this will lead to high conduction lossos a nd 

i ncreased wall bombardment . Wi th the crit e r i on that the 

radial power deposition should be a good match to the ohmic 

power profile it is found t hat we should oper a t e with inject­

ion energies for which t here are less than two mean free paths 

for trapping CF1 ~ 2) up to the plasma centr e . This estimat e 

is supported by preliminary investigations with transport 

codes . At h igh energies g
0 

>> 10 keV the cross sections for 

ionisation a nd charge exchange a r e approximate l y proportional 

to Zeff; ( l ) (
2

)but the detailed variation with impurity content 

for all energies is not yet established. For injection of 

hydrogen. wi th tho ionisation rate taken as proportional to 

Zeff ' 

F1 :: 0 .17 na (z ~ --- ff- l + l 07Ab 20 ~ 
£ 

__£ ~ 100 keV (l) 

Sin9 ... e £
0 ~ 

this is a modification of a formula given by Sweetman(l) 

If in addit ion the charge exchange rate is proportiona l to 

Zeff 

F1 _ l8na Zeff Ab 20 ~ ~ ~ 200 keV (2 ) 

Sine c
0 

Ab 
this is calculated in a cyli ndrical approx~ation. B = 900 

is perpendicular injection, and Sin& m: C:4ai) represents 

injection tangential to the axis. 

The ratio of fast ion energy density to plas ma energy density 

is 
r ; pin ta • ( 3 ) 

0.19 nTa R 
where t he time for fast ions to slow down to thermal energies i s 

t 9 ; 4 . 4 x 10-•Ab Tttn ( l + ~·oAi! /) (4 ) 

n zb• l5~T 

In the steady state where the plasma is supported by injection 

r~~ C5> 
2TE 

In general no instability problems a re expected <4 > for approx. 

Tha beam adds to the plasma pressure and we can expect similar 

limitations to apply to the total pre ssure as apply to Pp 

{ ' /Jp( l+r)~ or~ ( r ef ( 5 )) /3 ~ 0 . 2 a 2 nT (6) p . 
I 

or - (6 ) 
a 

Maximum injected power The power to support the plasma at a 

given (n) and T is . 
P ; 0.096 a RnT 

TE 

We combine (7) with (4), (5) and (6 ) to obtai n . . . 
P rn ~ l. l x lo RI /Jp zb r 

a•Ab rt tn{l + G~~!) } 
For a given (T)and (• 0 ) and with /Jp(l+f) f ixed this has a 

weak maximum at r • l. 

(7) 

(8) 

We arrange (8) using t he penetrati on constraint (1) and 

Pm · -
Rf -

ii ( ..1~)tX _ 1 + lo1r.b,• 
~T ln l.\l5~T Zeff <o / 

(9) 

This is plotted below for t he example of a 200 keV deuterium 

beam and a tritium plasma. To a good approximation Pm is 

independent of (T) and (£
0

) and for D-T (40- 200 keV) 

p :::. 16 (F1Sin8) 
0 Rr (10) 

rn Z • 
eff 

a nd for H - H (20 - 100 keV) we may inject about 4 x more power 
The impurity effects occur because for a given injection 

energy we must reduce (n) when (Ze ff) i s increased, to ensur e 

good beam penetr ation, and a t t he lower densi ty we must then 

reduce the injecte d power if we a re operating at the maximum 

a llowed value of r . 

Maximum beam- fusion power Computations of Q, the ratio of 

fusion power generated to injected beam power ( ?) , s how that 

peak Q , which for D - T occurs a t c
0 

-150 keV, is Q ~ 

so that 

Symbols 

3.7(F1 Sin 6 )
2 

R r T 

zefi 

0 . 23 T, 

(ll) 

n Cx to1 :J c m-
3 l mean densi t y ; Te = T

1 
= T (keV) , t e mperat ure ; 

R, a Cm) , ma j o r a nd mino r p l asma r adii j I (MA) , pl a sma current ; 
TE ( s) , ener gy confinement time ; c

0 
(keV) , i n jection energy ; 

Ab ' Zb ' a to mic numbe r and charge of beam ion , A
1

, z1 , atomic numbe r 

and c ha r ge of pl asma ion i P (MW), powerj Pm (MW), 

maximum i n jected power ; Pf (MW) , maximum beam fusion power i 

6 , mean inj e ction angle, F1 1 number of trapping l engt hs to plasma 
centre 
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ENERGY MULTIPLICATION AND TRANSPORT IN A TWO-COMPONENT TORUS * 

J. Kil leen, K. D. Marx, A. A. Mirin, M.E. Rensink 

Lawrence Livermore Laboratory, Li venoore, Cal ifornia, U.S.A. 

Abstract: A study of plasma behavior in the two-component torus has been 

made using a var iety of theoretical and computational models. We study 

t he effects of energy clamping , fast compression, impurities and radial 

transport on the slowing down and energy multiplication of the injected 

beam. 

The basic phys ics of a two-component torus (TCT) reactor has been 

given by Dawson, et .al. (l) Refinements and var iations on this concept 

have been described by Fur th and Jassby. (2) In t his paper we present some 

results on energy multiplication and transport in a TCT. 

A two-dimensional multi-species Fokker-Planck code has been used to 

calculate the time-dependent velocity-space distribution functions for all 

plasma components . The kinetic equation, which we solve numerically, is of 

the form 

af a R [ -+ - -( 1 
at R 

2 afa 1 afa ] ( afa) - .l sine) v - + - sine case - = - +Sa• La 
2 av 2 ae at c . 

(1) 

where (v,e) are spherical coordinat es in velocity space. The R/R tenn is 

due to.major radius compression;( ::• )c is the non- l inear Fokker- Planck 

coll ision tenn 

~( afa) 
ra at c 

,2 
+- - -

2 avi avj 
(2) 

where the Rosenbluth potentials are given by 

ga = ~ ( ~ ) 
2 

ln Aab J fb(:,:.') I:!. - :,:.'Id:,:_' (3) 

h = L ma+ mb ( Zb )
2 

ln A j f (v')lv - v'l "1dv' • 
a b mb , ;; ab b - - - -

(4) 

The source term Sa is used to represent the injection of collimated mono­

energetic deuteron beams into the tritium plasma, and the loss tenn~ La 

represent the effects of finite particle and energy confinement times, 

(5) 

For pulsed systems the "breakeven11 experiment is def1ned to occur 

during the interva l when the bulk plasma energy losses are compensated by 

energy input from the deuteron beam. The energy multipl ication factor 

Qb is then just the ratio of the f usion energy produced (17 . 6 MeV per 

react ion) and the initial energy in the deuterons. A relatively simple 

scenario for TCT operation is shown schematically in Figure 1. A slow 

adiabatic compression follows t he beam injection pulse in order to 

11 clamp" the deuteron energy at t he optimum value for fusion reactions, as 

shown in Figure 2. For a tritium plasma with initial density n = 2. 5 x 1013 

and temperature T = 4 keV and energy conf1nement t i me TE = 200 msec we 

f i nd an energy multiplication factor Qb = 0.86. Breakeven (Qb ~ l) can 

be achieved by minor changes in the plasma parameters. For a simple 

scenario , with no compression, the effects of alpha- particle heating and 

impurities (carbon and oxygen) are given in Table I. Energy multipli­

cation has also been studied for other possible TCT scenarios including 

energy clamping , the use of both heating and fusion beams, and fast 

compression and de-compression cycles in various comb1nat1ons, as well as 

steady-state TCT operation. 
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FIGURE 1 TCT ENERGY CLAMPING SCENARIO 
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FIGURE 2 MEAN HI ERGY PER DEUTERON 

TA BLE I 

Effect of Impurit ies and Al phas on Q: 

E0 = 200 keV , Te = Ti = 6. 7 keV , ne'E = 2 x 10
13 

cm"3sec 

PLASMA SPECIES Zeff 

e-D-T l. O 

e-0-T-a l .O 

e-D-T-a-C 2.0 

e-D-T-a-C-0 2. 7 

0 

l.08 

l.09 

0.92 

0.84 

A radial transport code( 3) has been coup led to a new Fokker-Planck 

code with spatial dependence so as to yield information on the energetics 

of a TCT as a function of both space and t ime. Fokker-Pl anck equations 

describe the energetic deuterium beam component as well as a- particl es at 

each flux surface while a fluid transport model describes the bu1 k plasma. 

The deposition of a tangentially injected deuterium beam is computed self­

consistently with the bulk plasma profi le and appropriate source tenns 

are introduced into the deuterium Fokker-Planck equation . Energy transfer 

to the Maxwellian bulk plasma i s based on the detailed fonn of the 

deuteron distribution function at each poi nt in space and t i me. 
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EllERGY BALAIICE STABILITY OF A THERMONUCLEAR PLASMA 

Ya.I.Kolesnichenko,S . N.Reznik,V.A.Yavorsky 

Institute for l/uclear Research, 

Academy of Sciences of t he Ukrainian SSR,Kiev,USSR 

~: The stability of steady- stat e development of n ther­
monuclear reaction in an inhomogeneous plasma is i nvestigated. 
The treatment is made assuming the plasma energy lifetime 't', 
to be short compared with the charged-particle confinement 
time 't'n • 

The condition of steady-state development of the self-

sustaining thermonuclear reaction is essentially dependent on 

the fact whether the eneru;y release from the reaction at any 

point in the plasma exceeds the energy losses due to r adiat-

ion or there is a region wbere the reverse situation takes 

place . In other words the form of the function 

G (T) = Qfus - Ora.I (1) 

is essential, Vlherc o, .. = E., 1Jf. (o'V>. Eo1..= 3.5 Mev (for D- T 

reaction) ; Q,ad is the plasma energy losses due to breniastrah­

lung per unit time and unit vol ume; n, is the ion density ; 

T is the plasma t emperature. 

If G(T}> 0 in the whol e range of the plasma the steady-

state thennonuclear combustion is possible at nny small 

t ranoverse plasma dimension a. . However , there may exiat the 

upper limit for a. / 1 , 2/. Then if a exceeds some value 

amox the thermal equilibrium of plasma and i ta envirorunent 

cannot be realized (ace Fig . 1 where dependence of T,., on a. 

following from the stationary energy balance equation is 

given under the condition G (T)> 0 

T,,, and Ts ar e the plasma t empera- Tm 
turee at the central region and at the 

boundary ' respectively ). it Q > a.,.,t he 

self-accel eration of the thermonuclear 

reaction will take place . Thie process 

in its initial s t age is similar to heat 

explosion / 3,4/. 

The characteristic dependence of 

T'" on it when C(T)<O at the periphe-

ral plasma region as represented in 

Pig. 2 /2/. In this case the steady­

statc developmnet of the thermonuclear 

reaction ie realizable if a.?' a,,,in . 11..t 

a< amin the cool ing of plasma and ex­

tinguishing of the thermonuclear reac-

tion occur . 

Apparently, the fulfilment of the 

mentioned restrictions for the trane-

~~~~~~---'-~~~-' 

a."'°'. 
Fig.1 

Fig . 2 

verse plasma dimension may be insufficient to steady- state 

development of the t hermonuclear reaction, It is necessary 

that the equilibrium state be stable . If the equil ibrium 

state is unstable then depending on the kind of the fluctuat ­

ions of the plasma parameters ether the falling of t he plasma 

temperature or the rising of it will take place ; other effects 

are possible as well. 

The stability of thermonuclear combustion was studied in 

/ 5-9/ . In / 5 ,6/ the plasma was assumed t o be spatially homo­

geneous; in /7,B/ t he problem was consid ered with account for 

the plasma inhomogeneity , however , a special kind of the 

fluctuations of the plasma parameters was chosen and inauffi-

c iently corr ect method was applied . The general conclusion 

made in the works /5-8/ is that , if T;; « T., , thermonuclear 

combustion may be stable only at sufficiently high plasma tem­

perature. Mathematically rigorous solution of the problem of 

the enorgy balance stability of an inhomogeneous plasma was 

made in the work /9/ . The main results of the work are as 

follows . 

Due to -r. « 't',.. , in studying of the moat rapidly develo­

ping perturbations it is sufficient to confine onesel f to the 

t aki ng into account of the plasma temperature fluctuations 

ST . If the thern:onuclear reaction is developed in the 

cylindrical plasma column the arbitrary perturbation may be 

represented ae: - A,t + ik,_~ + c.'m"' 
H== L;:. c.,R~(r)e .,. (2) 

where 'G-' =(1, m, k} ; 1•1,2 , •.• ; m=0 , ;!;_1, • .. ; R-; are the eigen-

functions of the linearized energy balance equation which 

oatisfy the boundary condi tion R; ls =O ; .Ae are the eigen-

values corresponding to R G1 Cii' are arbitrary constants. 

The analysis showc that fluctuations with m=O, k, = 0 are 

the most unstable i. e. the most rapidly growing and existing 

in the largest temperature range . These f l uctuationo are 

growing over the whol e temperature r egion , where da /dTm < 0 

and only the perturbations of the form ~T • ~,RA,are excited . 

The fluctuations ST= I. C,, R~< , 1~1, arc always dumped. H 
e 

jJena/JenT,. / <t i then instability is characterized by the in-

crement 

G(T,..) ,&. Ol 
r~ ~ clTm 

where nmon(r• D} . For example, if the function a(T~) has a mi-

nimum (Pig. 2) then theoe perturbations will increase at T,,,< Tcn 
where Tcr is the value of the temperature Tm at which a(T.,)•Gmin , 

It should be noted that in honiogentious plasma approximation 

the formula (3) may be obtained with T; T., , but in this appro­

ximation the 1ninimum 01' the f unction a.(T) is lower than Tcr • 

The perturbations with m1!0 and K,, <fO can i ncrease if dC1 /dT,,<O. 

However they arc excited not in the whole r ange of Tm , where 

this inequality is satisfied (for instance , at~=l;;,the per­

turbations with m#O, K,IO are damped) , Thus t he thermonucle­

ar combustion is stable if cla/df,:o(shaded region in Fig . 1, 2) . 
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DISTRIBtrrlON OF a-PARTICLES IN LARGE TOKAHAK AND REACTOR PLASMAS 

D. Pfirsch, D. DUchs 

Max-Planck-Institut filr Plaamaphysik, 8046 Carching bei Hilnchen , 

Federal Republic of Germany 

~The behavior of fusion-created a -pa r ticles is de:scribed by a 

time-dependent, two-dimensional (minor torus radius r , energy E) 

distribution function F
0 

(r , E , t) which i s obtained by solving a Fokker-­

Planck type kinetic equation. The background plasma is consistently 

coq>uted from a Tokamak transport code [ 2]. 

This paper extends the work of Ref. [I J in two directions: (I) The 

treatment of the radial diffusion of a-pa r ticles has been refined , and 

(2) the kinetic equation for F;_ ia solved siDJltaneous ly with a set of 

tnnsport equations fo r the background plasma. 

I. Radial diffusion of a -particles 

In Ref. [I J it wu assumed that PM. could be app r oximated by a sum of 

Maxwellian di1tributions . For each one of these , neoclassical (o r other) 

fluxes could then be calculated. It turned out that in soa:e important 

cases (e.g. relatively rapid changes in the production rate of Cl 
1.s ) F;, 

can only very poorly be described by such a sum , This is especially true 

at high energies. At lov energiu 1 however , where the collisions between 

a '5 and background ions ( r ather than electrons) dominate , a Maxwellian 

approximation of S is ve ry good , 

For the time being we t-hWI s plit P... into tvo parts at the energy i [ 3 J 1 

where the effect of collisions with the ions starts to exceed the electronic 

intluence: 

The Maxwellian distribution r,,<·) which is 

£ 

(I) n'" • J F'<'(E) J..E and 

consc.ruc.ted using 
i 

T'''. !. ..L (Er'' J.E 
J "f\(•I ~ I 

then serves to calculate neoclauical particle (r/"!:!~) and 

heat ( ~:,) fluxes. 

For ener gies above E two effect• seem to operate: friction with the 

background electrons causes ontidiffus ion because of shrinking banana 

orbits , and retidual pitch angle scattering leads to a regular diffusion 

which is reduced , hO\o'ever , by~ relative to neoclauical diffusion. Even 

the latter would be small compared 1.'ith n <t1 ~~: and J.~: bec.au1e of the 

increased "temperature", In view of this situation neglecting the fluxes 

!or E > E see• to be a reasonble assumpt im until an adequate theory has 

been developed. 

Since we do not t.1ant to restrict the theory to neoclassic.al fluxes . the 

Procedure of including the fluxes in the kinetic equ3tion for the 

a-particles [ I] is Jlept. 

However , the weighting with energy E has been changed to a more appropriate 

form.The kinetic equation now reada : 

+ 
Q J(E-E,) 

(2) 

The quantities n 1;1, T 1
q and S''\ are defined by analogy with Eq. (I) 

and with i 

(3) 51
•
1 ~ ) E

1 r''1(E) d.E 

Fbr SOIDll!. estimates we a lso insert anomalous particle and heat fluxes . 

2. Transport model for r:he background 

Equation (2) is solved simultaneously with a set of transport equations 

for background e.lect r ons, hydroaenic ions (and nl!utrals) , as well as 

impurities. In addit ion to the terms described in [ 2]. '"e include 

ene rgy loss due to cyclotron radiation and enhanced diffusion in regions 

vith s afety factor ~ < I. 

The neoclaseical confinement time of the a - particles considerably increases 

in COD!parison with the model of Rd . [ I J. This was to be expected because 

at the same temperature the a-particles will diffuse neochuically with the 

gradient of the hydrogenic ions. 

t t 
na 

10 14 

0 r [cm) _._ 570 

In Fig. I density profi lu of neoclassic.ally di!fusing a-particles are 

shown for con1tant (in time) background plasma the parameters of which 

conform 1.'ith ease IV, (b) in Ref. [ I ] except for a slightly different 

nH-profile. The r u ults might ba compared 1.'ith Fig. 2 of Ref . [I J. 
Radial diffusion s peeds are oC the order of lc.11 s-I, 

[I] D.F. DUch1 1 D. Pfirsch, in Plasma Physic• and Controlled Nuclear 

Fusion Resea rch (Proc.. 5th lnt. Conf., Tokyo , Japan, 1974) , paper 

l AEA-CN-33/A\7- \ , 

[ 2] O. H. Meade , H.P. Furth, P.H. Rutherford , F.C. P . Seidl , and D. F. DUch1, 

in Pla11n11 Physics and Cont rolled Nuclear Fusion Research (Proc. 

Sth Inc. Conf. , Tokyo, Japan, 1974) paper IAEA- CN- 33/AIS-4. 

[ 3 J A. Nocentini, M. Tessarotto, F. Engelmann, Frascati Report 

LGI/R/TE0/73.3/E , p.6 
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COLLIDING-BEAM TOXAMAK PLASMAS 

D. L, Jassby, R. M. Kulsrud, Y . c . Sun 

Pl asma Physics Laboratory, Princeton University, 

Princeton, N. J' . 08540, U. S . A . 

Abstract. We consider tho properties of a t okar:iak plasma in which all 

ions are tan9entially injected to form two "thermal" velocity distributions, 

oppositely d isplaced in velocity a l ong the magnetic ax i s, so tha t head-on 

collisions between ions in opposite d i s t r i butions are max imized. 

Coulomb and nuc lear interactions among beam i ons are becoming siqnifi-

cant in present beam-injection experiments in tokama.ks, where "bean/"e is 

as large as 0.1. In the caso of 15-koV o
0 

beams injected in t o a O plasma 

in the ATC device, by injection both paralle: l lllnd anti- parallel to the ma9-

netic axis, hc11d-on collisions between oppositely directed beaza ions re-

suited in a doubling of the: fusion power output, even for nbeam./ne -0 . 01 11 ). 

J n the following we consider a tokaaak plasma where all i ons are injected 

via neutra l bemll, and thoso ions which have decelerated by Coulomb dra9 on 

the plaslail e l ectrons a r e r emoved from the plasma in a time that is short 

compar ed t o their slowing-down t t.e . Then "baaw/"c - 1. In part i c u lar, wo 

consider the case ot two opposi t oly directed d istribution s of D and T ions, 

which together with space- charge neu t r a lizing electrons form a colliding-

beam tokamak plasma (CDT) . A p roliminny discussion o f t h is scheme was 

g iven in Re f. (2), whe r e i t was s hown that the absence of substantial cold-

i on population rcaults in a n increase in fu sion gain Q over that of a 

target-plas ma reactor (TCT) , whilo t ho injection e ne rgy can be 3 to 4 times 

s maller (vis , , 50-60 keV), because head-on collis i ons p redomina t e. 

Consider a stcad y-stato t okamak plasP1a i nto which energetic nf!!utnls 

injected parallel and anti-par a llel t o the magne tic aKis. The neu trals 

a rc trapped b y cMrqo - exchange with ions travelling in the same direction, 

by impact ionizat ion on oppositely travel ling i ons, and by e lectron 

ioniza tion. Heutrals generated by successive charge - exchange aro tra p-

pcd up to t he t hird o r fourth generation, for realistic geometries 

(e . g . , nea - ) x 10
15 

a1-
2

, R/a ? 4}, so that for injecti on vo l tages in 

~he optimal rango , 5-10' of the injected ene r gy is eventually l os t by 

The c norqe t ic ions are assumed to be confined until they decelerate to 

an energy 2T
9 

by Coulomb drag on t ho olectrons. I ons wi th e nergy W < 2Te 

arc .i.ssumed to be l ost a t a r ate TE-l' where TE i s the electron ene rgy con-

finernen t time . T
0 

i s maintaine d ent i rely by power deposition from t he tast 

ions , so tha t Tc and ne are ~etermined by 1E and the ion source strength S . 

For Te< 10 keV, tho alowinq-down time o f the fast i ons is several times 

l onger than TE. Microinstabilities , such as drift instabil ities, p r efer-

entially c a use ditfusion of thermal ions and e l ectrons (3), and would be 

use f ul for eliminating cold ions at a rate ~ TE - l . By means of a magnetic 

divcrtor, tho inward flow rate of cold neutra l s and ions from t he wall can 

be kept small compared to the large rate of particle injection by the beams . 

The ion velocity distribution func tions f(v) have been c a lculated with 

a multi-species two-di.ncnsional Fokker - Planck code. Fig. 1 s hows a polar 

p l ot ot the steady-state f (v ) contours for a CBT plasma op«?ra ting i n OT, in 

which the i n jection energies w
0 

are 60 keV tor D and 40 keV for T (re­

lative collision e nerqy • 1&8 keV) . S and ne TE are o f s uffic i ent magnitude 

that Te• &. O keV. Evidently t(v) for each beam resembl es a displaced 

Maxwellian, wh ich resul t s frorn the strong Coulomb interacti on an1o nq beam 

i ons . The beam "tempo r atu re" is abou t 14 keV, with T.1. slightly g reater than 

T 11 • These r e l ativel y broad i o n distribut i o n s are apparently stab le to 

e lectr ostatic and e l ec tromagnetic modes [ 2 ]. 

The f usion power gain Q is calcu lated by integr ating t h e fusion 

reactivi ty over the D and T ve locity distr i butions, a nd dividing by the 

i n jection powor. Fig . 2 s hows Te and Q as a f unction o f neTE; specifying 

SOURCE 

neTE and n
8 

determines both Te and S . Q. l 

("break-oven•) is att.linod a t ne:TE • 

l.& x io
12

csn-l clnd T
8 

= 3 . 4 kev . For Tc 2: 

4 keV , Q may be substanti ally larger than in 

TCT operation , wh ile the required n
8

TE may be 

substantially l ess (J I . The r equired ion 

con finc:ment time is Th/TE : (W
0 

- t Tl!)/l.S Te 

>> 1. This condition on T
11

/TE seems compati­

ble with e xperimental r esults .from beiim-

in j octod t ok.:imJ ks 1'1 J. 

The principal effect of an i mpurit y 

population i s e nhanced pitch-angle sca ttering, 

which underminos the advantage of head-on 

collisions. We find that for W • &O keV 
0 

(both O and T), Te • 5 .0 kev, and iron 

impurity, Q is r educed by 33\ and 46\ for 

Zeff• 2 and l , respective l y. 

Solution ot the steady- state momentum 

balance c qmstion s tor CBT oper ation have 

Men carried out for mean par t i c l e veloci ties directed as s hown in Fiq . l. 

Tho electron d rag o n the tritons overwholms the acce l eratio n of thf!! tri t ons 

by t h e olectric Held, so that continuous inject i on i s r equ ired to maintain 

the triton veloci ty . If Zeff • 1, any imbalance in toroida l ion current is 

exa c tly compe n sa ted by the s h i ft in t he e lect ron vel ocity dis t ributio n 

req ui r e d to maintain mo111entwn bal ance . Dut if Zott :i. 1, because o f i m-

purities o r s i gnificant e l ectron t rappin9, a toroidal c u rren t c a n be 

maintained even when E :s: O. 

For the same t otal pressure in CBT and TCT operation, and for ~ 1 

i n the TCT ( l l • it is easy t o show that t he fus i on powe r density in 

IO 

~ 
8~ 
~ 
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a: 

03 6 i= 
z .. 
;;; :5 
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z2 4,. .... 
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iZ z 

0 
2:: 

ELECTRONS :::: ... .... 

' ' 10
13 0 OEUTERONS 1012 

ner£1cm-3sJ 

Fiqure 2 riquro l 

either mode of operation i s ver y s:imilin.r. Howovor , the n1aximW1 size o f 

a CBT reactor would have to be considerably smaller than the maximwa 

possible size of a TCT reactor, because adequate penetr at i on by the 

la•er ener gy CBT beans demands a smaller plasma radiu s . It would appear 

that the lenient requirements on in jecti on vol taqe and ne 1£ f o r Q - 1 

n:k'lke the CBT mdcle of operation parti cularly appropriate for applicatio n 

in near- term toroida l devices . 

This work wa s supported b y U. S.E .R.D.A. Contract E(ll-1) - 307). 

[l] H. P. Euba nk, unpublished . 

(2 ) R. H. Kulsrud a nd D. L. Jassby, PPPL Repor t MATT-1114 (January 1975) . 

( 3) H. L. De r k, ~ ~·, paper G2-J , Fitth I ntern. Corl'f. on Pl asm.l Physics 

and Contr o l led Nuc lear Fusion Resea r c h (IA.EA, Tokyo , 1974) . 

(4 ) K. nol , !.!.. ~· , ibi d. , pilper J\'1-1 : L. /\. Berry, !_! !.!.· , ibid., AS- 2. 
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'l'1IE RADIAL BUILD UP OP PLASMA BY NEIJl'RAL INJEKTI ON INTO TOROlDA.L 

CONFI GURATIONS 

R.O. Falter, w. Henkes 

Ins titut fQr Kernvor!ahrenstochnik , KernforschunqszcntrW!I , 

D 75 Karl •ruhe, Gernany 

~The radial build up ot plasmas in toroidal r eactor configurations 

is C()Clpu t ed for injected beams of finite di&::leter . Beams with a homogenous 

curr ent t end to p r oduce MHD-unsuble, "hollow" plasmas, wherea s beams with 

0 current density peaked on the bean axis behave similor to pencil beams 

considered before ( 1) • 

In a previous paper ( 1) we proposed to star t a fusion reactor by the bulld 

up of a high temperature , high densi ty plasma by lnjci,ction of neutral par­

ticles with an energy o f the order of 10 keV, (2) . The problem of particle 

penetration is clrcu:rrvented by r adial build up of the plaRia, that is by 

creating a plasna o! hi9h density and small radius near the mag netic a xis 

which in turn grows in radius until the react or is filled. In this paper 

we first investigate the influence of a finit e beam diameter on plasma 

build up , in contr ast to (1) where we asswned a penc i l beam . Then wo discuss 

the influence of charge excha nge neglected befora. 

For computation of build up we restrict ours elves to the case of injection 

tangential to the magnetic axis {3), called "parallel injection" in (1) . 

All dimensions and assumptions are the same a s in (l) . \le simulate a beaa 

of finite cross section by subdividing the injected current into a number 

of individual beaml ets as shown in Fig. 2. Since t r apped par t icles distribute 

over a magnetic: surface it is sufficient to place these beamlets on one 

s i de of the ma9netic axis . This corresponds r oughly t o a physical beam of 

circular cross section with its axis tangent to the ma9ne tic axis. Its 

diameter is twice the width occupied by the beamlets. To simulate a beam 

of constant cu.rre n t density the c urrents of t h e beamlcts are chosen propor­

tional to the beam radius . On the other hand beamlets with equal current s 

will corrcopond to & phy~ical b•ND wt t-h t hfl! current dens ity p eaked on the 

axis . 

In Fi9. 3 we compare the results for three different beams at the same time 

after the sta.rt of injection . For comparison we also show the result for a 

equiv. Beam 
~ 

I 
I 

Pig . 2: Simulation o f a beam 

of a finite diameter 

by penc 11 beams , 

ist obtained only after o . 24 

tillla looks hi9hly for bidding , 

single pencil beam, curve d, (case 7 of 

(1)) . Curve a is for a beill.JI with 5 cm 

rad i us &nd constant current density , c urve 

b for the same radius but a peaked beam 

p rofile, whi le curve c ia for a boarn o f 

10 cm radius with cons tant current density . 

Beam b builds up the density nearly as fa s t 

as t he pencil beam while beams a and c fall 

far behind . Both beruns wi t h a cons tant 

current density profile produce a plasaa 

density distribution with a miniln\Jl!I near 

the ma9netic a xis . This kind of d istr ibu­

tion is not i n stable equilibriw:a. Figs . 

4- 5 show the further development in time 

of the pla sma density . l'lith a pencil beam 

(Fig . Jd) we get a plasma radius of 10 CID 

and a density of 3-1014 cm- ) after only 

0.04 sec, vhile with the bean of 10 cm 

radius (Fig . 5) a density of 1. 7 10 14 ca3 

~ec, and the d ensity distribution at this 

Once the plasma density and radius have grown sufficiently l a rge so that 

t he injected beam is completely a bsorbed we can use the following approxi­

aation for the density at the plasaa ed9e: 

n • (J rt/2 COS QC 121 RS/2d G'o 1> 1/3 (1) 

Here J is the injected current (At oms/sec), fJ. its angle of inci dence on the 

plas.-na surfa ce, a the minor , and R the major plasma radius , D • dn(R/r) 3/ 2 

the Diff usion constant and 6
0 1 

the cross sec t ion for e l ectron l oss . 

Oiarge exchclnge between a high energy atom of the beam and a high energy 

pla sma ion cfoes not contribute to p l asma build up but i t does contri bute 

to tha a ttenuation of the incident beam , Part of the neutrals produc(!d by 

charge exchange will leave the plasma before being reioniz.ed. This will 

result in a reduction of the trapped particle current to be used in Equ . (1). 

The fraction 6 of the injected current leaving the plasma at i ts s urfac e is 

approxil:lately 

« "' <
6

10 • °'01 - Ycr1oiso1 • 1'1
2

: 1<s10 • q;t • ~· G'10G'o1 • 6 0 1
2

> 121 

r/5 ;lb o,c : Beam profile 

1014 

I r - -

c:I§ b 

;!~ 
1a13 

b: Beam profile 

rJ2 

r--

Fig . 3: Plasma density distribution after 0 . 04 sec of injection . 

Beam with 5 cm radius, constant current t:!ensity j, 

b. Bea.a with 5 et:1 radius, current density j peaked on t he axis. 

Beam with 10 cr.i radius, constant current density j , 

d . Pencil beam (case 7 of (1) >. 

v• ~---~---~ 

10• a:QOISsec 
~ 

_n_ / b. aazeuc 
c. 0.039s«. a: Q06sec 

b: 0.13 sec 
c: Q24 sec 

cm·1 .,u 

10" 

., .. 

' 100 
---~---

109 0);--~-_;,;==~75~=100*='=--J125 
- - c~ -

Pig · 4: Development of plasma density Fig, 5: Development ot plasf'\a dens i ty 
- - in time. Dell.Cl like in Fiq.Jb. in tine. Bean like in Fig .Jc . 

Here~ 
10 

and G
01 

are cross sections for electron ct1pture nnd e lectron loss 

respect.ively. For c! 
10 

• 5 ~01 we findj• 0 .22, that is the trappeJ current 

is 22\ lower than the beam current . The second effect of cher9e exchan9e is 

a reduc tion in the penetration dept.h which results in a steeper gradient at 

the plasma edge and a larger ditfusion current toward the outside . Taking 

into account both effects ue find !or G 
10 

• SG 
01 

a reduction of the plas;.ta 

density by only 40\ coo p.a.red to the ca so of~ 
10 

• 0. Since ft f raction of 

the enargetic neutrals fora:.ed by cha r ge exchange wil l be in excited states 

their cross section for reionizlltion will bo large r and the influence of 

charge exchange fur t her reducOO. 

The concept ot radial build up of a plasma in a tor o i dal fusion re"ctor does 

not rely on the existence of pencil beams , but plasmas ot high density may 

be produced by beam5 of !inite radius . By cor.iputations we tind , thou9h , that 

during build up the p lasma can assur::ie a density distribution with~> o . The 

effect is most pronounced fo r a large bear.> r adius Gnd is enhanced by a large 

cross secti on for beam attenuation, as for instance charge cxchanqe . Posi­

tive densi t y g radient s can be avoided only by injecting beo•s o f snall 

radius and with a high current density on their axis i n order to feed enough 

particles into the region close to the ugnetic axis . The method of cluster 

ion accelera tion should be vell suited to produce such beams of high current 

density at moderate energies (ea . 10-20 keV/atorn) (4) . The e f fect of charge 

exchan9e of beam partic l es with hot plasma particles is not expected to 

change tho computatational results by r.i.ore tha n a fac tor of 2. 

(1 l FALTER, n . HENKES , ~1 . 1 6th Europ . Cont . on Controlled Fus ion and Plasma 

Phys. (Proc. Conf . Moscow, 1973) JBS 

(2) Plall'lla buildup in Slllialler experimental devices has been discussed by 

several authors , e .q . 

BICKERTOt1 1 R.H., DROCMAN, Nucl. Fusion,! (1966) 287 

Pt.m:H, A. H., DAMI-I , c .c . , Plama Phys. 9 (1967) 423 

FUHELLI , M. , GIRARD, J.P. , BOURDON, Eur . - Report Eur-CEA-FC- 432 (1 967) 

(3) In the c ase of a fusion reactor the d iffe r ence between magnetic and 

drift axis can be safely ignor•d . 

(4) HEtlXES, W. , Phys. Lett. _!l. (1964) 322 
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A CrlRON!CLE OF ION-CURRENT INSTAlHLI'l'I ES - OLD & NB~'1 This ES equation has the form of the t ..... '0-stream instabil ity and may 

use Stix ' p.113 to obt ain the maximum qrowth rate, (since 1/2 (2:1) 1/2 

Ronald w. Landau • . BJ )I io - 2} . 

uueens College of the City Universi ty or New York 

Flushing , N. Y. 1 1367 

and 

Plasma Physics Laboratory , Prince ton uni vers ity 

Princcton. New Jerse y 08 54 0 

When T.,1.. = O, coun ter-streaming ion currents are unstuble if 

the streaming velocity is 9reuter than the ion thermal velocity . 

For this inslubility, wr • 0 and wi = 16Q+ . Lve n when streaming 

ions a rc only l \ o( the stationary ions there is instability, but 

now r :r ( :1+.l _) l/i wh i le w1 :1 40+. In all this '£ 11 ,+ • T
111

_ . 

There has been considerable interest r ec e ntly i n using neutral 

beams to he.:it plasmas in a new generat ion of Tokomaks to achieve 

marginal power production . the neutral beams are very monoenergctic 

and when converted to ions arc also ver y monoenergetic . the earlier 

proposals 1 ' 2 envis.:ige injection of l ow- dens ity ions bu t more recent 1 

suggestions have pointed out that less ener g e t i c bea~s are required 

if one preferentially removes lo\·:-encrgy ions, so that the 'plasma ' 

consists of two count.ers t reuming ion beams . Owi ng t o t he i mportance 

of the above ideas we have looked car efully at the instabi lities of 

counterstreuming ion beams flowi ng along t he magne tic f i e l d . 

We assume a uni(or m mag netic fie l d 60 alo ng the z d i rect i o n a nd 

of i nf ini t e exten t in t h e other two direc t i o ns, traversed by two 

coun t e r str caming ion bea ms flowi ng a long t ile mag neti c f i eld D0 • 

All paJ:allel (along 80 ) t emper a tures , i. e . of i ons and electrons 

a r e equal , (T 11 + • T 11 _) a nd a r e given by lla xwell i an d i stri bu tions 

wh ile all pcrp~ndic ul~r temper a tures a r e zero (T..t. • OJ . Setti ng 

T ..t. • O g i ves no singular ities, simpl ifie s t he a l gebra by eliminating 

n ~ 2 Bessel functions, a nd give s ma x i mum growth rates since the i n­

stabil ities considered propagate mainly ~crpcn~icular t o the magnet ic 

f i e l d. We define the wave vector k - k ..1. i + k 11 k and consider two 

ion beams of density en each, with equal and opposite velocities v+, 
passing through a stationary ion background of densi t y (l-2t) n and 

electron background of density n . The symmet rica l situat ion insures 

t hat t here is no zero-order current and hence finite 8 effects may 

be treated consisten tly. 

l. All Ions Stream, T.1. ~ In the first part we assume t • 1/2, 

i . e . a ll t he ions counterstream . Using the inf i n i te medium dispersion 

relation as given e . g. by Landau and Cuperman~ together with Barberio­

Corse t ti ' s5, compu ter program for Z( ~ ) , we have so l ved the dispersion 

relation on t he computer. The maximum g r owth rate for the u.•r = O 

mode is s hown by the t op two curves in Fig . ! . The mass r atio 

u E m+/m_ • 1 837 is use d and also the definiti o ns 

T 11 , +/T0 , -

wp 4nne 2 /m_ 

l/a:t ::: k 11 R 111 :!: 

o = Lk:.ii. 

e : Jc: ,/k.J. 

!l1 E jejB 0 /m1c 

~11, :!: = 12 v ll,!/n! 

V1 =: V+//2 Vu , + 

"'p "'p/!l_ 

V~ T 11 /m 

z E w/!l b + iy 

where !V+ is the velocity of each stream . Quantities without sub­

scr ipts refer to electrons . The curve ma r ked 100% gives the wr • o 

g r owth rate, ym, maximized as a function of ' a ', for t~ 1/2 i . e . 

1 00\ ions streaming . The growth rate is a maximum for e ~ O and for 

p >> 1. The ;;p dependence is shown in Fig . 2 . (We have not explored 

the T dependence.) Th e ES curve i n Fig . l gives the maximum growth 

rate o b tained when the electrostatic (ES) equation is u sed, and does 

not differ much_ from t h e 8 = .1 growth rate . T he maximum wave number 

occu rs for a ~ V+ >> l. Since a l so z << l and a+ << v+' it is pos­

sible to use t he asymptotic expressi ons f o r all t he Z f unc t ions oc­

curing in t he ES equation (p . 224 of Stix 'J, t o o b tain the simple re­

sult in t he e ~ 0 1 WP >> limit , 

(2 + 2i:i~) = ! "'~ , +/ (w k 11 V+) 
2 

(1) 
+ , -

) " ~i/I._ = . 83 • 10- 2 -rl{l + ~~) V< (2) 

which occurs at a wave number k 11R11 :; l /a .. (3/8) l/zv+ • . 612 v +. 

'l'he locus of wave numbers for maximur.i grO\Yth is shown in Fig . 3 by 

the dashed curve for 6 = .1, which is close to the ES value just 

given . Similar l:y, the maximum growth rate given by (2) is close to 

that shown in F i g . l, whi le the i:i dependence is o.lso given accurately , 
- p 

us shown by t he v+ = 10 and 2 . 5 curves of Fig . 2 . 

2. Equal Tempera t ures T .l ""T ,.. 'l'hc sol ution Lor the T.l a T u cas e 

hus been obtained by t·lcibel 7 and is shown by tho ' \•1cibel' dash i n 

Fig . l . His mar g i nal stabil i ty criterion is shown in Fig . 3 , lnsert , 

plotted vs . l/a+ • \J 1/
2 / a . lt is possible to approximately reproduc e 

Weibel ' s results by sett i ng 8 'jl 0 with l / ( 0a._)· = 4c- 'I 1 P.l - 1, 

but then the ES resul ts arc obtained only fo r B ~ 10- 5 . For 8 = . 01 

The growth rate is 4 l.:irger. S ince it is not clear that \·leibel' s 

results are optimised (he chooses ~ = 3) we can say only that the 

instability threshold lies in Lhe range l V + < 8 . 

3. \leak Deam, T .L ~ lihen the percentage of streaming ions is 

low. c << 1 , then keeping lowest order terms in the ES equa tion gives 

a cubic . It may, however, be solved Approxima.tely and one obtains a 

maximum growth ra t e and real part given by 

ym = (l3/2'"/ 1 )li£. 1/~;ulfz = 1 . 6 )C io- 2 c 113 t'1, wr, mu 1l"';o_ • {l - cl/1;2 ~/1 ) w 

with t·l ~ i:p; ( 1 + W~) i/i. whi ch is quite close to t he va lues given i n 

Fig . land 2 . Note t hat the real part is near the Liiy frequency. 

These two ins tabi l i t i es are in add i tion to the Drummond - Ilosen­

blut h ion- cyclo tro n instab il ity . 

We a r c grateful for e ncourageme nt from and co nversations with 

Profs. T . H. S t ix , P . 11. Ru therford , C . S . Liu and ii. Berk . 
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FEEDBACK STABILIZATION OF TRAPPED PARTICLE INSTABILITIES 
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Abstract: We s tudy the possible suppress ion ol trapped particle instabili­

ties ol the magnetic type by using feedback controlled neutral beam Injec­

tion. We find that the potentially dangerous dissipative trapped particle 

modes may be effectively quenched by means of a positive feedback with 

90° phase. 

Feedback stabilization schemes using electrostatic probes have 

been widely considered for the suppression ot various electrostatic instabi­

lities in a plasma [ 1 J . However the use of material probes limits their 

applicability to plasmas of moderate density and temperature. The possi­

bility of neutral beam injection to provide feedback controlled volume sour ­

ces of particle and momentum density was first sugge sted by Chen and 

F urth ( 2 J as an alternate method for suppressing low frequency plasma 

instabilities. Jn this paper we use their model to study the suppression of 

some of the harmful instabilities tlu t arise in closed magnetic devices due 

to the presence of trapped particles [ 3 J. These particles which unde rgo 

unfavourable drifts in the curved magnetic fields give rise to growing nute 

type perturbations very s imilar to those found in adiabatic traps. In essen­

ce, the trapped particle s behave like a distinct species in the system attain­

ing th?ir own local equilibrium with a reduced temperature(~</ tTj 

where £ •r/R i s the ratio of minor to major radius} while the transiting 

particles provide a background of high dielectric constant. The basic Idea 

of the feedback stabilization scheme is to sense the growing perturbations of 

t he trapped particles(by an independent system of optical or m icrowave 

beams) and then appropriately modulate the Intensity of an incident neutral 

beam. The neutral beam gets ionized by its interaction with the plasma and 

thus acts as a source for particle and momentum density. We concern 

ourselves mainly with the effect o! "density smoothing" provided by the 

particle source and ignore the effects of the momentum source. Our pre­

sent calculations are based on modified fluid equations [ 3 J (which retain 

most of the essential features of trapped particle instabilities in an appro­

ximate sense) and we study the effect of neutral beam injection by including 

a source term of the form 

(I) 

rt; stands for density perturbation and w f l s In general complex. The 

magnitude of "'f gives the gain of the feedback system and the phase is 

given by 0 • arg (iS/ n1 ) . Posltlve(negatlve) feedback implies neg ati­

ve (positive) "'f . Our results are summarised below for three principal 

Instabilities. 

1. Colllsionle ss trapped particle Instability: This is basically the 

ordinary flute ins tability. which tor trapped particles arises when the mag­

netic drift has the unfavourable sign ( w * '"'d< 0: wd~e~T: and w~ is the 

diamagnetic drift frequency). For a. simple isothermal situation ( T
0 

• Ti 

we get the following dispersion relation. 

Stabilization can be a chieved by pos itive feedback applied at 180° phase and ,, .,. 
wlthagainof wt) t-'~ (w,..wa.l c.. 

2. Dissipative trapped particle instabilities; Particle collisions c an 

give rise to new trapped particle instabilities \Vhich a.re more dangerous 

than the co!Us lonless instabilities , a s they do not depend on the sign of 

Curvature of the magnetic field. Since in most fusion device s the collision 

frequencies are comparable to the characteristic frequencies of plasma 

motion. we next consider the stabilization o! two major types of dissipative 

modes. 

(a) Trapped ion instability: It evolves out ot the collisionlcss·fiute l. 

instability and i s characterized by ~ < w <. ~ \Vlth (; ( (': Tl/ rnc'f'· 
where 1) is the collision frequency. e Our dis~rsion rela~1ion is ( t" :: !! )1 

Tj. 

1 +"l: =(<" -w+rr + ~e 
JE W -Wt 

+ 
w - Wt- w,.e + i..i>ef1:: 

w -wt -t-ille/e (3) 

This instability can be suppr essed by a positive feedback applied at 90° 

phas e with a gain of w r > r/- w!~ / ve (1 +?: )z. 

(b) Trapped electron ins tability: This is very s imilar to Ute drift dis ­

sipative instability and arises due to the loss of trapped electrons through 

collisions. For ITT,, <.[;; <,jf:Te/rne and w.,..tt<. ve./E we obtain 

a simplified dispersion relation 
2, 

( ~e-i)(iv,._wt) =JE[w .... (1 - ~ . 1-~"'\.) 
w E E:ltc e 

i.ve. -r w:i-] 
~ 0) 

where 'lle • d ln Te /J..l"f\nei!lc is the electron cyclotron frequency. 

Stability can be attained by posit ive feedback (90° phase) with a gain of 

WT) W~l - ~ll-% "\c)] or a negative feedback at 180° phase 

with a gain of °'f >Ve ft: 

We note that it is possible to simultaneously suppress both the 

dissipative modes by means of positive feedback at 90° phase. In an actual 

situation it is possible to utilize additional parameters such as the momen­

tum s ource a.rising from the beam to suppress a larger variety of trapped 

particle modes simultaneous ly. Calculations incorporating the momentum 

source and using the kinetic theory are in progress. 
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" GRAD B DRlfi INSTABILITY " IN A TOKAMAK 

T , Dodo and 0 , Okada 

Central Resear ch Laboratory, Hitachi Ltd. , Tokyo 185, Japan 

Y. Terashi ma 

Institute of Plasm.3 Phy5ics , Nagoy3 University, Nagoya 464, Japan 

A new type of instability, caused by the charge separ a t ion due to the 

grad B dr ift in a t oru s ,is andyzed with an elec trostatic: approximation. 

This i n s t ability will explain the fluctu a tion s of the poloidal mode number 

m • 4 ,J, 2 on the rational surfaces q • 4 ,3 , 2 observed p rior to the dis­

rupt i ve i nstab ility i n tokamaks. 

In the experimentsl)Z)in t okamaks , fluctuation s with po l oida l mode number 

m • 4,J,2 a rc ob served with corres ponding saf ety fa c t o r q - 4 , J , 2 . In l ow 

s hear s t e l lara.to r s , the particle confinc• cnt time is observed to b ecome 

smaller at the r a t ional surfaccs~>4 > The analysis in the following h aiaod 

t o presen t an explanat i oo of the aechanism o f t hese fluc tuat ions. 

The instab ili t y p resented in t his analysis is driven by t he charge sepa­

rntion due to gra.djB jdrift o f i ons and electr ons in t h e opposite direction. 

Fluctuations a re amplified in the region with bad 11agnetic fi eld cu r v ature 

and a r c suppressed in the good cur vat ure region. The electron flow along t he 

magnetic field lines acts t o neutra l ize the ch:irge unbalanc e and s tabilizes 

this instability . As the paralle l wave numbe r k I I o f the fluc tuations tends 

to ze r o, the pa ralle l phase velocity of the i ns tability exce eds the thermal 

velocity o f electrons , and t he e l eitron flow i s no t enough t o neutralize the 

charge unba lance produced by grad IBI drift. The g r owth r.1.te of the order c 2 

is obtained fro• the difference of the growt h rate in the bad region and the 

dampi ng rate in t he good r egi on, though the para.lle l wave length is •uch 

larger than the connec tion l!!ng t h qR
0

• 

The fluid equa tio ns of motion and continuity of t he ions and electrons 

are annlyzed i n the usua l toroida l coordinate system , The equilibri um radia l 

d is t ribution of the q- va l ue and t h e gradient o f t he density and t he electri­

ca l po tential a r e assumed t o be constant and the eigc.n value problem in t he 

r3dial direction (-·shea r s tabilizat ion- ) will be t rea ted in a later paper. 

The standard pertur bation calculation fo r the density and the electrical po­

t ential are carried out in which the toroidal effect of che o r der o f E a re 

i.ncluded . The perc:urvcd quantill~ti (ii,f) o.tL~ expressed as exp i(m9 + n( wt) 

· t:Cft
1 
.+

1
> i!!xp (118) , l<>here 9 is the po loidal d irection and ' the toroldal di­

r ection. The ampli tude functi on t 1\exp (118) expresses the poloidal variation 

o f the density fluctuation amplitude. 

When kif' 0 , the. dispe rs ion equat i on is given approximately as , 

o2 + 0 ( 1-g /2)(T/Te ) + g
2

(1+T/T
0
)(T/ Te)

2
/(2b) • O, (l ) 

where o • w/w ,._ 1 g • v
8

m/V*::. c. , v ,., • KTe/(e80 ) , "; -V n0/~0 , 

w,.,. (m/r)v., vgm. 2Te/(eBORO) ' E. r/Ro· b - (mfr) (Ti /l'!fli ) . The 

i raaeinary part i n the dispers i on equa tion (1 ) is omitted because the 

collis ion frequencies vei ' v 11 , "' in arc saal1, ~d t he inn.ability at 

kl/ ,. 0 i s the so-called reac t ive insu bility. The i ns tab il ity occurs 

when 

2g2( l+(T /Te)) > £
2 

> b . (2) 

For the standa r d tokamaks, as the parameter b, wh ich expresse s finite 

Larmor radius e f f ect, is usually s mall ( 10- 4 for ST : JO kG, Ti 3 lOOeV), 

the i nequnllcy is satisfied . 

n1e parameter s o f T 
15 -3 

JSOeV 1 T1 lOOeV , ni 10 cm , 

R lm and T O(lOcm), 

represen t typical tokaiaak 

plasma now in operation. 

The mean f ree path of 

electrons is ) x 10
3
c• and 

longer than qR0 , but is 

still in t he plateau regime . 

I n Fig. l, n growth rate of 

the o rder o f ~ is s hown at 

the ra t ional s urface 

kl/ • 0 , Experimen t al 

observations of fluctu-

ations with a• 4 , J , 2 

mlght be explained with 

t he "grad le I drift ins t a­

bi li ty" s hown in Fig. 1. 

As c increas es , fli 

i nc reases and the ins ta-

b i li t y tends to be very 

dangl!roua . When k// i s 

not small , 0 i i n fig. 1 

ts' smoothly connceted to 

1.s 

1.0 

OS 

0 
0 0.008 

Fig. 1. Growth rilte of fluctua tio ns wi th 

k 2a 
m • 3 and n '" - 1 . _!_L-11.. i s t he. .. 
non-dimensional diffusion coeffic ient 

alo ng t he 11:ignet ic fie l d. 

the usual res i s tive drift mode. 

In Fig. 2, Or ls s hown as a fun c t ion o f kf/ where "'E/B is a parameter. 

When E/B increases , Qr 

incr ease.a bu t the function­

al relation is no t linear. 

When E • O,Qr at k// • 0 

i s in the direct ion of an 

ion diamagnetic ro tation. 

The figure shows that the 

direction of wave propa­

gation is not the direc t 

resul t o f o 1:1 ign of Er . 

'fhe g r owth ra t e Qi is 

scarcely affec t ed by E/ 8. 

l n Fig. J, t he l ocus 

of 0 in the cocplex plane 

(~. Q 1) i s shown for 

Or 

VEIB= o. 
0 

Vf..B- 0. Poloidal •ode 

number a is J a t k_// ::: O, 

while a t large k I I , t h e 

resistive d r ift with 

-1.0.__ ___ ......_ ___ _, 

m • 2 is appr oached and 

the dominant mode becomes 

Fig . 2 . Frequency o f fluct uat ions with in • J and 

n • -1, t • ~.05. VE/B rep resents 

normalized E x B drift vel oci ty. 

m • 2 . The 

trans ition 

takes place on 

the locus near 

q ~ 3.03. The 

poloidal dis­

tribution of 

r luctuation 

amplitude h 

symmetr ic 

excopt nenr 

the transition . 

The po loidal 

&ym:nctr y at t h e 

1.·.t.tion•l 

surface is the 

Qj 0.8 

- 0.4 0 0.8 

r emarkable 

fea tura of the 

Fig. J. Root locus of the mode wi th • • J and n • -1 n t 

E • 0 . 05 . 

s r ad I BI drift instability in comparison with the trapped particle insta­

biliti es5} •6 ) in which the fluctuation is s trongly l ocalized in the r egion 

with bad magnet ic f ield curvature. 

Tho grad IBI drift instability has been shown in t he present analysis 

to have a large growth r a te of t he o rder of 1£1 * i n the plateau r egime. The 

amplitude of the oscillati on distributes nearl y uniform over the polnidal 

ang h . e, because t he electron •ean-free- path is iauch longer than the 

connection leng th. The t ra pped particle instabilities a r e charac t erized 

with the amplitude s trong l y localized i n the bad cu r vatu r e r egion. 

Experimentally ob served fluc tuations in tokamaksl) , 2) now in oper at ion i n 

the plnteau reg ime, might be explained with the gra d Is! drift instab ility . 

On t he ra t i on a l surface where the parallel wave numbe r is zero, the 

energy of t he magnetic field pe r turbation is also ze r o , and t he effe c t of 

t he magnetic field per turbation is negligible. 
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TRAPS 

Abstract : Heating process of a kc\/ deuterium plasma produced by 

rapid magnetic compr ession of co l licling plasma streams i s experi­

mentally st udied . In eorly stage of ion ileating an e lectros ta tic 

shock h'ith high Mach nuribc r is observed . Main heat ing i s dominated 

by the inward movement of the strong shee t current . 

Introductio n: Magnetic COllpression of a plasma produced by an 

encounter of two plasma streams ejected by pl a sma guns has been 

tried in ou r laboratory {1)(2) . I n this experiment, bo t h ion 

and electron temperatur es increase rapi<lly and r each 2"-S ke\I 

within l µs inspite of wid e var i ations of intial Ti , Te and ne . 

Final de nsities arc 6xl0 1\.Sxl0 15 i ons/cc a nd any se rious ma ss 

motion is not observed in intplosion phase. Up t o the present , 

our ion heatirtg is found to be divided i nto two stages in t ime: 

first one with a heating rate "-l eV/ns and s econd one \V" i th tha t 

of LO cV/ n s as s hown in f i g . l . Altltough this process has been 

partl y discussed by a tl1eoret i ca l work, more detai l ed experimental 

data arc presented here espec ially for early stage of plasma 

heating h'hich )cads to succeeding main heating ( ZJ[3 j . 

Experiments: The i n iti;1l plasma is produced by an encounter of 

t\\o plasma s treams ejected by theta guns of the same performance. 
I\ 

The translational energy of each st r car:a alo,f 1 kG guide-field 

i s r apit.Jly converted i nto the therma l energy and a p lasma with 

30 

becomes sma ll er and Er is necessarily diminished . Nextly , by 

strong Eo at the wal l , same kind of process beg ins once more. In 

this pha se , however , the movement of Er does not deviate from 

that of the strong sheet current around the heated plas~a co l umn 

which ceases at the time of the maximum T1 . 

It is conclud ed t hat our two - stage ion heating corresponds 

exactl y to thi s te~pora l behavior of the r adial e l ectric field . 

Er observed here seems to denote very imcoplete plasma boundary 

in phase 1 . lloweve r , only excess i ons of the line densi ty 10
9

"-

109/cm are necessary to p roduce i t . This number is too small t o 

produce some apprec i able density hump in implosion phase(no"" lOL" 

io11s/cc). In phase Il , ion heating is still supported by ::idi abatic 

coopression or Fe rmi acceleration by the movement of the strong 

current sheet . 

Emission 

i:::==~-'-~~--o..-~~-'-~~~&.....~~-' t (ns) 
200 4 00 600 800 1000 

Fjg . l . Typical Ti behavior in t\\'O-stagc iOn heat ing . 

(ns) 
1320--T 1 >T~ i s olltDinecl in tlte rc~ion s11rrounded hy a one-turn coil of 

1 m l ength . Ry choosing some appropria t e time later than gun 

f iring time, a rapidly increasing discharge through the com- 20 

pression coil is sta r ted. In this e xperimen t, "·e se l ected onl r 

one time point 13 ~s when T1 of t he initial plasma is 100 eV 

which is the maximum in cour se of o ne plasma encounter. T1 and 

Te were determined by spec troscopic method a nd laser scatt ering . 

Time and s pati al l y resolved va ri a tions of Bz. and Er were measur ed 

by specially d es i gned very fine probes . Resu l ts obtained by 

probe measur ement s arc given in fi g . 2 and fig . 3 l·espcctive l y . 

Discussion: 'lagnetic pro files until 160 ns a r e that of a so· 

called laminar shock ~.:ith a high ~1ach numbe r (> 3) . This i s under­

stood by a fact that some plasma flow with a velocity "' l >el0
7
cm/s 

f r om the surface of the plasma column t owards the wall exis t s at 

the in itial time. The ion temperature at the axis begins to in-

crease after tl1e foo t of t he shock r eaches r =O( t = 160ns , Ti"-ZOOeV) . 

The bchavior of Er i s exp l a ined as follo.,,,•s . Just af t er B= pene­

t rates into the plasma, electrons begin to drift tot.·a rds the axis 

wi th a velocity vr•CE9/Bz) while ions are left or lost at the wall 

because of thei r large Larmor radius Pi . Then Er i s formed and 

begins to move by ambipo l ar effect. Dur ing Wei is small, t he ion 

upstream is strong enough to compen sat e the loss at the wall. 

Prom ob se rva t ion , vr is nearly cons tant (l . 0~1 . Zxl0 7 cm/s) UJl t o 

160ns . I ons penetrating throug h the shock a r e accelerated by Ee 

near the wall for Z/wct and returned i nto the plasma without 

touchi ng t he wall when o1 <(Ee/U,)(2/wciJ . This condition is fully 

satisfied at t~ 100 n s , :-tnd hea ting by reflected ions a r e expected. 

At t=l60 ns, Er reaches the bounda r y of the i nitial plasma (r"-2 cm) 

where Pi i s already sma ll. Then the suppl y o f i ons to the shock 

1 0 

10 

Fig.2. Bz profil es . Fi g . 3 . Er 
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1 . Introduction 

TRAPS 

In this paper we c onsider the accumulation processes and plas­

ma beating in electromagnetic traps [1] with pulsed magnetic 

fields, Pl asma is produced with a generating gas ionization by 

electrons directl;y in the trap vol1UI1e . I ons are acc1UI1ulated and 

confined in the potential v.'811 of space electron charge whereas 

electrons a.re confined by outer electric and magnet ic field, The 

removing velocity of slow electrons from the trap determines the 

accumulati on and plasma heating efficiency, It follows from the 

fact that injection current and the indtroduced plasma power a.re 

confined by the space charge of the electrons already accumula -

ted in the trap. The new electrons of outer injection can be in­

troduced onl;y instead of waste electrons , leaving the trap aue to 

the diffusion across the magneti c field, By increasing the magne­

tic field the electron diffusion velocity would not be sufficient 

for reaching the limiting plasma parameters for time period of the 

magnetic field pulse duration. 

To force the accumulation processes and plasma beat ing it is 

necessary t o apply the methods of enforoing removal of slow elec­

trons from the trap , f or example , the excitation of diocatron in­

s tability [2J in magnetic gap regi on, 

2, Experimental device and diagnost ics 

The experiments on high temperature plasma accumulation have 

been carried out at the devices of two types:Jupiter 1A ,Jupiter 

11.! , BK-4, The design and parameters of t he first two devices wer e 

reported [~,4J. They have a magnetic configurati on of the contra­

ry-engaged solenoids , an annular gap, two axial holes were block­

ed by electrostatic mirrors, the elect r on injection was through 

the axial boles. The lat ter is e multigap electromagnetic trap, 

Magnetic contiguration is produced by current bars , which are l oca­

ted along a cylinder surface and by two coaxial sol enoids on the 

ends. All magnetic gaps are blocked by electrostatic mirrors.Elec­

tron injection is through the radial gaps. Design and parameters 

of the device are given {5 J , 
Plasma density is measured over the total number of the charg­

ed partic les in the trap , with 8-mm interferometer , by potassium 

neutral beam. Plasma temperature is determined from the energetic 

spectra of charged and neutral particles . The life t ime is evalua­

ted from the ratio of t he total number of electron in the trap t o 

the i njection current. Energetical time is determined from the ra­

tio of the total power contents in plasma to the injection power, 

Pl asma boudary and loss localization of charged particles were de­

termined by electrostatic probes.The potenti al well depth of space 

electron charge is evaluated by means of corpuscular methods, 

3 , The principal results 

Table I s hows the experimental resul t on plasma ac cumulation 

in t he electromagneti c traps . 

Device Ju 1A Ju 1M BK-4 

magnet ic field, H, KGS 8 10 3 
injection power, Ek 0keV 5 7 
injection current, I ,A 0.1 0,1 0 , 3 

l 0. 3 0.2 1 . 0 plas ma volume , v, 
density, n, cm- 3 4, 1012 5 ,1012 2. 1011 

ion temperature , Ti ' koV 0, 8 0, 25 

life time f t< , msec 1. 0 5 0,05 

'[,. ~ (Vve r V11) -i 1.7 5,3 0,4 

Two regimes of accumulation are found , they have different velo­

cities of neutral gas introduction into plasma, In the f irst re­

gime , Fig,1a, we note a monotonic build-up of density , as a time 

accumulation function, for the velocity of neutral gas introuc -

t ion into plasma 7•1016 part i cles/3ec, 

During the injection 8.75 msec i t is confined with a magnetic 

field plateau extension, 6 •1 014 particles are introduced. Average 

density 2•1012cm- 3 consists of 3u% criti cal Bri!louin one, l'l er 

H '/ Lff meC JJ • .ln the second regime, Fig,1b, the velocity is 

3. 5 ·1017particles/sec, a monotonic accumulation is disturbed by 

partial density br eakdowns . Development of diocotr on instabi~ity 

due to s l ow el ectron accumulation in magnetic gap region may be 

a possible reaeon of the breakdown, tho monotonic accumulation 

build-up restores, During the injection ~.5 msec 1015 particles 

are introduced into plasma.The main density 4•1012cm-3 consists of 

60% critical Brillouin one, It is close to the limit and is defin-

ed by a sagging of potential space electron charge in the magnetic 

gap. A furt her increase of inject ion duration l eads to the exponen-

t ial rise of i on current through th9 a..nnula.r GBP • Moa&urcmcnto 0£ 

tbe energetic ion spectra with different devices have confirmed 

a linear dependence Ti on the electron injection energy with pro­

portionality coeffi cient close to the theoretical one. The life 

time was compared w1 tb the theoretical estimations {6 ] taking i n­

to account electron diffusion in space coordinates and in the ve­

locity space. 

Discrepancy between experimental life time and t he theoretical 

estimations for BK-4 is expl ained by l ocal electron losses on the 

ends, we have found them experimentally. Also it have been found 

the life time increases l inear:ly with t he increasing of the dis -

tance bet ween the end solenoids , 

~ t. Jns.ffc 7 8 !I 

Fig,1 a, /? = 2•10-6torr 
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~: Theoretical and e xperimental results from the EU.ID Bumpy Torus 

will be discussed with part icular emphasis on macroscopic stability and 

transport . 

The ELMO Bumpy Torus (E DT) is a steady state device ( 1] com1>osed of a 

linked set of twenty four 2-to- l mirrors, arranged to form a torus with 

plasma heated by microwave power. The plasma has t wo basic components; a 

mirror confined, high beta, hot e l ectron plasma, forming hallo.-.· annuli 

between each pair of coils; and a moderate temperature toroidal plasma 

that threads each of the electron annuli. Exper iments carried out dur-

i ng the past year have demonstrated the validity of the basic EBT premise : 

that plasma currents produced by the high- beta hot - elect ron annuli can 

provide macroscopically stable p l asma confi nement by creating average 

minimum-8. EBT has also exhibited confinement of particles and energy for 

IO's of mi l liseconds, high plasma purity, and no perceptible difficulties 

with field errors or convective cells. Thi s paper sununarizes the princi-

pal experimental and theoretical features of the EBT research program. 

Stability 

Three di stinct, r eproducible modes of operation, the C- , T- and 

M- Modes are observed at successive lower ambient gas pressure. The 

C-Mode has a r elatively high level of densi t y fluctuations while 

the T-Mode is quiet. Theory predicts that when the hot elect ron component 

beta i s in excess of about 15\ , the local gradient i n magnetic intensity 

should reverse and satisfy t he relev ant stability cr iter ia . Experimentally 

the transition between the C- and T-Modes occurs for beta on the order 

of IS\ . 

Ideal MHD and guiding centeT t heory would predict t hat the macrosco­

pic modes of most importantance are pressure driven ballooning mode s . These 

theories are not applicable to t he annuli themse lves , since wd, w,. > Oi· A 

more correct, bu t geometrically simplifi ed Vlas ov analysis shows that the 

annuli are stabilized when the poloidal drift frequency of the electrons 

exceeds the ion cyclotron frequency. If the annuli are considered to be 

rigid an MHD variational stability analysis of t he toroidal core plasma 

shows that ballooning modes can only occur if the be t a of the toroidal core 

exceeds a critical value comparable to the beta in the annuli. These re-

sults confirm that the present values of beta for the toroidal core are not 

limited by gross stability requiremen t s. 

Transport and Heat i ng 

In the EBT plasma, e lectrons are heated by microwave power at fre -

quencies of 18 GHz and 10.6 GHz . The 18 GHz is r esonant (el ectr on cyclo· 

tron frequency) for constant B s urfaces on each side of the mirror mid-

planes , while the 10.6 GHz source can provide ~off-resonant heating 

as well as profi l e heating. Ions are heated by Coulomb collisions with 

hot electrons. In the T-Mode, typical values of the plasma par ameters are 

ne(toroidal) "' 1- 5 x 10
12

/cm3 ; Te(toroidal) = ISO eV; Ti(toroidal) = 75 eV; 

t > 30 rnsec; ne(annulus) ~ 2. 5 x l0
11

/cm3 ; Te(annulus) ~ 250 keV; p ~ 0.4 . 

For a theoretical estimate of operating conditions in the quiet 

T-Mode, a s i mple point model has been developed in which r adial variations 

are characterized by typical scale lengths . We assume a neoclassical 

lifetime for ions as derived by Kovri:z:hnikh [2j for the bumpy torus . To 

maint a in char ge neutrality , the loss rate of electrons mus t equal t hat for 

ions, requiring an ambipolar electric field in the radial direction. lf 

the rate at wh i ch electrons transfer energy to ions is that of classical 

Coulomb collisions, the electron and ion temperatures and particle life-

times can be calculated as func t ions of charged partic l e density. 

The results for a density of 2 x 10
12 

cm- S suggest ion and electron 

temperatures of 60 and 150 eV and partic le lifetimes of about 20 msec . 

For weak ambipolar electric fields, the calculated particle lifetimes 

exhi bit a strong inverse dependence on ion temperature, characteristic of 

the collisional regime. Higher electr ic fields and higher poloidal drift 

frequencies are required to attain the collisionless regime whe r e con-

finement time increas es with ion temperature. 

While t his model gives results which are consistent with typical 

parameters i n the T- Mode , more detailed knowledge is needed of e lectron 

dynamics, amb ipolar fields, diffusion coefficients and microwave power 

deposi t ion to pennit an unambiguous comparison with experiment . To up-

grade the theory accordingly, we have devised a strategy based on the 

fo l lowing circular relations : 

l . Equilibrium magnetic fie lds depend on the pressure profile. 

2 . Gu i ding-center drift orbits depend on the equilibrium magnetic 

field and ambipolar electric fields . 

3 . Transport rates , which together with sources and sinks determine 

the profile, depend on the guiding ccnter drift orbits . 

3D equilibrium codes have been developed and are being improved and 

operated to gain insight into the effect of fi nite beta on guiding-center 

drift orbi ts . The effect of finite-beta and e lectric fields on guiding-

center dri fts is significan t . To determine the resu lting effect on 

transport phenomena and study the effects of microwave heating, a kinetic 

model of transport has been fonnula.ted using a Fokke r-Planck equation to 

determine the radial dependence of the dis t ribution function and ambipol ar 

el ectric field. This i s being i mplement ed . Ultimately the loop repre-

sented by 1), 2) and 3) above wi 11 be closed with transpor t and the 

pressure profiles t hen being determined self- consis t ently. 

The fluid-mode 1 computer codes developed in support of the t okamak 

program at Oak Ridge will have relevance to E.BT, especially for questions 

of neut r a l and impur ity effects. The EBT experiments have demonstrated 

the impor tance of t he reflux of gas from the cavity wall in determining 

the source of parti cles r equired to mai ntain the plasma. The dominant 

source of fresh ion-electron pai r s is ener getic neutral hydrogen , recircu-

lat ed at the wall. Experiments provide estimates of t he principal impur i -

ties; these su ggest that impurity ions drift t o a wall (and are collected 

there) faster than t hey can diffuse inward, thus providing the observed 

high purity of the EBT toroidal plasma. 

A central r esearch objective unifies all the experimental and theo-

ret ical work on EBT reported here: to gain a work i ng understanding of any 

mechanisms responsible for the loss of particles and energy from the 

system . Given the encouraging confirmation of t he arguments advanced in 

proposing the EDT experiment, [3] we contemplate a sequence of devices to 

confirm the present scaling . The next step calls for a moderate increase 

in magnetic fiel d to perform scaling experiments using the existing torus. 

The second step would involve a large increase in the magnetic field and a 

new t orus . These steps r equire development (already underwa y) of appro-

priate hi gh frequency microwave power sour ces. 
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ElCPERil,!E}l'r ON TllE HF ELIIH!lATION OF TUE CONE LOSSES 
IN THF. MIRROR !-"\CHINE 

Y. D. Dougar-Jabon, K. S. Golovanivsky, V. I . Kar yaka 
Pl a sma Physics Laboratory, Patrice Lumumba University, 

r.~oscow W-302, U. S . S . R. 

~:A hydr ogen pl asma was axially injected int o the mir­
ror conf'iguration. A staodi ng electromagnetic wav e was exci­
ted in one of the mirrors . It was shown, that in accordance 
with the r elativistic theory under the fUlfilment of the ECR 
condition and when tbe (!radient of the magnetic f ield in the 
resonanc e zone i s sufficientl y small, the decreasing of the 

cone losses by two orders was not accompanied by HF beating 
of the confined plasma . 

Introduction: In the previous publications of our group /I- IV/ 
it was shown both theoretically a nd experimentally that tbe 
quasiadiabatic reflection of a plasma can be achieved by the 
mirror magneti c field supplemented by reMDBnt flF field . The 
aim of the present experiments wus to confine the externally 
injected plasma inside the mirror configuration with o ne or 

both mirr ors supplemented by HF fie ld under ECR conditions. 
Experimental ~:'l'he experiments wer e conducted on a devi­

ce !"bown in Fi g: . 1 . The distance between the mirrors ·.•:af'i 56cm , 

mirrur rat lo Il; 1 , 5 , Bmax=1 , 2KGs. Plasma generate.i b;y the co­

axial gun during 00 f"sec penetrated into t he trap through the 
rigbt mirror. Plasma parameter s : hydrogen, buncb length about 

BOOcm, diameter 4cm, density "ma.x=6. 109cm-3, parallel ener­
gy of ions wi, =100eV,

6
electr on temperature Te=15eV, tbe back­

ground pressure 3. 10- torr. The magnetron (P=500W, f=2,375GHz) 
excited the cylindrical cavities in t he mode TE111 (E=150V/cm) . 
The ECR conditi on .was fulfilled at t he central plane of the 
cavity. The mean lllB~netic field gradient in this region was 
equal to 10Gs/cm. Diagnosis : Langruuir and d i amagnet ic probes , 
electrostatic annlyser of . energy of the ions passing throu~h 
t he le~ mirror and appliances f or HF measureQent. 

1

2000 Gs 
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~~~~=--~__,.~...::.;,~~~-==:::::;:......~JO 
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Fig. 1. 

density diamagnetism 
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Results : Iu the a·osence of HF field the injected plasma pas­
sed. alo.cg the axis without being· Lrappe d . Thi s is illu~trated 
in the lower traces of the Fig. 2 presenting the ionic current 
reeister ed by the probe i n the centre of the machine, diamag­
netic probe signal and tbc ioni c flow coming to the analyser. 
!'he measured value of the ionic fl ow tarough the left mi rror 
N=7 ' 5 . 1c 16cu,- 2sec- 1c orresponds to t he wboie flO?l or the i nj ec­
ted plasma , which i ndicates tbut all the injected p l asma pas­
ses through tbe loss cone of the left ruirror. The density and 
electron temperature probe measurements are in EOod acree~ent 
wit h the diamagnetic probe data , when the perpendicular inho­
mogeneity of tbe plasir.a is taken int o account . When the HF 

field is cr eated only in the left mirror (the upper traces in 
the Fig. 2 ) the plasma densit y i n the trap incieasing during 
the ·~:bole time 01' injection reaches the value of 6 . 10 10ca-3 

and decreases lat er during tbe character estic time 25~sec . Si­
multaneousl y , nT s i gnal increases to the val ue 1,&.1012eV/cm3 
and decreases later durillB the same characterestic tiioe . .\s 
it i s seeL , the ion cone losses through tDe left 1Mi rror disap­
pear pract i cally completely. 'l'he widen inc of the pl asu10. was 

studied by the sirnultaneous registration of the signols f rom 
trio probes situated in tbe cent ral plane at different distan­
ces from the axis . It was c:::tablisbed that t.he conf'ined pla~­
roa ·.1idened with t he velocity &. 106 cm/sec, whicb corresµoDds 

t o the coefficient of the perpendicular diffusion DJ. exp 

0 , 7 . 105cm2sec-1 . The Langmuir probe measui·ei..ents showed that 
the electron te01per1>ture of confined plasma was 17eV which 
w.itUin the limits of the e:xperioental accuracy c oincides with 

tbe electron c;eopera ture of the injected plamna . Compar1~on 

of the signals from t he electrostatic a:1d dimi:acnet ic ?robes 
showed that in the c onfined plaE";ma tne ion temperature reach­
ed 38eV (while determinir.g Ti , thti mean v11:lue of nT measured 

by t he dian:agne1;ic probe i·1a!'l taken to be ·equal t o half of nT 
in t he centre of tbe plaslll<l) . 

Discussion: Tbe absence of t he electrou heatine indicates that 
plasma due!'.> uut aLs(;rb IIP eriergy. 'l"hc ionic compouant cf t.he 

plasma cannot obviously absorb HF energy at the applied fre­
quency. I t !ollo\•:s then , that tl.e ueating of the ionic compo­

nent is due to the compression of t he long plasma bunch by 
the inertia forces when the bunch comes to a stop in the t rap. 
From the e nergy balance it can be easily shown that about 36% 
of the longitudinal energy of the injected plasma buncb gets 
transrormed into the perpenaicular ion energy . As a conse-
quence, the plasma leakage back to the injector should consi­
derably decrease even in the absence of the HF field in the 
right mirror. We convinced ourselves in this fact by removing 
the right mirror. \'le carried out experiments >1hen the H? 

fie l d was present in the ri~ht mirror also. This led to the 
elimination of the cone losses through this o i rror as a re­
sUlt of whieh the particle ' s life time in the trap increu•ed 
by a factor two. In this case the plasma losses were deter­

mined by the perpendicUlar diffusion. The classical di!'fu­
sion coefficient under the above said experimental conditions 
was D.L cl =10cm2 sec- 1which is cons i derably less than the experi­
mentally obtained value . I t follows tben, that the diffusion 
was of non-classical character. 1\n estication of the Bohm' s 
diffusion coefficient leads to the value DiB=3 .105cm2soc- 1 • 
The comparison of this value and exper iDental quanti t y D..1. = 

o ,7 . 105cm2sec- 1 allo"s us to conclude that the diffusion of 
Bollin' s type plays an essential role in the perpendicular wi­
dening of the confined plasma. One of the basic results of 
the experiments is that the reflection of the electrons from 
the mirror with local ECR is quasiadiabatic . This is a con-­
seouence of the fulfilment of the condition for relativistic - z 
phase autofocusing effect /1/ ~< (~2 eE .) eo\Z-Z I 

a'Z ~m0Cv111 o · 
In the experiments , tbe l. h. s , of the inequality was less than 
the r.h.s. by a factor four . In conclusion, we note thut in 
the described e:xperi~ents the plasma kinetic pres~ure exceed­
ed the pressure of the HF field by three orders . 
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Electrostatic Confinement and Heating of Ions in Magnetic Mirror Fie ld The floating pot entia l V f a nd t h e dem;:ity profiles e s timat ed from i on 

Y. Nishida and S . Kawamata 

Elect rica l fl'lgineering 1 Utsunomiya Univers ity, Utsu n omiya , Japan 

K. Ishii 

Institute of Plasma Physics, Nagoya University , Nagoya, Jnpnn 

Abst ract: Electrostntic ion stoppcring at the mirror point is achieved 

accompaning strong ion heat ing a t the sru11e time. When ions are heated, the 

many plasma satellites around tho Hell line are observed, relating to the 

high frequency modulation or the s pectrum . 

Co l lis ional losses f rom the ends of mirror machines p lac e subs tantial 

res t rictions on the confinement time of a plasma in such a open-end device . 

Because of these los ses , it has been shown t hat it woul d b e difficult to 

build a fusion reactor hosed on a mirror machine. ( 
1

) However, in recent 

yoa rs 
1 

various propos a ls have been made t o utilize rf or de electric fi e lds 

to r e flect escaping particles back into the system. ( 2 ""' 5 ) All of these pro-

posals have diff iculties to build the strong electric field in a plasma sy s -

tern . Efrective ion heating in a mirror machine in steady s tate have bean 

reported by u s ing modified Penning type discharges . (617) The ion hea ting 

"'"OUld be resulted from the &xB type instabilities or the beam plas ma inter-

a ctions. However, t he p rcci:!e mechanisms are not clarified yet partly be-

cause the plasma production and the heating regions are not s eparated. 

In t hi :! paper a simple electrost atic ion confinement .!JYStcm in a mirror 

machine is propos ed nccompaning s trong ion heating at the s ama time. In 

Fig.l the s chematic of ion confinement sYstem i s :!hown with ~gnostic systrnn s 

used. Region 11 is the plal'lma producing section which i s the TPD-1 machine 

in Nagoya Univers i ty . Region I is the ion heat ing s ection where t he i ons 

are trapped electro.statically a s well as the magnetic mirror field and hea ted. 

The helium plas ma produced in II diffuses int o the heating section 

through orifices 0
0 

and a
1

, where orifice 0
0 

is floating electrode with a 

hole o f JO mmif> • Orifices o
1 

nnd o
2 

with a hole of J O ~'/' cnn be biased at 

a desired pot nntial. Orificas OJ and o4 with n hole o f 20 mm~ aro made from 

in&ulator a.nd protect the direct coupling between the plasma source region 

and the heating . In region I the p l nsma density n
0 

with o. diame ter about 29 

mmf> rnnges 1011( n
0
(10llt cm-J undor the neutral preHUre of (0 . 5 - 1.0)xlO-J 

Torr, and ion temperaturo Ti and electron temperature Te are about JO eV and 

15 ... JO eV at the co lumn center, respective ly. By changing the discharge cur-

rent between 10-50 A, we can· controle the plasma density. 

The profiles of density, potential and Te arc meas ured by means of 

Langmuir probes in n rather low dens ity case, while :jn rather high density 

the probes a.re melted and only Ti is measured from the Doppler broadening in 

HeII (4686 A) line. The results in both cas e s can be. d i scussed at the s ame 

time, as the abrupt changes between them have not been observe d. End loss 

of ions f rom the mirror point is measured by probe P 
2 

which i s s e t tled at J 

mm apart from t h e column center and biased fully negative. 

For hea ting the plasm.a we apply the strong DC field ( VH) a t the elec­

trode I\ and v
0 

at a
1 

and o
2

, separately. In the case o f 0 1 and o
2 

a t flo a t ­

ing potential, we can heat the ions salectively a s the pre viou s res u l ts . ( G,
7

) 

Typical example i s sho"'n in Fig . 2. From this results we may say tha t tho 

threshold voltngo for heating exis ts at around JOO V 1 and t ha t i on s are h eated u p 

to about JOO eV which is 10 times the initial value. 

Did loss es from the mirror point are decreased until! about 10-15 ·; . of 

the initial value Bs sho,.n in Fig.J 1 when VH h applied. In this figure 1 an 

ordina te s hows the ion s a.turation current of probe. P2 • At s ome vnlue of VH, 

say VH"' l.J kV at Id .. 10 A, the brellkdo"'TI occures within the hea ting region 

because of the rather high neutral pressure. We mny sny from these result s 

that the plasmas are confined within the heating sect i on by the pos itively 

biased orifices o
1 

and 0 21 and the heating electrode H. 

:!latura tion current I s i a re sho"'11 in Fig. ll. This result shows t ha t t he elect-

ric fil?lds exist in the plasma, bringin g about t he ExB plasma rota tion. 

Measuring the Doppler br o ade ning of He II lino 1 we obs erved the many s a t-

e llites a round Holl line 1 when ions aro heated str ongly. Typicll l e xample of 

the spe ctrum is s ho wn in Fi g . 5. This p henomen a cou l d be r olatcd to t ho h i gh 

frequency modulation(B,9 ) o f He l l line by the stron g ins tabili t ios occurod 

in the pla sma . 

The electr ostat ic f i e ld i s built t hr ou gh the electron curren ts flo wing 

i n t o t he elect rod e s across the magnet ic f i e l d , ... tu::m VH and V
0 

are a pplied . 

The machine i :! const r ucted s o t hat the e l ect r o n c urrents f rom t h e s ource 

along the magnetic fi e ld lines a r e s u ppressed as s mal l as po ssibl e . Th i s i s 

essential for heating a e we l l as con fining t h e ions within t he h eating reg ion. 

Particles are adiaba tically reflected i f 

v;/ < 2 ~V./M + tr,_2 ( R -I ) ( 1) 

a t the mirror point and 

v/ < 2 e. vH; M (2) 

a t t he s urface of the heating e l e ctrode 1 where \ '
11 

and v.L a re the pa r allel and 

parpendicular velocities at t he c en t er of t he machine , \'
0 

a nd V
11 

aro the 

potential of t he orific es and t he heati n g electr o des , r espectiv ely 1 R i s the 

mirror rat i o and M i s t h e i on ma ss . At t h e :!Urface of the orifi c e s o
1 

;;i.nd 

0 21 the conbined cond ition o f Eqs . (l) a nd (2) are necessary . The phy sical 

mechanisms of the ion hea ting hav e not b e en understood 1 a l t hou gh they a r e 

s imil.ar to the previous works . (6 ,7) 
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liUME!lICAL ANALYGIS OF THE PLASMA C01'"FINEMEN'.l' 

IN '.l'!IE MIRROR !.IAC!IINE \':ITH LOCAL EX:R 

V .P . ~alantiev, V. A. Tourikov 
Patrice Lumumba University , Moscow ,,'.'302 1 USSR 

Abstract : Ntuaerical solution of the averaged motion equations 
of ensemble of •be charged particl es with chaotic initial 
phases at the beginning of the cavity in the mirror machine 
with the conditions of local electron cyclotron resonanse ( ECR) 

in one of t he mirrors is presented.It is shown t hat under some 
values of the parameters reversible i·ef lecti on of the particles 

by combined mirro~ and l ong enough confinement of the plasma 
take place. 

The motion of e l ectrons in the mirror in the presence 
of standing ffio" wave we describe by an averaged relat ivistic 

equations L 1)-[2]: 

J2 . 
-~ Z 
J.:r: 

He~e dime~sionless variables are inI.·o~uced: J 

( 1 ) 

( X, y '.? ) -;;: We (::c:,4 .2) 'T =l.Y-t x~ \I = _!= ll"' 
. J , ; ' r,. d.:r c " ... 

'.i = "- Eo ;)_ == '2. Bo y _ ,/( ,_ (A~ A")' "' - m _ -i , m.~w 1r«;cv 10 - y +~l , • ,, , "--f1 -0,5Hf.to 
tvi is the mass of ion ( h11drogen atom) , CV is the frequency , 
E.0 is the amplitude of HF field , isiven by E = E0 E. (2) l'i.Y:J T 

3tationary mac;netic field is given as follows 
~-I ><,Ji!, ';id&> ,/ 5 - L - ;r rf, - .:1- (12 , 8.(2)1 

The influence of ions is accounted by the applicati on of the 
model of 11 tensorial" mass L3 J. 

Tbe initial c onditions for system (1 ) are : 

,4 /oj- - Y..1.0 t.,.,,.,C' 11,,,(o)-=- 'r'.;o±~~ 
~' Yf:./-:;j ' V..D./v; 
7 / t) '- v'.- --. -_-· ll / ,I 
- , - J:::cl'h/c) lrro1= o 

Here 
'!V,/o) 

Vio = ,1 V:-0 .. v:;o Y,o = YLo c.,., Vo 
is ini tial (dime~sionless) parallei 

Vyo -= V..1.o .}ir, V 0 

energy. 

The system (1) is used for numeri cal investigation of the 
mot i on of the particles. 

1i'"he profile of stationary cagn~tic field is choosen as follo-
ws : f d,22 -t ,9', if 

if 

D__ = ·1 _ j(~:;::y ·~~l if (2) 

d.(':Z-2r/-.-i if 2 r ~2E.2r~ 
ol3'.:~ ... f3 if 2r£«:.2~ t 

rihere L i~ the lene;tb (dimensionless) of tbe trap , Z r 

point of c l assical EX:R en., =1) . Zr, Zr .. are boundary 
nates of the cavity, Lr is the length of the cavity. 

is tbe 

coordi-

Coeffitients .::/.. 1 ,.::1.ll/1 ar e defined by the cont inuity conditlhons 
on the boundaries of the given domaines and depend on para-
1111?ters of the t r ap. Parabolic profile £1(2) is cboosen for 

its simplisity of cal culations.Outside the cavity adiabatic 

motion of the particles takes p l aee . For given il(Z) the quan­
tity 2 (r) t akes tbe form 

2 = cl &h- (C<>,, 1: -r t) C3l 
:.·1her e C<.

1
fJ W:.; are defined by initial coDditions and para­

meters of the trap . 
The profile of the magnetic f ield in tbe cavity is most opti­
mal with regards to effi ciency of the reflection properties 

of t he combined mirror [4]. 
The amplitude of electric HF f i e l d in the caviDy is given as 
follows f_ (Z) = Ce ~'~-(2-2r,_ ) 
By help ofO )- _}) dynamics of partic les ensemble , which start 

at oome initial moment of time in the plane Z '=' - :Jt with 
differ ent initial parallel energies and an initial zer o per­
pendicular energy was investigated . Uniform distribution of 
initial parallel energies of the particles was considered. 
The deflection is about 10 % of the value of the mean energy. 
In adiabati c region expression ( 3) was used. 
At tbe b eg inning of t be cavity initial phase :V0 was given 

by help of programm generator of random numbers.So the pro­
cess of phase randomization was modelled. In the resalt of 
calculations the depe~ce on time of t he aver age p~endi­

cular ensemble energy \..;.._ ,average para llel energy ~ ~!JifT 
and the part icles munber N were obtained . -

It is stated that with some values of parameters reversible 
motion of plasma takes place , which is an important f actor in 
the use two- cav ities system. In the absence of the energy re­
cuperation , in the process of multiple reflection from the 
mirrors , permanent escaping of particles from the trap occurs. 
\'/ith values of tbe parameters closed to the boundar/of the 

region, in which t he condition of reversibili ty of the reflec­
tion is fUlfi lled , l ong confinement of the particles in the 
trap takes place.The results of numerical calculations for 
that case are presented in Fig. 1 . Averaged perpendicular and 

parallel energi es of the particles , ga ined after first reflec­
tion from the combined mirror , remain nearly constant after 
consequitive reflections.Averaged life- time of the part icles 

in the prap is approximately J05 
periods of HF fie ld. 
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NU~IER!CAL SIMULATION OF NEUTRAL INJECTION ON A HOT ELECTRON 
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~ ; In the case of neutral injection on a hot electron l.nrgec plasma , 

the use of the existing Fokker-Planck codes i s greatly complicBted by the 

fact that the sca l e of the energies of the confi ned ions i11 very large . To 

avoid this di!ficulty we use a multi-species model, in which lhe particle 

losses are described by 3 differential system. 

I - INTRODUCTION' : It has been pointed out /I/ that a hot electron plasr.ia in 

a mirror machine could be uied os oi. convenient target pl.1sma to produce n 

hot ion plasma by fast neutral injection . We present a numerical sinulation 

of neutral injection on a ClRCE-typl! target plasaa. Such a plHma. /2/ should 

be able to achil!ve the target requirements (sufficiently high density, l ow 

gas pressure), assuming it is possible to inject and t rap a plasma in the 

distorted field of a minimum S magnetic configuralion by electron heating . 

2 - ANALYTICAL HODEL AND HYPOTHESIS. Tite. main problem arises from the tran­

siti on of this target plasma dominated by hot electron> with a nll!gative po­

tential to a final plasma which is a hot ion plasm.a W'ith a positive potentia l. 

It is possible to use classical Fokker-Planck codes to study the behaviour 

of the plasma during the neutral inject ion, but the scale of energies and 

times for the different species is very large. Cold ions and hoL i!!lec:crons of 

the target have to balance with cold electrons and hot ions resulting 
1
£rom 

the neutral injection ; charactc.ris tic times lie between a few µs and seve­

ral ms . So the resolution of FP equations should need prohibitive computation 

times . To overcome this dif! iculLy we have to find equations whi eh are more 

readily integrable. By integrating ana lytically thll! FP equn tions /3/ over the 

velocity space:, the coulomhian diffusion can be described by two equations 

for densit-y and energy of each species a 

( I ) 

• 
with ra • ~ LogeA , Kabisthe particle diffusion coefficient of species a 

on s pecies b~ Lab and Mah the energy diffusion and 1?quipartition coefficients , 

Analytical approxim.ntion s of the distribution functions are written, taking 

into account the ambipolar potential 41 . For particles having q
8 

• > 0, ''"hi eh 

are not confined by the potential, ve use the Ben Daniel's approximation 

141 . . . ( 2 2 2 I 2 2qa• l 
w1th hyperbol1c coordinates u;a .. va - Cla ' ~.- v 11 ua, C1

8 
• mt1FT) /5/ 

to yield the distribution functions . for particles having q
3 

• < O, no los­

ses occur if v! < 2 lq
8
4il/m

8 
and the distribution function is near the maxwel­

lian /6/, /7/ ; if v! >> 2 jqacfil/a
8

, the ambipolar potential is neglected. 

Knowing the distribution functions , the coefficients K, l, tl can be calcula­

ted fro"' t he Rosenbluth potentials /3/ (here we only consider the isotropic 

part) . So we have to solve the diffHent ial system (I) for each species ins­

tead of the whole 1ystem of coupled FP equations . The model keeps only 4 spe­

cies, using t he subscripts hereafter referenced: I cold i ons and 3 hot elec­

trons froa t a rget plasma, 2 hot ions and 4 cold elect rons frOfl neut ral beam, 

0 neutral beaa (tt•), n background neutral gas (H•) . The equations for densi­

ty n and ener gy E (the subscript s stands for source) arc for 3 hydrogen 

plasm.3: 

d. "' l ~ 
'll< _ 11 T. L. -nbl'i I.o1 ,,,._<<1<, ir ... ')._0 J ,,, .,, <V: ,,._ > -;rr- -- ...... b•i. ... .., - tsT .s .. • s •• "" + - ... ., " .......... 
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d,_,,,l - -"'}i;' t "'b k"lb .. .'.l 
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J being the particle flux t o maintain the target plasma density , V the plas­

lllll YOlume,1
0 

the equiVa] ent beam C,Urfent ( tt•) I Cl the beam llCtel\U8tiOn factOr 

a • I - exp ( - ~ (Sex+ Si on~) 1 Sex' Si on the ~bsorption coefficients of 

fast neutrals : 
0
sex· n

1 
<Cl~x vr >10 + n 2 <O~x v r >20 

5 ion"" n l <o~on vr > 10 + 0 2 <c~on vr >20 + "3 <o~on vr >JOT n4 <o~onvr>40 

Simplifying assumptions for i on l osses by ch.argl! exchange on neutral gas ne­

glecting wall desorpt i on and burn out effect were made since our primary in­

terest is understanding the behaviour oi the ambipolar poLencial. This po­

tential is calculated to ensure the plasm.a charge neutrality at each Slep . 

This step is adjusted in order co reach the required precision in a few ite­

rations and is varied in a ranee which usu02J ly reaches a factor 10
4

. 

3 - ~·The Luge t parameters are: n 1 • n3 • 2 .10
13

cm-3 , E
3 

• JO keV , 

E
2 

• 400 eV, R • 3, d • 15 c•, V .. 5 L The til!M! dur.ation, tt, where t h e tar­

get plasma density is maintained constant, con be adjust~d. The results are 

shown in figs. I through 4 for a permanent hot neutral injection. To describe 

the plasm.1 con!inemcnt qualiLy, we introduce the parameter S which is the ra­

tio bet'"1een the calculated Ler11 (nt) and the theoretical one /8/. 

4 -~· The accuracy of this method is less than that of a complete 

fP code. However the calculation shows thaL i.t is possible to build up a 

convenient hot ion plasma by neutral beam injection on a hot electron target 

plasma . The results show that the hot electron population i ncreases the am­

bipolar potenlial ; the target plasma density must not be maintained for a 

too long time. 
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Abstract : A fe e dback control i n which t he local potential pe r­

turbation is used as a control variable is examined for possib le 

uti lization in t he stabi lization of a weakly turbulent mirror-

confined plas ma . A set of quasiline ar equations with the appro­

priate f eedback i s deri ve d and then applied to loss cone mirror 

ins tabilities . It is shown that the particle diffusion i nto the 

loss c one c an be suffi c ien t l y fas t with modest feedback t hat t he 

i nstabili ty could be attenuated befor e the particles can escape 

t hrough the mirrors . 

The use o f feedback stabilization in which the control variable 

is the potent i al rather than the densi ty f l uctuation has recently 

been studied wi t hin t he f rame work of linear theory a nd its cffec -

t i veness tested by application of the results to well known mirror 

insta bilitics1 . I n this paper we examine t he use of this type of 

feedback in a weakly turbulent (where the energy densi t y i n the 

f ield fluc t uations is much smaller t han the mean particl e kinetic 

energy density) plasma by deriving the appropriate q ua silinear 

equa t i ons a nd t he corresponding diff usio n tensor f or an i nfinite 

collisionless plasma situat ed in a co n s t an t magneti c fie l d . 

The basic equations are the Vla sov-Poiss on equations with 

feedback i . e 

where 

is the total e l ectric field vector and Ef 
whi ch can be expressed as 

is the feedback field 

fr" (4) 

with H bein g the t ransfer func t ion of the feedba ck system which 

we take to be a real f unction of its arguments . Carrying out the 

usual Fournier An alysis by first writing ( k. /l 
~J·(.~.~, t-) -.: foJC~",XJ+{ ~·~(~·.t)e - - <s> 

where /f. s: X + LJ;jtL is incl uded to a l low f or mild spati al i nhomoge­

neity and assuming that t he perturbed electric f ield can be written 

as I: 
~to) exr ~ \ l "L) cJ [ (6 ) 

with 

~ (!:) (7) 

we obtain 1 a f ter neglecting the mode coupl ing term2, a d i spersion 

equation i n the form 

r(k S.,) .., f 1 _.!... J
511 ;/°] [E- (~ S._)+ fr (13-.~!!) 1el 

' -· - L i. at oV F. • - to ~ 
I n t he above expressi o n the quantit i es f ff, and t:; fo are lengthy, 

but E. reduces to t he appropriate fo rm in the absence of feedback. 

If we now define 

s- ( q-, !:.) = E .i ( 1!" I 1- ) + ~j 0 { ~. !:) ( 9) 

and invoke the usual assumptions of quasilinear theory we obtain 

J - 0 ~)(Cl • 1>· . .!. ... ~) -- f. () F · " e . · [ ( .r J ) J ~ - ( ~ ~ + ..[I.; ~~) = J o'! n; J':': ' 110) 

wher e the diffusion tensor is given by 

-L 1"' l i· )i. \ C:~11o> \i. J,,ick:::.:) ~Jn.~ '3'sn. ~ 
~ 11: --o '"i kl. $!!-tbJ-t<'~l{-t<'r111; (11) 

with 

(12) 

having taken the applied magnetic fie l d to be a l ong the :z - direction . 

The standard equation fo r the wave g rowth2 a long with eq . ( 10) 

constitute the des ired quasi linear equations and we recldi ly note that 

so that the diffusion time i n velocity space is shorter with f eedback 

tha n it is without it . 

We apply the above resul t s t o the Post - Rosenbluth 3 loss cone 

ins tability using the equilibrium ion dis t ribution f unction suggested 

by Galeev and Sagdeev4 and t he r esults refl ecting the effect o f 

f eedback on the g r owth rate and t he s pectral energy densi t y a re s hown 

i n figures (1) a nd (2). The exte nt of feedback s t abilization depends 

on the value of r/ which for p resent day amplificat ion systems can 

b e of the order of 100 . . 
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Fig .1 Growt h rate vs time 
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Fi g . 2 \'lave energy densi ty vs time 
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PARAMETERS OF SCREW PINCHES IN SPICA 
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0. Oepts, J.W.A. Zwart , W. Kooyman, and O.J. Hads 
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~:Experimental results of screw- pinch discha,.ges in SP ICA
1

•
2

) 

(aspect ratio R/r • 0.6/0.2) are given. A deuterium plasma column charac­

te,. i zed by Te• r 1 •SO cV, "e • 7 x 10 21 m· 3 , and 6 = 0 20, has been con­

fined for about 100 )JS. Tu,.bulcnce and cunent depletion in the low-density 

reg i on outside the pinch are discussed. 

Since the last publication of SPICA results)) the experimental p rogram 

ha5 been concenuated around the contr-ol of B in o,.de,. to imp,.ove MHD-su­

bi 1ity4l . A better control of 8 w.,)S made possible by the introduction of a 

higher bia!ii field Hrcngth. At filling p,.essures of 10 mTorr o2 the value 

of B can be varied down to 0 .2 without spoi I ing the shock heating effect of 

the implosion. At l ow filling pressures the snow- plough implosion does not 

develop well, which i s probably due lo ineffective preionization. 

Care has been taken to avoid magnetic field errors due to holes and 

gaps in the copper shield. lnevi table large holes such as pumpi ng ports 

(diameter 7'4 era) are closed during plasma operation . Especially the local 

vertica l stray fie l ds in the p0loidol gap have been successfully mini111lzed. 

These fields are due to transverse currents in the feed f lange which arise 

if the poloidal distributi on of currents differs froni the externally ap­

plied one . As long as gross stabili ty maintains, these fields can be kept 

well below 0.01 T, as shown in Fig. 1, where the output of monitor co il s in 

the gap is given. The variation of the signal is mainly due to horizontal 

movement of the co l umn . These coi Is arc ve ry sensit ive to macroscopic in­

scabi Ii ties. If no plt>sma current f lows, the local vertical field amount5 

to O. Olt T. Horizonta l stray f ields due co up-down asyrmecry of the current 

supp l y are negligible (less chan 0.001 T). It i s estimat ed that cheaper­

ture of the cur r ent-carry ing p l asma cou l d be as large as 9 3% of the bore 

of the copper sh i e Id. 

Figure I shO\vs a ser i es or dllta obtained from one shot. The bank volt­

.Jges ~re: v
0 

• 40.7 kV, Vz • 26.8 kV (70\ of the maximum ene rgy). The ini­

tia l pressure ls 10 mTorr o
2

, the toroidal field Bz is 1. 2 T, che bias field 

0.127 T. t\u~l (.!dld dlt:: ~dllljJ l t:tJ dfld !olUlt:d tJu1i11y tht: tJb1..hdryt!, u~ iny rd~l 

AD-converters with loca l met*:>ry (2.5 KHz frequency response). Long-term 

storage and analysis of the data i~ performed by an optically coupled 

PDP-IS (32k) computers). Only Ito us of this discharge is sampled to avoid 

loss of details du ring the implosion phase. In shots like th is the plasma 

column maintains much longer ("- 100 )JS}, as can be inferred from the density 

(He-Ne i nterferometer6)) and the 

streak photographs. Al though these 

photographs show irregular flares 

of light in che outside region, 

there is little influence on the 

column density or on the position 

as measured by the sin- cos coi 1s 7 ~ 
The output 5 igna l5 of the sin-cos 

coils a re rel a ted to displace-

or~=:=:=:::;:=;:::::~ 
~ 1000~ :~· : : ~ mcnts by d ; <ect compadson w; th 
..Ju ~00 I a streak p i cture. 

0 Loca I Te a nd ne hove been de· 

~ 

0 
0 '

- .. ---: t erm ined.fr8) 90° Thomson scatter-
...,.'1-.:•--.~ ..... ,_sY~rt 1n9 at a position 

••tz••~ IE> •
90

•
1 

slightly off the tube 

llllllllllli e • .,. ::;:s(o~:~ :~~ ::.~h:•ge 
1. -iiiiiz-Ff 10. 21ct1 shown ;n F;g. I the ..... 

~ ~ sured values, Te • SO eV, 

1 .:H ::::: : : l Typical set of data f rom 
one SPICA screw-pinch dis-

J ~ ; : : 1 

~~:~ 
8• 180. 

E> • 90°·-· 

a. go•-
~ -~ 

I .:... - -. ..........._ 
0 10 20 30 40 

t ( 1AS) 

_ l top r view 

: } $ •Oe view 

~:~;: !~e03is~~~e!0~i ~~ 
the same sweep speed: 
main coil current; plasma 
current; safety factor q 
and local pitch; internal 
plasma inductance 
(/Vdt/I )jvertical· 
s t ra9 mag~gt ic fields in 
the poloidal gap of the 
copper shield; vertical 
and horizon tal displace­
ment of the pinched col ­
umn; 1 inea r compression 
of the pinch; 5treak pic­
ture of the tota l vi si ble 
l ight emission . The 
polo idal angle e is 0 at 
che inside of the torus. 

ne • 7 x 1021 111-3 (6 = 0.20) are roughly peak values of the radial distribu­

tion (see Fig. 2). Te is in agreement with the predictions from simple im­

plosion theory . The dens i ty corresponds to a l inear compression of 3.3 which 

agrees well with the line density results . The photomultiplier signals are 

regi s tcred with an 8-channe I, charge-sens it i vc, gated AO-converter. Ca I i bra­

30 
~ 

·~ , 
~ 20 

10 

0 
-40 

x 
x 

,,i-"'\ 

/ x 

/ :/ 
-30 - 20 -10 0 

-- ~-A1 Cnm) 

10 

t ion of the photomultipliers is performed 

with a tungsten ribbon lamp. The relative 

sensitivit ies of the different channels a re 

moni torl!:d by means o f a pulsed I i ght· emi c­

t ing d iode. Abso l ute calibrllt i on required 

for density measurements is obtained from 

Rayleigh scattering by neutral nitrngen at 

pressures of S to 10 Torr. 

The value of q at the wa l l decreases 

in this particular disc;ha,.ge from 2.8 ini -

~Thomson-scattering mea- tia ll y to about 2.2 after a quarter period 

surement for the discharge of (10 ps) . By proper progranmlng of the pre­
Fig. 1, at t • 10 )JS. 

+ observed intens ities 
• corrected for plasma radia-

tion and laser stray light. 

The c:urve r epresents a Gauss­
ian fit corrcpondin? to T .. 
SO eV, ne - 7 x 102 111- 1.e 

discharge ond the main currents qwall{t) 

can be made approximately constant or in-

creasing. In a wel I-conducting outside 

plasma this should lead to a corresponding 

profile of the pitch as a function or r9). 

For a flat profile the current dcnsi ty is 

almost homogeneous, which implies a total toro idal inductance of 420 nH i n 

the torus JO). In pract ice the measured inductance is in between SOD nH and 

900 nH, which ind icate5 a vacuum region outside the constant pitch region 

with a width up to 0.10 m. The va l ue of q at the plasma boundary ls then 

about 1/2 or 1/3 of qwal l ' wh ich appro.Jches the Krusknl-Shafranov l imit. 

The equilibr i um position of the plasma is good, in fact even better 

than expected from c alcul a tions to f i rsl order In the Inverse aspect ratio
11 ~ 

This ind icates that the force-free currents i1M1ed iately outside the pinched 

column develop we11 3) . 1n screw-pinch d i scharges, i n contrast wi th 0-pi nch 

an? 2-plnch discharges , hard X- rays are p roduced, presumab l y due to r unaway 

elec trons in the low-density reg ion. These may be expected as soon as the 

drift velocity of the electrons exceeds the electron thermal velocity 

{vl.lc > vlhc). For SPICA the maximum curr ent density, for Q 111:: 1 . 4 outside 

the plasma, is equal to j "'n e vde • 2 . 8 x 106 A/m2 . tteasuretnents in earlie r 

screw-pinch experimcnts 12 •13) suggest that during the first few 11s the den­

sity outside the column may indeed be low enough to invoke the condition 

vde > vthe despite the fact t hat j has not yet reached its maximum value. 

The resulting turbulence (accompanied by runaways) could t hen be respons i bl.e 

for the current depletion, al though other mechanis•s I I ke current sc.rape­

off during the hor i zonca I inot ion cannot be exc luded. Recent me a s urements 

show that better p reioni zation can make the X-ray e"'ission completely dis­

appear. 
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REVERSED FIELD PINCHES SET UP BY NATURJ\1. AND DRIVES FIELD 
RLV£RS,\LS 
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~ Recent experiments on HBTX 1 ar e reporLed. The relaxation tO'-'S f ds 

a lower energy s t ate, which staru with a helic3l kink, .and cnn l e3d to thC! 

n<'.ltu r al generat i on of reve r sed (ield (self r eversal ) is described; many of 

t he theoret ica lly expec t ed t rend :-> have been identified. 

Introduction Studies o! reversed !ield pinches on Hls'LC.. 1 and deta ils of the 

machine have been revieMed(l) . Recently t honson scat tering experir:ients have 

been car ried ou t wh ich• sho~1 t hat when .the fi ll.ing pre.ssur c , p
0

, is reduced 

f r om 40-13. 5 mtorr Te"- p
0 

, and the 1Lne <lemoLy va n e.!> as p
0

• 

Tot a l r3diation measur erM!:nt s con!ina that r adi3tion i s un important i n oos t 

condi t ions a s a sour ce o f encr~y loss i n RFP 

d ischarges. In the r emaindlf':r o{ ch i s paper 

we describe observa tions on self rever:rnl i n 

pinche s. 

Self Revers3l Self reversal i s explained as a 

con sequence of t he natura l relaxation o f t he 

p lasma towa rds a s t ate of mi nimum m.:1gne t ic 

energy, which, according tQ Taylor ' s 8•0 

model (7 ) 
1 

is a Bessel func t ion distribut ion. 

The varia t ion of field reve r s al ratio 

F( t ) • B/wnll, t)/Bz (wa ll, t =0) wi t h 

9(t) · Be (wa11,t)/Bz(t) (3veraged over pl3sma) 

according co the Bessel £unction model 3nd a 

hig h-~ variant (HBM(3» to represent po<;­

sibl e h igh-B behavi our arc s hown on Fi g l . 

("wall" i.s Lhe i ns ide surface of t he quartz 

torus, dimensions R • 100 cos, a • 6.0 c:ms) · 

Scab l e hi gh- a RFP configurations are 

expec t ed t o lie in or nea r the s haded area. 

Theory( Z) indic:3tes th:1t in the final 

relaxed state (a) f <O (ie RFP configurat i on) 

when0>1 . 2. (b) There is an upper limit 

ij /\ 

1
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(above) 9 vs Lime and 
(b e l ow) l or11~ nf (F, A) 
time &teps shown in 
usec , fo r stabi lised 
z-pi.nch a t 75 kA. 

It 

Fig 2 (above) e vs time and 
(below) locus of (F , 0), 
time ste ps i n usec , for 
stabilised z-pinch a t 
!SO kA 

Fig ) (above) 0 vs tii::ie show­
ing, i nse t , waveforms 
and (below) l ocus of 
(F , O) , ti111e steps in 
usec , !or 3 d riven RFP 

of e • l.56, and rais ing the a pplied volt seconds fu rther drives he l ical 

de fo rmations o f inc r easing arnp l itud,. but does not change 8 ( sec also Lees 

and Rusbr idge(4
) and Kndomtsev ( S». The e f!ect of finite b eta i s to raise 

the va lue of e at which t hese transitions occur. The measured va lue of O(t) 

.:1.nd the l ocus (F,8) a r e compared with theory in t'igs 1-3. Since theory 

assumes B""O .1nd a perfect flux conservinp, sh cl 1 nt t he plasma bou ndary , 

Whereas exper imentally B"' 0 .4 and ther e i s a flux reservoi r ou tside the 

phsma boundary t h is compar ison i s intended t o identify qua litative trends . 

Fig 1 is for a stabilised z-pi nch (SZP) with no applied reversal , in 

which t he current is dr iven to give an ini t i a l value of o,ej" .. 2.2 at 5 uscc 

and then cr owbarred. Fi.g 2 i s for .1n SZP with Oi "- J . 5 a t lt.S us ec i n wh i ch 

the driving Ez field i s nia i ncained 3nd the Iz current continues to rise for 

abou t 15 iisec; Fig 3 is for an RFP vith applied r eversal progr:llMlcd so that 

ei. "- 1. 8 a t 7 111ec . It i.s £o und thnt (l ) t he locus of (F , e) tends to move 

t owards the shaded area during the r elaxntion , independentl y of t he initial 

values. and then dwells there. This i nvo l ves a rapid reduction in e and F ; 

F becomes < 0 when Oi > 2 (2) e rehxes to be tween l .5 a nd 2.0 3nd stays 

ne3r thes e values for the rema inder of t he decay time . (3) very large 

negn. tive v.al ues o f F (Fi g 2) arc .associated with s trong unstable helical 

defo rma tions , (4) the fluctunt ion level wa s lowest for d ischar ges program­

med to 1 i e near the find r elaxed state. Plasmas stahle throuF.hout t he 

decay have been obta i ned at 60 kA (Fig 3) , compared with 40 kA prcvious ly(6) , 

by a new progr.:Jnn ing sequence i n which t he applied r eversed fie ld was pro­

duced on the second half cycle of the fast Bz bank (see i nset in Fig 3) . 

leading t o better con tro l of the pl3sma compression a t hi gher currents . The 

Plnsma rad i us i s 4 . 5 cm and th.:1 t of th e meta l wall 7 . 5 cm so no gross mm l 

mode i s expected and none observed. ·rna decay o f the ma gne tic f ield con­

f i gur at ion appear s to be controlled by di f f us ion. I n this ca se e i ncreases 

s}owly a t hter times because Bz decays fas t er than 8
0

• At h igher currents 

such diffusion is usually followed by R secondary r elaxation which r educes 

one• more(!) . 

Studies have been mnde of t he relaxation process tor e i~2 using 

e l ec t rical measur ement s and cal ibr.'.lted s treak photographs · •·i rstly, an m- l 

hc l i c3l k ink grows (Figs 4 and 5) as expected because at e i~2 the pl:tsma is 

us 0.01 ....... .... 

Fig 4 St r eak pi e. cu re of 
con t inuum emis s ion 
from 125 kA self 
r eversed pinch 

Fig S Amp! i t ude of m• l i nsta­
b i 1 ity . Stabi lised 
z-pinch . 

too compressed for wall stabi li sation to be e ffec t ive . The wavelengt h and 

gr owth <ate o! thi s i nstabil i ty agree with numer ical predictions using idea l 

~f'!!ll( 7 ) i ,li ,a:i p.H iv~ Hill> givc:t .i 3i~ih1 r esult.. fo r modes with wavelengths >O otn 

:1~ ~h!!se rcia,pr~.ss ion ra t ios; cocpressed SZP a nd RFP with e . >2 ha\'e verv 

ll111lar properties . Secondly, the kink grows to a large a~l i tuUe (radial 

Ciol d componenl , Br "-mai n fi e ld B at r • 2 cm) ( F~g 5) a nd gene ra t e s flu x 

in the co re of t he plasma which r educes e ; the t otal toroidal !lux i s con ­

served hence B falls in the outer regions, Field reversal can occu r a t this 

•tage, an offe~t d iscussed by Kadomtsev (S) . 

Fi nally chc he lical column br eaks up within a microsecond 0 11d the curren t 

redistributes its e lf to give a more diCfuse RFP plasma. , with app r oxim.<1.te 

axi.synnetry and no strong helical componen ts (8 ~ 0.2- 0. 3 B). This is to be 

compared ~·ith t he axisymmet r i c r elaxed state pr : dic t ed theoretical l y (
2

)wh en 

O<l .56. The op tical and electrical da ta arc complex t o i nterpret during ond 

immediately afte r thi s process which is not yet well unde rstood , bu t d i ssipa­

t ion is e vidently invol ved. The reversed fiel d once gcne:rated usu,"tlly d ecays 

in 30-40 usec at currents above 100 kA. Sometimes t here is evi de nce of 

success i ve decays in field reversal followed by r egenera tion. Self r eve r sal 

has only been observed in HBTX I for initi3l values of 6i>2. ie for plasmas 

which strongly violate k i nk sta bility condi tions so it i s not surpri sing 

tha t the r ehxation beg i ns wi t h a large mnp li t ude kink . At 9i.(2 weak kink 

i ns t .nbi li t ies we r e observed and the fi eld i.n the oute r r egion w.u s r educed but 

not reve r sed ; t h is is believed t o be d ue t o the Bz f l ux rese r voir outs id e t he 

phs1u. lt is not possible to say from the present results whether r e laxation 

leading to self reversal can occur without a he l ical kink instability . I n 

slow experiments such a s Zet o.Cl, 1>se.lf reve r sal lead ing to axiaymnetric RFP 

states took place both at lower values of e when no gros~ kink ins tability 

W"8S ubse rvrd, and at higher va l ues of e in k i nk unstable conditions. 

Conclus ion Experiments on t he re l axat i on l eading to sel f r eve rsal have 

demons t rated 11any o f t he expec t ed trend~ on HBTX 1. Solt reversa l occurs 

When the initia l value of 0 exceeds 2 , which cor responds to strongl y kink 

Unstable plasmas and che relaxation begins wi th a he l i cal m-1 instabi li t y 

~h i.eh gr ows to large amplitude , fo llowed by a ra pi d c urrent r edis tr i bution 

towards a d i ff use approxi11ately axisymmetric RFP. A limi t i ng va l ue of 9 is 

obser ved . 

!!l!.!..!.!!!.! 
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EXPERIMENTAL STUDIES OF FIELD REVERS AL 

A.Buffa. S. Costa , C.F.Nalesso and G.Halesani 

Centro di Studio sui G.u Ionizzati 

dcl Consi&l i o Nnzionalc del le Ricerche e dell 'Univcr!I itA di Padov.i 

(Assoc.in:l ione Eur.1tom-CNR) - Padova (Ital y} 

~: A number of experiments on toroidal Z pinches , with d ifferent 

values of init ial bias field .:ind various degrees of control on the external 

"Clux reservoir" hAs been performed . In many cnses the p l asma drive~ a re­

versal .'lssoc ia ted with .'.ln instability of the toroidnl field ncnr the wal ls. 

A first analysis oC the collected data i.s presented. 

Introduction: A series of diffused pinches with high values of toroidal 

current has been produced in the F.ta. Beta device, operating in Mode 11 ( t], 
in which t he fast 9 ci rcuit produce the prei oniiation (in i ts first quarter 

of period) as well as the bias f i €'ld Bz.
0

• 

The evolution oC the magnetic field profiles (ineasur ed by a 

set of 6 complanar coils) and o( the first space harmonica of 8
2 

and e
9 

at 

the vessel ' s periphe r y (measured by sina tl co il s disuibuted along a minor 

ci r cumfe rence of the torus according to the sine-cosine law) have. been ob­

served and put in correlation with the variatiol\s or t he t oroidal fiel d 

outside the plasm;i (B%ext) . Experitticntal evidence of the "sclf- revenal" 

of B%ext for a large va("iety of initial conditi ons (bias . pressure and 

compress i on ratio ) has be:en obser ved in connection with the growth of an 

m•l la("ge ampl itude kinlt instabi 1 icy . 

Further experiments and a 1DOrc detai l e d analysis of t he col­

lected data .:ire in progress . 

Experiaental Observations : In a first sedes of experillle nts (p•40 mto~r 11
2

) 

t he value of Bzo h~s been progressive l y reduced thus increasi1\g the pinch 

parame:tcr BM • (lJ
0 

'Iz Rcb) I (2 0z.tot) measured nt peak c urrent , 1. 5 us after 

the star t of Iz (Rcb is the equivdent wall radius evaluated a t the crow- bar 

point). The reduction of Bzo gives stabi I ized Z pinches that show highe r and 

hi shcr compression ratios (see Table l; the figures arc averaged over a num­

ber of s hols). In al 1 cases i t hns been observed that , after the start of 1.,. 

t he ave rage field at t he edge of the container Bzext' decreases not only du­

ring the dynamic phase of the pinch, b1.1t 3Jso during the following 1 o r 

2 \IS , down to a a inimum, Bzmi n' that within a given range of parameters is 

negat ive (sell-reversa l). 

The reduct i on of Bzcxt ' steady 

from the beginni ng, shows sharp vari.:itions as­

snciated lo'ith the appe<1r:mce of <1n asymet ry 

in the pinch and also with the occunence of 

interactions with the wall . The Bzext v;i lues 

(even if pos i tive) compa red with the total 

flux, within the crow- bat" point of t he cir­

cuit , eZtot (the equivalent a r ea is a.bout 

twice the .:i r ea inside the qua r tz), point out 

that the flu• inside the pinch becomes higher 

than the va lue initially present in the tube 

(se1.: fig. l ) : this additional flux seems al ­

ways larger than al1ow4?.d by any simple model . 

The creation of this additional fl ux 111.1y be 

put in cor relation with the instability, which 

the sine-cosine probes s how to appear short 

time after the 12 tWJximum (indipendcntly from 

the application of the crow-bar to the fast 

lz c ircuit) . This instability can be reco­

gnized as a fast grOW"ing , high amplitude m .. l 

mode, a t least when the compr ession ratio 

Rw/Rp~ J (Rw•rad ius o f the metall wall), with 

. " 

"[L'""~' " .. 
' 0 

0 2 4 11 8 1#11 

Fig . 

KR;; 2. (wave lenght ;::, 18 cm. ). The start ing time of the instability is 

practically i ndipcndenc fro• the initia l bias, while the growth time T (as­

sumed equa l to the cice to get the maximuc of the coi l 's signnl) seems 

lilted to the compression rat i o . The minioum observed growth tiino i s Tmin;::; 

.::, 0.4 \JS . 

In our experimcnlo'.11 condition, a nesativc value of 8zext i s 

achieved by self-rever sa l only with 9:".. 1.6 (a l l parameters ir.casu r ed at the 

flux conserving va ll ) . The RFP-like configuration las t s only for a few mi­

croseconds . ~o coils, both measuring Bz external, plac.ed in two diffe r ent 

positions at 180 degrees a long t he Lorus, show a di ffe rcnt degree of f ield 

reversal : the latter appears as a. "local" phenomenon asso<':iated with the 

strong . fast ris i ng instability. This f act i s also confirmed by a good cor­

relation between all the signals (streaks, magnetic profiles, Bzext and si­

ne-cosine coils). When the bias field is too l nw, the reversal is not always 

c l cnrly observable, which can be expla ined with a too high compression ra­

tio. 

The B o f thi~ pla.sma seems to r".inge from 0.6 to 1, but the 
e 

error in Lhis measure can be of .1 £m~cor t1.1o. Experiments have been m."1dc a! 

so at different filling pressures, 20 and 80 iatorr 11
2

• the mnin !eatures of 

the disch<i rge don ' t vary csscnliully. It is possible to notice nn increa sing 

sta rt time of Lhe instability as wet 1 as of tho gr owth time with pressure, 

the last one more cle11r at 80 •tnrr, probably due to the lower tet.tper;itur e 

of t he obtained p l asa:>.. 

ln an other series of experiments we used a "semi-progt"m:miing" 

technique in which the c L·ow-bar of t he foist 9 circuit was .'.lpplied oftcr the 

~t;art of the lz current, in ordet· to have a larger flux tn1pped in the pl3-

S&'.1 (and therefore: a small co•pression ratio) nnd reduce thereafter Bzext 

to small (but not of opposed sign) values . The influence of the flux reser­

voir bctwet.'l\ the qu<artz .:rnd the flux conserving wall is thus reduced . I n 

these condi tions the rcvcrsnl of !l'ext i s alwnys obt.:lined . Thr main diffe­

rences from the previous experiments is that reversa l lasts for l onger times 

(at least 10 \JS) following al\ instability which can't be identified as a p~ 

re •·l ia>de, and has a sm.'lller amplitude . 

ln most of the studied <':ases, the history of the discharge 

in the Tay lor " 7.-9" p l.'.lne [2] , after an initial driven ph.'.lse,relaxcs to­

wards the ("cgion of miniwum energy equil ibria (evn lu.:iL~d with 11 s i mple sharp 

boundary godcl, Lhat include:; the effect of a f i nite s9 {l]. Ex:uiples arc 

shown in f igs . 2.l,4; here e • (u
0

Cz:Rcb)/(29ztot) , and 

z • (Bzext ir Kcb 
2 )/(~Ztot) · 

Conc lusion : Experimental evidence of n tendt:ncy of stabili7.ed Z-pinchcs to 

relax tow:ird R.t'l'-like ccmfigurations fo llowing a strong kink instability has 

b@en observed . The duration of the !.elf reve("sal is onl)' few microseconds, 

.,..hile in recent experiments [4] it has been observed for isany tens of oicr~ 
secunds. This cnn be explained with t he short rise tim~ of 17. curren t in our 

device which dom i nnted t he first phase of the pinch so that the instabil i ty 

and related .>elf reversal i>t:art after lz maximum and can ' t be sustained 

be the rise of che current . Due to the large flux reservoir outside the 

quartz, a high compression ratio is ne<':essary in order to get n hrge ener­

gy available for the reversal, tn other situations (reduction of external 

f\ n x hy 
11 !'lPmi-proaramming") a lorger self reversa l period i s observed rclntcd 

co a wea ker instability . 

We wish to thank prof. G.Rostagni for 1J1any usefull discussions. 

B 
(mtorr) zo 

(kG) 

40 

80 

'.l 

1.5 
J.0 

0 . 85 
0 . 65 
o. 35 

2.4 
1.8 
1.0 
0.1 
0.6 
o. 3 

I. 5 
0 . 9 
0.4 
0.25 
0.15 

e, ;0,7 kG 
- 0 
Iz= 90kA 

8zmin 
(kG) 

-o. 35 
-0.1 
-o. 7 
-0. 9 
-1.0 

0.9 
0.2 

-0. 2 
-1.4 
-2.0 
-o. 7 

-0. 01 
-0.55 
-1.2 
-0.6 
-0. 27 

TABLE 

1 z GM 
(kA) 

15 I. 3 
75 1.5 
65 l. 6 
65 2 . 11 
60 3 . 3 

130 1.38 
125 1.5 
100 1.6 
90 2.0 
80 2 . 5 
80 2.9 

125 !. 7 
115 3 . 5 
105 3 . 9 
95 5 .2 
90 10.0 

•011110,,,.., 

Rw/R p 

2 . 0 
2 . 0 
2. 7 
2 . 7 

)3.0 
7 3 . 0 

2.0 

3.0 
)3.5 
>J.5 

Start of Growth 
insta.b . time 

<••) <••> 
1.0 1.0 
1.5 0 . 6 
l.5 0.5 
1.2 0.5 
1.0 

1. 5 1.0 
I. 7 1.5 
l. 5 0.5 
1.5 0.4 
1.5 0.6 
1. 5 0 . 5 

2 . 2 1.0 
2 . 2 1.0 
2 . 2 1.2 
2 . 5 1.0 

8 10•.t,O kG 

{ 1 : 140 kA 

KR 
(R•5 . 1 cm) 

1.6 
2 . 0 
2 . 0 
1.9 

2 .5 
2 . 2 
2 . 0 
2 . 0 

2.4 
1.8 
1.8 

,, 
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Figs 2,3 , 4 toe.us of (Z ,9), timc steps 
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STABILITY AND TEMPERATURE MEASUREMENTS ON ZT-1* 

by 

D. A. Baker, L. C. Uui.:khardt , J , N. Di Marco, 
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H. J. Karr, S. Ortol.:ini ,**and A. E. Schofield 

Los Alamos Scientific: L&.horatory 
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ABSTRACT 

Analysis of the magnetic field profiles set up in the 
ZT-1 pinched plasma, demonstrated that the degradation of 
the stability of these profiles with time, can be attributed 
to diffusion. Ion temperature measurements of Doppler broad­
ened He.11 have determined its scaling over a range of both 
I and I . 
z z 

We report the behavior of the toroidal z-pinch expcriJOent , ZT- 1, 

operated in the current range 20 to 95 kA with rates of rise between 1010 

and 2 x 1011 A/s. the experiment was operated with a gas filling of 207. 

!le and 80% D2 .:tt 40 to 120 mTorr . The He was added to allow ion t empera­

ture to be determined from Doppler broadenin& of He II lines . The forma­

tion and time evolution of the reversed field profiles were investigated 

by varying the ra'te of Change of the reversing field and its timing with 

respect to the st;irt of the axial current Iz . The rate of reversal of 

the toroidal magnetic f1 cld was controlled by the initial voltage on the 

reverse field capacitor bank . Hagnetic field profiles were obtained 

from coi l s inserted into the plasm.'.l at 1 cm intervals ; five coils mea-

sured s
0 

and five coils measured 8
2

• • 

Flux and Pitch Meas urements: For the programming work the n
0 

(wall) 

is 3.2 x 10 5 T/s and the 8
2 

varies up to 1.5 x 105 T/s . From magnetic 

field pc-of!les the motion of flux tubes and the> time behavior of the 

pitch of the magnetic field lines were obtained. It is observed that 

there is motion of the poloidal :1.nd toroidal flux tubes vith respect to 

each other, the poloidal flux penetrating more rapidly . Dur iilg the 

interval explored, "' l i.is with 

respect to the onset ot I
2

, the 

timing i s unimpC?rtant, _values 

of the pitch, P "" rB/Re, greater 

than"' O. OJ m are nol affected 

by the rate of revern<Jl of the 

magnetic field or its timing . 

l'he evolution oi the smalJ valu.::s 

of pitch, Le., P "'0 .015 m, is 

modified by the r.i.te of reversal. 

During t he disch<'lrge , the larger 

values of pitch ore seen to d is­

nppcar on axis, sec Fig. 2, an 

effect that can only result 

froa diffusion of the magnetic 

field . Under these conditions 

the pitch profile cannot be pro­

grrumned into the disd1arge by a 

matching of the pitch at the wall 

i-o the pinch motion, by assum1ng 

that the flux tubes are "frozen" 

into the plasma. 

MHD Simulation: The s tabil­

ity diagram shown i n Fig, 1 is 

produced from probe data under the 

assumptions of cylindrical geometry, 
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Stability diagram of a 40 
mTorr discharge with low PI 
and delayed B r~versal k 
is the axial ~ave number, z 
and y- 1 the growth time of 
unf;table m • 1 !!'!Odes. 

ideal incompressible mm, and equilibriwn . Only the fastest growing m - 1 

modes are considered. The lines crossing the diagram horizontally are un­

stable axial wavenurnbers kz . Five of the unstable kz 's arc analyzed for 

normal modes. The width and locati on of these modes are indicaled by heavy 

horizontal bars and their growth tit.11es are shown on the right hnnd side of 

the diagram . The remaining curve in the diagram is the locus of - 1/P . 

The rcsultR of several such stability analyses indicate fairly good 

initial l-lltD stability followed by a grac!u.:tl deteriorat:1.on of the stability 

conditions . This late behavior has been tentatively attributed to diffusion. 

A one dimensional resistive MHD calculation was performe;d to simulate the 

experiment. The? magnetic field profiles m<?asurcs at 3 JJs , corresponding 

to the data of Fig. 1 , have been entered as initial conditions, And the 

code was run for 2 µs discharge time. The initial rndial dependence of 

the ion and electron temperatures was assumed to be par.aholic with T
1
"'te 

• 20 eV on axis, and 10 e.V at the wall. The· initial density profile 

followed from pressure balance , The expression for the electrical resis-

tivity tensor was varied until the calculated profiles approximated those 

measured at 5 µs. The calculated magnetic field profiles were then analyzed 

for stability , The resul ting stability diag ram at 5 µs was found to be al­

IDOSt- identical to the one obtained experimentally . This s hows the slow 

change. in the ideal ~Dll> stability of the pinch can be interpreted on the 

basis of a diffusion model. The value -of the elec t rical resistivity nec-

essary to duplicate the experime.n: is essentiall y classical on axis with a 

100-fold exponential increase towards the wall of the discharge tube. There 

is an enhanced energy loss due to the electron thermal conductivity being 

linearly related · to the electrical resis t ivity. No other losses were al-

lowed in the calculation. Radial measurements of the electron density and 

temperature will be needed to ident ify the nature of t he transport coefficients. 

A comparison of the measured parallel and p!?rpendicular current den­

sities at the intermediate time of 4 JJS shows the parallel current is 

much larger than the perpendicular current over most of the interior of the 

!!!scharge . It has been suggc:::~cd 1 that the lower hybrid dl:.i..ft instability 

may be responsible for an anomalous resistivity which could cause the ob­

served fast diffusion i n ZT-1. This instability is driven by the perpendic­

ular electron drift velocity and can give anomalous resistivity even when 

Ti > Tc • 

New experiJOental conditions have been explored in which higher bias 

fields are used and both the 8
2 

and B
0 

fields rise in approximately 2 µs. 

Sharper, slower diffusing profiles, having improved stability diagrams for 

the early times, are observed as compared to p r evious discharges . These 

data are being ana l yzed and results will be presented at the meeting. 

Ion Temperature Measuremen t s; Ion temper atures have been determined 

from the width of the DopplCr broadened· 468 . 6 nm line of He II. Compari­

son of the broadening of the 320 . 2 nm lle II line with that of the 468 . 6 nm 

He II line confirms that the broadening of the latter is mainly Dopplel.· 

broadening . 2 Additional measurements with impurity ions, C, Ne , N, and 

Ar, indicate the he l ium and deuteriUlll ion temperatures should be the same. 

The deuterium ion t empernture was determined as a function of 1
2 

anJ 

iz for several valuas of initial bfo.s field. Ti W'3S observed to decrease 

with incL·easing ini t ial bias field , while it increases approximately 

linearly with both Iz and iz . Typical- 4.0•~-~--.--~-.--,.--~-
l y Ti/i

2 
.. 1. 7 x 10-10 eV_s/A. A graph 

of the temperature dependence upon I
2 

is shown in iig. 3 . The temperature 

p l otted is that measured after the 

implosion of the pinch . The ion tem­

perature is then approxima t ely con­

stant or slovly decreasing in time. 

The line shapes of impu r ity ions 

during the forma tion of the pinch 

are not Gaussian but rather are 

3.0 

• t011~ 

--

double peaks suggestive of directed 

motion associated with imploding 

fronts. This velocity compares 

reasonably well with tha t obtain­

ed from streak photographs . 
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CONFINEMENT OF HIGH f PLASMA IN TPE-1 ( REVERSED FIELD PUICH ) 

K. Ogawa, T. Shimada , S . Kiyama, Y. Hirano, 
Y. Maejima and I . Hirota 

Electrotcchnical Laboratory, Tanashi, Tokyo, Japan 

Abstract : The experimental study of the confi nement of the 

high r3 toroida l pinch plasma in the reversed field pinch con­

figuration. The experiment is carried out on ETL TPE- 1 ( R= 

40cm, a•Scm , Ip'' lOOkA ). The main object of t his paper is to 

describe how the RFP configuration i s set up by the fast pro­

graming of the currents ( z and e ). 

Introduction : ETL TPE-1 is the experimental appar atus for the 

confinement of a high (3 toroidal plasma in an axisymmetric mag­

riE::tic syster.; . The e~~pcrir..enta~ results o f equili brium and 
stability in a screw pinch configur ati on in the range of plasma 

temperatur~) of over lOOeV"" 30eV were reported at IAEA Tokyo 
CC'nference . The short summary of the remarkable results that 

{l) in the low q value region { q < 1, high current region ) , it 

was not be able to confine the stable equilibrium plasma in the 

toroidal screw pinch configuration due to the MHD kink insta­

bility, (2) in high q value region ( q )>l ) , the stable plasma 

in the so-cald high p tokamak configuration was confined in a 

rather longer period, typically, 40 "'" 501-1.sec. However, in 

this case p value in the confinement phase is only several per­

cent in this rather slender torus . So, the special character­

istics of the fast compression obtaining the high temperature, 

high density and high f plasma in the early d ynamic phase was 

losed in the transient to the confinement phase from t he dy-

namic phase. The energy loss in this process was so l arge and 

this loss was inevitable in o rder to that the plasma establishe s 

itself in the stuble configuration, (3) In order t o obtain the 

stable pinch plasma the special concerns in our exper iments 

were paied to the followings ; (a) by changing the bias toroidal 

magnetic field Pr value was controlled for obtaining a adequate 
toroi dal equilibrium, so the plasma did not pinch so strongly 

.. 

circuits II Ill 

Vo mo• (kV) 40 40 

e ~ (µsccl 2.6 3.9 

I e "'a• (,.A) 2.2 2.0 
30~ 40u. 

RIPP\..E OI Cll"'%)DAr. 19.5 B.6 

and Te does not rise so big 

and (b) the radial distri­

but ions of q value was con­

trolled by chan9in9 the 

time duratio n between the 

starts of z and e pinches ( 

Z precedes), so that the 

pitch minimum configuration 

might not appear . 

Thus, if we want to 

obtain a higher ~ plasma ( 

~Z. 20%) in a stable toro­
idal configurations by tho 

fast pinch , we must have a 

very fat torus ( even so , 

probablly , ~ "- 10\) , or dy­

namically controll the 
plasma in the compression 

phase so that it may donJt 

l ose it's energy , for ex­

ampl e, by the application 

of the pulse vertical mag­

netic field . 

lz 
I 

Vz mu 

7'4 
lz mQ'a 

(kV) 40 40 

(µsccl 2.B 3.94 

(k/lj 270 197 
16 "· 

l6 1o1. 

On the other hand, 

the stable RFP which has 

been studied by several 
groups2),J}, 4 >, is obtained 

with a high ~value, i.e. 

O. 3 ,.._ O. 4 and does work 

with higher plasma current 

(q < ll . This configu-

ration has usually a lar ge 

bias field and ~p( l because 

of JnzJ •\Be\ , so no problem 
is in obtaining the equi­

libri um . 

Experiments of RFP : TPE-1 

was recently arranged for 

RIPPL.f OF' CROWBAR 

(%) 15.5 B.4 

Bias Bzmo• (kG) 2.2 4 

a level 

a level 

F :3. 1 . 
He, 'Po~s-o~, T....,-. B; b, .._. c J.2.·1,<'f 

the RFP experi rnents f rom the SP 

experiments reported before . 

Table 1 is the e l ectrical 

parameters of RFP in TPE- 1. So 

far , the experiments were mostly 

in the RFP.II :::puramete r s shown in 

Table 1. Helium gas was used 

for the experiments in the fill ­

ing pressure of 30"'-' SOmTorr . 

The examples of the os-

c illogr ams of t he plasma current, 

the magnetic f i e l d at wall and 

the total flux over the cross 

section are shown in Fig .1. 

The RFP configurati on in 

TPE-1 is set up by the fast pro­

gramming of the coil currents . 

First of all, the bias Bz field 
is applied, then the plasma is 

pre-ionized by the high frequency 

z and e discharges . At the ap-

propriate val ue of bias Bz field; 

the main z discharge precedes 

the main fr discharge which re­

verses Bz field . This time de­

lay ( 7;-e ) is important to ge­

nerate a stable conf iguration . 

The both current s ( z and ~ ) are 

crowbared at their maximum where 

the stable conf iguration might 

be gener ated. 
Fig . 2 shows t he measured 

time history of the magnetic 

field configuration. 

Discussi ons : The preliminary 

experiments o! lti''P in TPE:-1 arc 

successfully being done . The 

RFP configuration set up in TPE-

1 is close t o t he stable one 

with high ~ theoret ically pre­

dicted . In this case, Ti is 

20eV at 4fSeC ·" 4 . Sfse c evaluated 

from the Doppler broadenning of 
He II 4686 A. Te r ises linear-

ly to 12eV from 2eV ( at ip.sec) . 

The time described i n this paper 

i s from the start of z discharge. 

After Sf'sec, the magnetic flux ( 

J' ) diffuses r appidly due to 

the strong instability originated 

from the ripple of the currents . 

This is also clearly observed by 

the streak pictur es . The bank 

is now rearr a nged for RFP-III 

shown in Table l . The ripple 

will be reduced and the stability 
will be improved and we hope, we 

ca~nvestigate the t ransport phe­

nomena of stable RFP . 

R-

*"' 
B1 1 f"S•C. 

-""-"·· ~···'I 
" 

T• o 1 2. 3 4 5 

F: 3 . .2. 
H., ')".~so ~.T.,..,- , 13,"""°~1. 2li!f. 

I 2 1' ~" " 'Tu It~. 1e,, ... ,\~·P~tf . 
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. ' 
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' 0 
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I 

Fig . 3 shows the RFP config­

uration calculated by the computer 

simulation of the one dime nsional 
two fluids plasma model with the 2 l !u.~ 
RFP-III parameters in TPE-1. f;1 · 3 

:Q, 3""' "'·· s>< • o''l'e~'. 
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The Belt Pinch ll Expe riment with Improved Shock !:footing 

0. Gruber / R. Wilhe lm 

Max-Planck- I nsti tut fur Plosmaphysik, Gorching, Germany, Eurotom Association. 

Abs tract : In the Belt Pinch II experiment plasma stabil i ty was obtained in a noncirculor­

high f3- Tokomak configuration for around 20 MHD growth-times at cr itical q- valuc.1. 

(9 ~3), comparable to those of low p circular Tokomaks. This decisive question is in­

vest igated further in the new 160 kV shock-heated vers ion at longer con finement times 

and highe r temperatures. 

In the first experimental step of the Belt Pinch II (40 kV shock heating) device the 

energy confinement time wos limited by impurity radiat ion to "'1::-::::. 30-40 \JS. Thus the 

ohmic heating by poloidal and toroidal plasma currents could sustain the high-11- phase 

(<~> a. 50 %) only for around 50 ys. The strong influence of the mentioned loss mech-

onism hos been demonstrated by an admixture of a fraction of oxygen comparable to the 

noturol oxygen conten t of the discharge (typically 0,4 % at (ne>~ 7 .1014 cm-3). In 

this case the 6- decay was increased as expected. 

A first improvement was obtained using a lower filling pressure ( 2 mTorr instead of 

5 mTorr D
2

) . At overage dcnsi.t ics of about (fl t.>=.3 .10
14 

cm-
3 

but practically con-

slant impuri ty level the influence of the radiation was reduced and the o~ic heat ing 

becomes more effective . First measurements indi cate a slower decoy of the plosmo d io-

mognetism at somewhat increased tempera tures (40-60 eV). Now o further improvement 

for the compressional heating is obtained using the fast high voltage system a t these 

low densities. 

The technical concept is shown in Fig . 1 . At the end of the preionizotion phase an 

homogeneous plosmo with(nt>::::3- 6.10
13 

cm-
3 

is achieved, which corresponds to an 

ionization d egree of 50 to 60 % . In addition the transmission line is magnetized so 

that the preionization bank is decoupled from the main bank, Furthermore the trons-

I . 
I 
' 

I 
' 

I . 
I 
' 

I 
' 

+ 
0 

N 
Cn 
3 

iron 

Q30 0.75 

~ 

transmission line(iron core with.SVs) 

Fig . 1: Electrical Circuits 

120kV; 19kJ 
heating bank 

40kV,760kJ 

main bank 
+crowbar 

18kV,60kJ 
preionization 
bank 

~--------' 

former core is satura ted in such o way that o complete flux reversal by the heating bank 

is possible . When the main bonk and the heating bonk ore fired the sum of both voltages 

appears a t the coil. The energy content of the heating bank and the iron cross section 

ore chosen so that the first compress ion and the following ringing is in resonance with the 

bouncing plasma at o density range of about (ht) % 2 .10
14 

cm - J. After a final saturo-

tion produced by the main bank the heating bank is d ecoupled from the main circuit, Then 

the toroidal magnetic field is kept constant by the crowbar system in the ma in bank 

(see Fig . 2) . 

const. for-1 ms 

I crowbar (after S µs) . . . 11. plasma 
1--pre1onizat1on ~compression 

(250µs,ne-3 - 6·10 ll (i: "1.25µs) 

t 
start of 

main and heating 
bank 

Fig. 2: Toroidal Fields 

resonance for <ne> - 2 ·10
14 

(two stage heating) 

Using th is technique a temperature range a bove 100 eV (afte r thermo lisat ion) should be 

obto inable . Under these conditions the lower ionizotion stages of the impuriti es (i.e . 

oxygen I-VI ) are burned out and the radiat ion losses ore reduced by more than on order 

of magnitude. As a consequence the ohmic heating due to the toroidal and poloidol 

currents should overcome the radiation losses. Thus the stabi lity behaviour in the Belt 

Pinch con be investi3ated during longer confinement t imes. 

Based on on earlier work of DUchs a diffus ion code was developed including d i ffe rent 

energy loss me chanisrns/ 1/ (rad iation, effects of neu tro ls, heot conduct ion) . This code 

will be used to find in the experimenh those plasma parameters which ore compatible 

with on approximately constant temperature during the unavo idable p-decoy at /lpf)I > 1 , 

and without particle injection. This would open to the Belt Pi nch the range of lower 

p - vo lues ( p c::. 10-20 %) amd Pr•' - va lues lower than the a spect ratio, but h igher than 1.. 

The results of these experiments will be reported at the conference . 
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ENERGY AND B-EVOLUTION DURING THE INITIAL CONFINEMENT 
PHASE IN THE TEE COMPACT TOROIDAL EXPERIMENT 

Carolan , M. Dembinski+, M. Korten , F. Sand" , F. Waelb roeck , 
G. Waidmann 

rnstitut fOr Pl asmaphysik der Kernforschungsanlage Jill ich GmbH 
Association EURATOM-KFA 

+ Insti tute of Fundamental Technol ogi cal Resear ch/Warsh aw 

• Laboratori Gas Ionizzati , Frascati (Roma) 

~ 
The energy evol ution and the behaviour of the p l as ma parameters 

B, a
8

, r
1

• "e during the initial confine me nt phase of the TEE 

experiment wi l l be described . Sever al energy l oss mec hani s11s 

are discussed and their relative impo rtance for the ene r gy de· 

cay in the TEE experiment i s estimate d . 

In the TEE compact torus experiment (R • 25 cm , a • 9. S cm) th e 

behaviour of a high-B tokamak· like pl asma is i nvestigat ed . The 
vacuu• vessel cross section is ci rcular. Fast magnetic compres­

sion gener ates a plasma with initial B-value s highe r than ob­

tained so fa r in tokamak experi ments. _The main ch ar acte ristics 

of the experiment have been descr i bed ea rlier [ 1]. For the pre­

sent set of invest i gations a to roida l field maximum of B~· 4 . 5 kG 

is c hosen which is reache d in 1. s 1us . The fas t r ising fields 

limit the e ffec t of an adiabat ic c ompression whic h would in­

crease t he R/a value. Moreove r, smal l positive bias fie lds 

(Bf"100 G) and small filli ng pressures (1./ . 2 mTorr ) were used 

t o res trict B to the maximum tole r a ble val ue e xpected f r om 

e quilibrium theory . B • ~- The e nergy and a- evolution is 

studi ed in the quasi-sta~~onary phase after crowbar of the main 

dischar ge. 

The diagnosti cs used to study t he evo l ution o f plasma parame­

ters and energy l osses a r e magnetic probes i nse r ted into the 

plasma t o measure spatially resolved poloidal and tor oidal ~ag­

netic f i e l ds [2], Doppl er-broadeni ng of i mpurity lines which 

yield the ion temper ature , magneti c co ils on the outside of the 

vacuum. vessel which give the position of t he toroidal current , 

a 2-mm microwave interferometer to obtain the spatial r esolved 

electron dens ity , and spec troscopic methods t o determine the 

impuri t y concentration and the neutral particle density. A 

laser-l igh t Thomson scat t ering dia gnostic to obtain the elec tron 

tempe r ature is in preparation . 

The plasma behaviour and the energy evolution in t he quasi- sta­

tionary phase after crowbar was inves ti gated using ion- tempera­

t ure measur ements and magnet i c p rob e meas urements app l ying t oka­

mak equilibrium theory ( z]. At crowbar ti me , the mai n p l asma 

par ameter s can be characterii.ed as follows: R~27 cm , a :>& 7 c11 , 

ion temperatur e Ti .. 120 . / . lSO eV, iie ~ 1. 10 14 cm- 3 , toroidal 

plasma current Ip• 20./.25 kA, Bp,,;3, q(a) • 2./.3 , B • 3 . /.10\ , 

plasma energy Ep• lOO J, degre e of ionisation .,;1.. ~ so\ . The plasma 

toroidal current Ip decays in 'Jj ~ 6o1 us (e- fold i ng time). bu t the 

ener gy of the plasma is l ost much faster. 

Assuming equilibrium., the energy development can be derived f r om 

poloidal field measurements which gives a dec ay time constant of 

'.r'e "' 10; us ( Fi g . 1) . A simi lar result is obtained for the poloi­

dal flp whic h comes down to 1 i n about 10
1

us and then r emains 

almost constant, BP~ 1. The te11.poral behaviour of the ion 

temperature s hows a simi l a r dependence; Ti is l ess t hen SO eV 

a~ter 6 to 101us (Fig. 2) . Me asurement s of the toroidal A B~ 
f i e l d [3 ] con firm the fac t t hat the 11d iamagnetic" ene r gy is lost 

p r eferentially, whe reas a t the field maximum it contains about 
SO\ of the to tal plasma ene r gy . 

Several loss mechanisms a rc suggested to explain the fast 

energy decay . Centrifugal momen tum to the out side duri ng the 

i mplosion phase could be a reason for wall contact in t he 

earlier confinemen t ti ine wh i c h ma y cause plasma energy losses 

t hat could be r educed only if field programming is improved to 

provide a be tter control o f the plasma position . Mo reover, after 

crowb ar, perturbations o f the toroidal symmetr y h ave been 

observed which have approximately the length of the torus and 

could be interpreted as kink modes which are predicted fo r 

a h igh-B tokamak for an aspec t rat i o o f A • 4 wi t h a stabili t y 

m~rgin f o r the critical 6-value between 3\ and 6 \ [4]. Poloidal 

fie l d measure111cnts, too, show strong plasma moveaents in the 

first 1S;us afte r crowbar . as can be seen i n the p lot of lines 

with equal pol oidal f lux versus time (Fi g. 3) . 

Radiation los ses due to inipurity lines we re esti11ated not to 

con tribute dominantl y t o the e nergy de c ay . The most prominent im­

purity elements were found to be ca r bon with 0 .3\ and oxyge n 

with O. 75\ . Considering oxygen to be here the mos t dangerous 

impurity , radiat ion l osse s can be e s tima ted according to [s]. 
As an upper limit, e ne r gy loss of about O. 20 J/ 1us c ou ld be 

emitted as line radi a tion of oxygen i ons . 

However , ene r gy loss due to c harge exchange processes plays a 

more domi nant ro l e . The total neut ral particle dens ity was 

measured by the a~~ol~~e determination of the D~ -line r adiation 

to be n..N=- 2. S.10 cm a t crowbar time. Then , a~ter a few 1us, 

nN d rops to a near l y cons t a nt value of nN ~ 1. 10 3c m- 3 • I t may 

be concluded that p l asma- wall-interaction causes a continuous 

influx of neutral particl es which l eads to an 3vera ge charge 

exchange e nergy l oss of about 10 J/ 1us . Accor ding t o i6 J the 

pl asma shoul d be in the diffusive regime with an outer l aye r of 

L1i,~ 4 cm thickness , and a l arge plasr.ia volume must be considered 

to be i n wal l contact . Strong losses d ue to neutral particle 

transport must be expected . This is corr oborat ed by the obs e rved 

increase of the e l ectron densi t y after crowbar , because for 

these temper atu r es the ioniza t ion rate is not very much lower 

than t he rate fo r charge exchange processes . 
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Effe cts of Pulsed Vertical Field 

the Fast High Beta Tokamak Experiment 

K. Hirano , S . Kitagawa , M. Mimura and Y . Ki ta 

Institute of Plasma Physics , Nagoya University 

Nagoya , JAPAN 

Abstract : The pulsed verti cal fie ld, having the same rise time 

as that of the plasma current, is applied to suppress v i olent 

toroidal drift which appears at the beginning of the discharge. 

It is found that prope r value of the vertical field is effective 

to improve plasma parameters . 

The fast axisymmetric t oroidal pinch-STP wi th small aspect 

ratio is constructed to improve the limit of the density and 

temperature which is observed in the present t okamak discharges . 

Various scaling laws for tokamak s how that high density is the 

key point t o obtain longer confinement time . Our p resent pur-

pose is to study the tokamak 

of l015/cm3 . The sche ma tic 

drawing o f our STP s ys tem is 

shown in Fig . l . The major 

and minor radius of the STP 

i s 25 cm a nd 10 cm r espec-

tively. The coils t o exc ite 

the pulsed vertical field 

are fixed i nside t he copper 

shell . The maximum vertical 

field s tre ngth is 500 G at 

the tube axis and ils l..i~e 

time is equal t o that of 

the plasma current . Most 

configur ation around the density 
PLASMA 

CLRRENT PRE4 HED.TING BIAS TOROtOAL FIELD 
40 kV 50 kV 5 kV 40 .V 
48 ltJ 3 kJ 100 kJ 162 kJ 

Fig . l 
A schematic drawing of the STP 

apparatus 

of the experiments r eported here a r e carried out under t he toro-

ida l fie ld of 8 to 10 kG with the plasma c urrent from 60 to 

100 kA . The usual operating o
2 

pressure is io-2 torr . A typ­

ical example of horizontal streak photographs, showing the 

e ffect of pulsed vertical field, are given in Fi9.2 . It is seen 

that t he pulsed vertical field moves the plasma t o the major axis. 

The ins t antaneous poloidal field distribution just inside the 

copper shell is measured by means of eight small pick-up loops , 

The results are a lso shown in Fig.2 : the correlations between 

these two measurement s arc easily seen . In accordance with 

the streak p i cture , poloidal field distribution is evidently 

s hi fted to inner 

s ide of the torus. 

In case of no 

vertical field, 

however , pcloidal 

f ield dis tribu-

tion suggest s 

that the p lasma 

is r apidly split 

i nto two parts 

a n d that it per-

haps contact s the 

wall, which i s 

p r esumable from 

the strong 1 igh t 

emissio n observed 

when the deforma-

tion reaches its 

R 

R 
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Fig . 2 
Streak photographs with and wi thout the 
verti cal field. Plasma shapes measured by 
8 pick-up loops are also illustrated. 

maximum . The surface q value at the instant of the maximum m=2 

d istortion happened to be 2 . Note that such a strong m•2 de f o r -

mution is not seen when the pulsed verti cal field is applied . 

The magnetic p robes insert ed into t he plasma show diamagnetic 

e ffect when the vertical field is applie d, wh ile, wi th no ver·· 

tical field, probe signals become paramagnetic . The local 8 

value proved to drop very quickly as soon as tho strong m•2 

distortion appear s . Th~ typical B value with t he vertical 

f i eld ranges from 6 to 10 \ and no catastrophic decay of B 

is observed, Since obtaining the above encouraging results, 

the following several modifications of our STP have been done: 

(1) In order to obtain complete ionization, series capacitor 

for power c rowbar is inserted into the pre - heating c i rcui t , 

Consequently 10 kA pre-heating current, t he rise time of which 

is l11sec , is sustained for 3011sec without decay . 

(2) A s eries inductance is inserted into the driving circuit 

of the plasma current so that the decay of the current can be 

moderated , l'l.s can be seen i n F'ig . 3 1 the decay rate of the plasma 

current is much decreased . 

(3) Freidberg predictcd2 ) that the shape of t he plasma c ross-

section may change at every (µsec) 
dif fe rent t or o idal position. 0 10 203040 
In order t o check his p re -

diction small pick- up loops 

inside t he shell is increased 

f rom 8 t<? 60 fo r t he purpos e 

of studyinq the accurate 
Fig , J 

p lasma shapes. A typical Wavefor ms of plasma current: (a} 
without ser ies inductance b) with 

streak photograph a f t e r this series inductance . 

modif i cation is shown i n Fig,4 . Al t hough the results are pre-

liminary and the parameters are not optimized yet, no sign of 

vi olent instabili ty nor tor oidal drift is seen on the picture, 

In accordance with this picture no violent behaviour appears 

on the trace of the magnetic probe signal inserted into t he 

pl asma . 

The autho rs acknowledge Prof . K. Takayama a nd Prof . H. 

Yoshimura for their continuous encouragement . 
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Fig . 4 
Streak photograph of the plasma 
after modification of the appa­
ratus. In this case Maximum 
plasma current and toroidal field 
i s 100 kA and 8 kG, respectivel y . 
In order to take the bright photo­
graph 30 \ Hel i um gas i s i ntroduced 
into o2 gas . 



z .pJNCH EXPERll>mNTS WITil A NOVEL IN DUCTIVE ENERGY STORAGE SYSTEM 
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The Flinders University of South Australia 
Bedford Park 5042 South Australia 

ABSTRACT: A description is given of the generation o f a I -pinch using a 

novel circuit which both produces large initial power inputs and inhibi t s 

s e condary wall break.do~. 

INTRODUCTION: The Los Al amos Z-pinch group observed in 1968 (1) that 

none of the Z-pinch experiments performed to that date had achieved the 

initial power inputs realised in the l arger 0-pinchos . A l a rge power 

input produces a hiah degree of shock heating and reduces the interva.l 

when tho plasma l oses energy rapi dly by bound state transit ions. 

Increasin& the initial power i nput to a Z-pinch by increasing the 

charging voltage on a conventional capacitor bank is i neffective since a 

large fraction of the initial voltage r emains between the electrodes a fter 

the pinched p lasaa has been formed . This causes a secondary breakdown 

near the discharge tube wall which screens the cent ral plasma column fro m 

the compressin g aagnetic field ( 2) . The problea becomes .,re acute the 

high er the i nitia l bank voltage . The Los Al amos group avoided this 

prob l em by using a magnetic energy stor age circuit and an expl oding foil 

switch t o trans fe r the current to the discharge tube ( 3
). This paper 

describes the generation of a Z-pinch us ing e. novel c ircuit C4l which both 

produces the desired fast i niti a l c urrent rise and inhibi t s secondary 

breakdown. This circuit is much mo re convenient to use than t he Los 

Al amos circuit . Sosne preliminary measurements on the prope rties and 

stability o f the pinched discharge ar e presented. 

APPARATUS: The discharge tube was 10 cm i n diameter (i.d.) and had ring 

e lectrodes at each end separated by SO ea. The ring e lectrodes allowed 

streak and framing pictures to be taken through end windows. The r e t urn 

current conductor consist ed o f an aluminium mesh wrapped around the 

exterior of the discharge vessel . Discha r ges were made in preioni?.ed 

deuterium at f illing pressures, PF, of 12- 3S mTorr, with quasi -steady 

axia l magnetic fields, 8
0

, of up t o 4 KGauss . Fig. la shows an idealised 

fora of the circuit used to produce the Z-pinch. Lp is the load inductor 

(discharge tube pl us some t ransmission cables) . The capacit or CF is 

chosen to give the desired rise tine , TR • (tr/2) (LPCF)i.,. The inductor L5 

and the capacitor c
5 

servo for energy storage and a re chosen such that 

L5 > LP and CS> CF. At the beginning o f the operating s equence , all 

switches are open and the capacitors Cs and CF are charged to the 

voltages v5 • + I(L
5
/c

5
) lt and VF = - I (Lp/CF)~ respect i vely , whe r e I is 

the desired current , At the ti•e tA • -(•/2) ( L5C5)1:s the switch A is 

closed and at the tb1e tc • -(w/2)(LPCF)ls the switch C is closed. Thus , 

at t •O, the currents IS and IP have reached equal magnitude I , while the 

vo l tages on both capacit ors ar e zero. At this t ime t he switch 8 is 

c losed thus linking the induc t ors 

i nto a l oop i n wh ich the current 

I circulates indcfini tely while 

the capacitors rell\8in uncharged 

(Sec Fie. lb). In our present 

prototrpo apparatus CF = 2.06 µF ; 

Cs • 5400 uF ; Lp • l91 nH; 

Ls • 1.84 \ll; vs • 1400 V; and 

VP = 20000 V. In practice, s tray 

inductances mdify the s i t uation 

and the actual current pulse 

through Lp has the fom shown in 

Fig. le . The voltage across the 
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Fig. I. 
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discharge tube is a lso shown in 

Fig. le; note that the voltage 

gradient does not exceed 

± 40 volts/cm after the initial 

voltage pulse. 

flEASUREMENTS: Fig . 2 shows o 

streak photograph of the Z-pinch 

and a series of f r aming pictures, 

both taken with P F • 35 11Torr D2 

and 8
0 

• 1. 3 KGauss. The 

photographs have been time -

correlated with the current 

waveform.. These pictures show 

t hat the p l asma pi nch es to t h e 
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axis of the dischar ge tube in about 1 µsec and thereaft er remains grossly 

stable and cylindrical in shape for about 4-5 µsec . The onset of 

ins t abilities can then be seen. There is no evidence for secondary wall 

breakdown. Magnetic field measurements have been made using a probe 

which slides inside a ceramic tube ( 2nun o.d.) located across a dis charge 

tube di&llete r at the mid-plane. Fig. 3 shows the radia l field profiles 

at t • 2 \JS in a di scharge havi ng PF • 35 mTorr and 80 • 1. 3 KGauss. Note 

that these profiles •,;ere constructed f r om many exper i mental shot s; the 

sm>othness of the data reflects the reproducibility of the discharges . 

The j z radial pro file, deduced from t he s0 profil e , shows that the tot al 

disch•rgc current is nearly unifonaly distributed over the cross section 

of the pl asma column at this time. Again , no evidence for secondary 

breakdown at the discharge tube wall i s seen in the magnetic probe data. 
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Fig. l . 

t hat the electron temperature in this discharge is approxiaately 10 ev. A 

measure of the gTOss st ability of the discharge was obtained by examining 

the value of a
9 

at r=O. Its value should remain zero lmtil an i nstability 

displaces the pinched current channel. Typical measurements a r e shown i n 

Fig. 4 for two differen t discharges conditions. 

Further measurements will be aade on the plasma using Tho"tbon 

scattering and holographic interferometry . A one-dimensional hydromagnetic 

code (S) is being used to interpret and predict the plasaa characteristics 

in the stable r egime o f t he pinch . 
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FAST THETA-PINCH PLASMA HEATING EXPERIMENTS 

A.B. Andrezen , V.A.Burtsev, V. N.Litunovsky , V. G. Smirnov 

D. V.Efremov Scientific Research Institute of 
Electrophysical Apparatus, 

Leningrad, USSR 

Abstract: The main aspects of the experiments described bel ow 

are the following : shock plasma heating study , diagnostics 

method development of fast plasma process investigation, ae 

well as the design of the electrotechnical apparatus for cre­

ation of high fast - rising magnetic fields . 

Initially plasma heating investigation in a e-pinch di­

scharge was carried out in a general way with the direct con­

denser battery power supply of the coil. The main purpose of 

this investigation is not to obtain high plasma parameters, 

but to work out the holographic plasma interferometry met hod 

in the well-knovm physical conditi ons . 

The three- turn coil has the inner diameter d=12 cm and 

the length 1• 35 cm. In the experiments the condenser battery 

with the capacity C=B)'"F and t he voltage of 50 kV have been 

used. The self period of the discharge loop i s T=12JLsec . The 

initial longitudinal magnetic field up to B=3 kgauas can be 

created. In these investigations the preliminary gas ioniza­

tion has not been carried out . As is known, in these condi­

tions at the beginning of the first half-wave of the disch­

arge current in the chamber the cylindrical shock wave is ge­

nerated , providing the cylindrical shock wave is generated , 

provi ding the s ufficient gas preionizati on for the effect ive 

plasma collapse in the second half-wave of the current ( 1). 

In fact, the measurement s, carried out by the magnetic 

probing, fast photography and the holographic discharge in­

terferom~try [ 2] showed t hat at the end of the firs t half­

wave of the current the plasma lever is formed , which captu­

res the longitudinal magnetic field. The plasma cylindrical 

layer pinching continues at the beginning of the second half­

wave of the current , but by the inverse s i gn f i el d, the cap­

tured field value at the chamber axie being increased. 

\'lhen the captured field is fully dissipated , the electron 

density profile becomes singl e-hilled, and t he pseudopressure 

i s changed int o the proper plasma pressure (fig.1 ) . At this 

moment the plasma temperature eetimati- .1 
?n on the pr essure balance condit ion 

gives (Te+Til'<100 eV. 

In fig . 2 the typical inter ferogram 

and the results of itstreatment are gi­

ven for the time of the captured field 

disappearance . The figure shows the 

plasma colUJJlll decay with pro tuberance 

forming. 

To increase the effectiveness of the 

shock plasma heat i ng it is necessary , 
Fig. 1 

that increasing time of the piston magnetic field be suffici­

ently smaller than that of the shock wave path to the chamber 

axis . At the chamber radiud of some cm the field rising time 

should be of the order of microsecond fract ion . The usual cir­

cuite of the direct coil supply from the condenser batteries 

to carry out the similar experiments are not suitable . 

The high voltage artificial l ines are used to obtain 

the fast ris ing magnetic fields for the effective shock plas-

ma heating in Los Alwnos laboratory (3]. In the described ex­

peri ments the inductive energy storage method with the cur­

rent switching into 

the coil by the fast­

acti ng foil breakers ( 4] 
is developed. 

As the experiments 

carried out earlier 

showed ( 5), the fast­

acting breakers on the 

principle of the electrical foil 

expl osion in t he arc-damping me-

dia allow to create the curr ents 

in the inductive loads at the r i -

sing time much lower than the qu­

arter-period of t he small i nduc­

tive condenser batteries. To this 

end a number of experimental in­

vest igations have been carried 

out i n order to work out the foil 

breaker design , t o s tudy their 

operating characteristics and to 

determine the optimum arc-damping 

media f6,7] · 

The experimental installation 

11 Utro" has been designed for in-

vestigation of the shock plasma 

Fig. 2 

Fig. 3 

heating, that is, the plasma envelope i mpl osi on by t he high 

fast rising magnetic field. The equivalent electrical circuit 

and the layout of the installation are presented in f i g.) . 

The one-turn coil has the inner diameter d=7 cm and the 

length 1~50 cm. It bas two l ongitudinal cuttings , t o one of 

which the "fast" part of the power supply system is connec­

t ed , consisting of low i nduct ive condenser battery c1, capa­

cit ive inductance Lc and foil breakers E.F. At the latt er ex­

plosion the current is spr ead into the coil Lcoil after t lu! 

spark gap ,f 4 trigger ing. 

The initial longi tudi nal magnetic f i eld Bzo is creat ed 1 

by the "slow" battery c2• The discharge current I 2 f lows thro­

ugh the foil breakers not yet exploded . To increase the ef­

fective capture of the initial field by plasma the longit udi­

nal electri cal discharge system with the condenser battery 

eupply c
3 

is used. 

In fig . 4 the oscillograme of f: .. ,; .. /.. .... 
the signals, taken at the discharge ,':, · .. / ~ 

~ :-A .. ' abs ence from Rogowski belt , t he 

voltage divider on the foil 

1' - ,-,. ~<::l{~SJ breakers and the magnetic pr obe , 

installed on t he chamber axis . 

Fi g . 4 
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SCYLLAC 11DERATED11 FEEDBACK SECTOR EXPERIMENTS* 

E. L. Contrell , W. R. Ellis, B. L . Freeman, K. ll . Fr eese, R. F , Gribble , 
w. n. Cutschcr, F . C. Jahoda, K. J, Johnson, R. Kristal, K. J. Kutnc, 

J, R. McConnell, G. Hille r, W. E. Quinn, and R. E. Siemon 

Los Alamos Scientific Laboratory, Univet• itY of California 
Los Al amos, Nev Mexico 

Abstract : A 120° sector of the Scyllac t orus hos been "derated " for feed­

back stabiliu t ion experiments to reduce the m • l instability growth rates 

co values which arc compatible with the response tiae o f the feedback sys­

tero. . Initial plasma studies are g iven and coaipared with the predictions of 

an MIID model. Plasma atnbilizati on experiments will be reported . 

1. INTRODUCTION. Scylloc experllumcs have b een perfor11ed in t oroidal sec­

tors (1 ), R • 2 . 4 and 4 ,0 m. , and in a full toru~ (2] (R• 4 . 0 111) to s t udy the 

hi gh-B plasma equ ilibrium and stability and their scaling . 1'hcse experi­

men ts have demonstrated the existence of the high-beta, 1 • 1,0 t oroidal 

equi librium and have shown the followlng: (1) Theta- pinch plama heating 

mechanisms are unaffected by c:he toroidal curvature and the presence of .t•l 

and 1• 0 equ ilibri um f i elds during tho :lmplosi on j (2) The plasma column 

takes up a helical , bU11py toroidal s hape and comes into an equilibriu• posi­

tion as predicted by theory, and r e11ains stably confined for 6 to 10 µs ; 

(J) The per iod of stable conf i nement is cenainated by an • • t unstable •o­

tion of t he plasma column , whose proper ties nre those of the theoretical l y 

predi cted m • l instability; ( 4) Measurements of the magnetic fiel d, plasma 

beta, radius, and relative density profile confinn in detail the theore tical 

pr edictions of 11 high-S toroidal equilibri llll o.nd its scallng; (5) Meas ure­

ments of the t oroidal mode structure of the m • 1 ins t ability show the exis­

tence of a t least [ivc toroidal 111odcs (theor y predicts a maximum of six) and 

confim chc theoretical fo ll-off of the unstable displacement amplitude 

past n • 3; (6) No indication of higher ord er polo!dal i n stnbility modes 

than m • 1 has been seen, in agreement wi t h FLR c r itcritl j and (7) The 111aj or 

d ivergence of t he obser ved plasma behavior from theoret icnl pr edictions is 

the initial per iod of qui escent equilibriUD before a-1 instability onset, 

Two methods for stabilizing the • .. 1 instability in Scyllac have been 

proposed : feedback (FB) and wal l stob ilization, Since i n the present Scyllac 

oxporiaertte t he rilti.o a/b of r l aP1a tn wnl 1 r11dt11 R is coo uall ( "" O. l) for 

wall stabilization, feedback control has been chosen for plasma s tabiliza­

tion. Computer studies ind icat e that YT 5_ 0.5 (YT is the product of instn­

bility g r owth r a te and FB dclay-risot ime) is r equired fo r control ling t he 

instability, while Scyllac , with :llnproved FB modul es, has YT ~ 0 . 8 . In 

order to reduce y to a value vhich is compatible vi t h the FB aystesn 

(yr "' O. 4), the main field has been reduced to "' 1 7 kG and plasma parueters 

derated accordingly . Initia l feedback experiments [2] are being per formed 

in an 8-m sector , follDW'ing prel i.JDi nary studies of the derated pl asma. 

II. EXPERDt.DITAL ARRANCEKElIT. An 118-. sector" of the Scyllac torus . with 

a najor radius 4 . 0 a , s ubtended a ngle 120° , and coil arc length 8 . 38 m, has 

been modified for the initial f eed bock stabiliza tion expcr inlents. The wave­

length ( 62 . 8 cm) of the .t • 1 ,0 equili brium fields has been selected to mini ­

mize the growth rate of the • • 1 instability and the required feedback 

field . The .r.-1 helicol (B1_/B
0 

• 0 . 095) and 1•0 bumpy (n
1

_
0

/n
0 

• o.147) 

fields were produced by machi ning the inner surface of the compression coil 

t o coincide with the desired R..•1 , 0 flux surfac e . We define a pos ition of 

aax.Uaum field s t r ength as a " land" region (B•B
0
+s

1
•

0 
• 19. 4 kG) and a posi­

tion of minimwn field strength as a "g r oove" region (8•8
0

-81-0 • 1 4 . 4 kG) . 

A small reversed bi as fiold ("' 140 G) has been used in s ome experiment s to 

improve the pl asma profiles for better cqu ilibriWI, 

lII. RESULTS : A. Plasaa Parameters . Plasma measurements with B
0

"" 17 kC 

give the following parameters: (1) plasma densities of 2 - 4 x 1016 a -J 

from both side-on hol ographic and coupl ed- cavity i nter feromet ry; (2) plasma 

radii of O. 9 - 1. 1 cm f r om luminosity profiles and s ide- on holographic in­

terferometry; (3) plasma beta at the column center of O. 6 - o. 7 f r om ca­

bined excluded flux and l minosity profiles; (4) plasma electron tempera­

t ures o f 130 - 1 50 eV from Thomson scattering (T1 • Te in the derated col­

lisional pl asma) ; ( 5) plasma confinement t imes of 15 - 25 µs; ( 6 ) 1•0 plas­

ma distortion, c5
0

• 0.2; (7) J.•l plasna. distortion , c.\• 1.0 - 1 . 4 ; and (8) 

growth rate of m • l 1-nst ability1 y
1

"" 0.2 - O.J x 106 
9 - l 

B, Pl a sma Equil i brium Relations . The approach of the plasma column co MHD 

cquili briu11 is s hown in Fig . 1. The upper part of the figure s hows t he 

tine behavior of the average pla&11a radius, <a> • (~ + 0.G)/2, wher e 4i_ is 

the plasma radius in a land region averaged "over four discharges , and s imi­

larly fo r aC i n a groove reg i on . The center par t of the figure shows t he 

time variation of the ave.rage plasma beta in the ccn t e r of the co l umn <B>• 

C8L+£G)/2, where BL a nd BC refer to averages over four dischal:'g es. T~e 
solid line • hows for comparison t he theoretical beta va.lue for toroidal 

equilibrium derived from sharp-boundary theory with the design values of 

h, R, Bt•l" and e1 .. 0 • and the experimental curve for <a>. Agreement is 

better than 5%, 

The lower part of Fig . 1 shows the appr oach of the pl a sma column t o 

axial pressure equilibrium (nkT "" con9tant) using experimental curves for 

cBL/Bc> and <Bc/BL)
2

• In pressure equilibrium these curves will coincide . 

Also shown for compar ison is the vacuua design ratio (B /B ) 
2 

• (1-8 /B ) 2 
2 G L 1• 0 o 

/ (1+6
1

,,,
0
/8

0
) • 0. 553. The equilibration time ia lengt hened by t he pr esence 

o f t he lsQ bumps i n the plasma column, and t he HllD " sloshing" per i od is 

"" 5 lJS , Erro r bars in each case refer to standard dev1.ation from the mean 

because of variations between discharges , 

C. Transver se Plasma Motions . The streak photographs of Fig, 2 show the 

plasma forming a well-defined column a nd taking up a n equilibrium position 

vtth initial c51 hellcal oscillations, w
0 

• hvA(2- S)112, which damp in "' 7 

lJB , The column equilibriUJI position 1a helically s hifted horizontally out­

ward i n land regions , inward in groove regi ons and vertically halfway be­

tween l and and groove r egi ons . The helical shift s uggest ed in Pig . 2(L) and 

2(G) is exaggernted owing to different plasma motion at these widely separa­

ted positions. Plasma con(incment is terainated by an outward ••l motion at 

'\. 25 µs . The m• l 8rowth rate from the atreak photographs is 'V() , 2-0. 3 x 

106 s - l . in agreement with aharp-boundory theory. 

Figure 3 compares tho measured l and and g roovl! plasma trajectori es with 

the predlcc:ions of :a sharp-boundary KHD model. The model consiet!I of a set 

o( coupled differential equations for the plasma coluitn displacement ~ and 

surface distor~~ons -~o and cS±l as functions of timo, assuming in this c ase 

a•l cmt n•3xl0 c11 , 80 • 17 kG, and B•O. 77. Damping of t he oscillntions, 

vhich nora:ally is not present in 5har p-boundary MHD theory, has been inclu­

ded ~pirically to :agree with expcritncnt. the plasma column is assumed to 

be cylindrical nt t•O, when the Bt-l and B
1

_
0 

fie l ds are applied i nstanta­

neously. At l a ter times, not shovn in Fig . 3 , the calculated trajectories 

go to the inner vall exponentially with • g r owth race o f '\,() . lxl06 s-1 • Two 

poasi ble explanations of the reversing plasma motion seen in the streaks are 

(1) sever a l toroi dal n-modes ( n•kR•211'R/A) are being excited , which l ocal ly 

carry the plasan first one vay and t h en the o t he r . The calcul ated aotions 

in Fig. 3 allov only for t h e longest vavelcngth (n• O) aode; and (2) the 

plasma beta decreases at l otcr times due to end effects . The 1-nm model has 

also b een used to simulate the. feedback s tabilization and indicates that a 

helica l 1•2 feedback field is func tionally superior to a bumpy 1•0 field due 

to the formative time of t he plasaa distortion in t he latter caae. Feedback 

stabil hatlon experiments includ ing studies of the effec.tivcnoss of .t•O 

nnd 1•2 feedback fields are bC!:ing perf ot"Dled , 
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STAGED THETA PINCH EXPERIMENTS 

R. K. Linford , J . N. Downing, R. F. Gribb l e, 
A. R. Jacobson 1 D. A. Plotts , and K. S . Thous 

Univers ity of California, Los Alamos Scientific Laboratory 
Los Alamos . New Mexico, USA 

Abs t ract: Two concepts are presented for producing theta pinch plasmas 

with larger ratios of plasma radius to discharge t ube radius than are: pro-

duced in standard theta pinches . The experiment• for testing these con-

cepts and preliminary results arc d escribed . 

Previous theta pinches have performed initial implosion heating of the 

ions and subsequent adiabatic compression with a single capacitor bank 

power suppl y. Projected theta-pinch feasibility experiments and fusion 

reactors, however, will requi re separation of the two functions to achieve 

greater efficiency and to allow for wall 

stabilization of toroidal theta pinch 

plasmaa. ( 1) Wall stabilization re-

quires that the ratio of plaslfta radius 

to wall radius be larger than in con-

ventional theta pinches. The Staged 

Theta Pinch program is designed to 

study the technological and physics 

problem.a associated with producing fat 

plasmas and separating the impl osion 

hea t ing from the adiabatic compression. 

Several methods of implosion Fig. 1. Driving fields assuaed by 
Freidberg, Mor se and Ribc 
( 1) for (a) simple implo­
sion heating, (b) free­
expansion heacU\g, and (c) 
progrmr.med £

6 
heating of a 

theta-pinch plasma . 

heating have been proposed. Freidberg, 

Morse and Ribe { 11 presented three con-

cepts indicated in Fig. 1 which was 

t01ken from their paper . [2] No specific circuits we re proposed to produce 

these wnveforms, but the plasma dynamics wer e analyzed for each case. 

S ince the free expansion case appeared most promising, one of the authors 

of this paper (J) designed a circuit which simulate s the field behavior in 

Fig. 2b. The resulting cir cuit, shown in Fig. 2a , is being used in the 

Staged 1lleta Pinch (STP) experiment des cribed later in the paper. 

Recent ly, the resonant heating implosion process vas proposed by one 

of the author s {4) which theoretically produces plnsma parameters very aim-

liar to those resulting froca the STP circuit. However. the a dvantage of 

resonant heating is the efficiency and simplicity of the circuit shown in 

Fig. 2b. The c ircuit is topologically the same aa t he cir cuits u sed in 

present theta pinches such a s Scyllac , but the component sizes are chosen 

so that the natural resonance of the imploding and expanding plasma can be 

used as the second "re.son 1t loop 11 thus necessitating only one properly 

tuned implosion bnnk. crowbarred field decays exponentially on a much 

~::L 
"' 5 

0 
0 I 2 3 

TIME (I's) 
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Fig. 2. Circuit diagrams and t heoretical magnetic field behavior for (a) 
the STP experiment and (b} the RHX experime-nt. 
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longer time scale than the implosion process, which would allow the slowly 

rising compression field of future experiments to take over. 

These two implosion heating cir cuits a re being exper imenta lly tested. 

The principal expericcnt in the program is the 4 . 5-m-long linear St aged 

Theta Pinch (STP}. It uses a rela tively low energy. high-voltage capacito r 

bank to produce the theta-pinch plasma. A lower voltago, higher energy ea-

pacitor bank. is used to contain the plasca and pr ovide a variable amount of 

adiabatic compression. The experiment will be capable of producing high 

tempernture plos111<1s with a much larger ratio of plasma radius t o discharge 

tube radius than ts possible in conventional theta pinches. Plasr.m exper t-

ments will include a study of the affect of magnet ic field amplitude and 

time history on plasma formation, the properties of the plasma fonicd, and 

l ater, studies of t he e ffect of helical magnetic fields on plasma stability . 

If the ratio of plasma radius t o coil r adius can be a11de lar ge enough , the 

effect of plasma stabilization by image currents in the coil walls will be 

observable. The resonant heating concept is being tes ted on the 0. 9 m RUX 

(Resonant Heating Experiment) which uses co•ponent s similar to those in the 

STP experiment. 

Pr eliminary results obtained from t he St aged Theta Pinch program are : 

1. Plo.sa.ns have been successfully imploded using the STP fona of the 

implosion circuit . 

2. Holographic interferometric data indicate that the flutes seen during 

the implosion phase. in the Scylla 18 experiment arc not pr esent. (5 ) 

3. Theta pinch preionization i s used t o produce 4S7. to 80% preionization 

wi.th only •inor radial dependence from 3 aTorr to ll •Torr. The high-

eat percentage o f i onizntion was observed at the lower pressur es. 

4. Field gradients similar to Scylla 18 (5 ) and the STP proto type (6) 

were observed between the nulin plasma column and the d l scharge t ube wall. 
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On the Influence of the Walls in Theta Pinch Experiments with l ow Filling Denlities. 

W. Engelhardt, W. Ktsppendtirfer, M. MOnich, J. Sommer 

1¥\ox-Plonck-lnstitut fur Plasmophysik, Garching, Germany, EURA TOM Association. 

~ The neut ron emission from a theta pinch with series of discharges in hydro­

gen and deuterium shows a dominant role of the d ischarge vessel walls at low filling 

pressure. At 4 mlorr about half of the filling gas en ters the vessel directly whereas 

the other half is exchanged over the walls. The gas absorbed at the wells amounts to 

1016 cm-2. 

1.) Int roduction. Theta pinch d ischarges were carried through in a 1 m long and 

20 cm diameter vessel at 4 mTorr filling pressure. A specially shaped magnetic field 

pulse allowed ta produce plasmas with low compression ratios /1/. The decoy and rise 

of neutron emission in dependence on discharges in deuterium and hydro-

gen revealed the influence of the quartz vessel walls. 

Fir1t the experimental procedure of producing the plasma is described. After this, 

results from neutron measurements ore presented. finally, the observations ore inter-

preted by means of a simple model. 

2.) Plo5m0 Preparation. 

Two axial discharges with 80 end 120 kV served for breakdown and preheoting. For 

good reproducibility and for faci l itating breokdown, the discharge tube was fi lled up 

to 10 mTorr filling pressure a nd the gas then pumped off through a throttle va lve wi th 

on 1/e pressure decoy time of 1.5 seconds. At the moment when 4 mTorr were reached, 

breakdown, preheating and main discharge were successively triggered. For full 

ion ization, o ringing preheating di1chorge of SO kA max imum curr•nl was n•c•noty. 

After :25 microseconds before the electron line density started to foll below the filling 

density vol~ of 4 mTorr the theta pinch bonk was discharged . 

3.) Neutron Measurements 

Fig. 1 shows the neutrons emitted by the theta pinch plasma as measured by o 

scintillation counter for a number or successive discharges. In region I, values for 

discharges in hydrogen which followed o long operating period in deuterium ore 

plotted. Region II gives the rise of neutron emission if deuterium Fi II ing is used again 

after 25 hydrogen fillings. Region Ill confirms the decoy shown by region I. 

·~ .... n ...... .. 
··.· .. ) I~ 

Neutron emission of o series of 

discharges in hydrogen and 

deuterium 

. . ~ 

In order not to introduce errors by the filling system, the latter was care fu lly pumped 

and fl ushed whenever the filling gas was changed. 

Two features become evident from the data of fig. 1 : 

1) The number of neutrons jumps when the filling gas is changed. 

2) For o 1/ e decoy of the neu tron emission os shown by re gion I and Ill, typically 

25 discharges ore necessary. A similar number is needed for the rise in region II. 
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4.) Discussion 

The resulh con be interpreted quantitative ly by means of o simple model. It assumes 

that o fraction c( of the filling gas enten the discharge volume directly. The other 

froc::tion 1- 0( enten: a reservoir. The reservoir gives gas of o certain composition 

determined by its momentary content to the discharge tube. The reservoir represenh 

the walls. The decoy in region I and Ill can then be described os a function of the 

discharge number z : 

N = N( _ l)(l-0()2 exp$""-( 1 -0()~ RG· zt 
z z- - {_ "F .) 

N(z = -l ) is the number of neutrons emitted by the lost preceding deuterium dis­

charges, n
0 

the filling density and "F the number or particles absorbed by the quartz 

walls per cm -
2

. RG is the radius of the discharge tube. 0( is determined by 

N 
~ =(1 -ot.)2 

NZ = -1 
nF is obtoined from the s lope of the curves in region I and Ill. 

For the conditions described above, 0( c 0.51 and n = 3 · 10
16 

cm-
2 

were obtained. 
0 

Half of the filling gas is therea fter exchanged through walls which contain a large 

amount of hydrogen and deuterium absorbed. One cause for the latter may be the 

breakdown and preheating discharges which cause energetic particles to impinge on 

the walls. 

The model described assumes same iOn temperatures for hydrogen and deuteri um dis-

charges. ft assumes further sta tionarity, i.e. the amount of gas entering the vessel 

before the discharge hos to leave it again. The first assumption has not been proved. 

The second is essentially confirmed by pressure measurements. Interesting minor 

deviations cannot be discussed here . 
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Fast Plasma Compression in Sl it Metal Vessels 

A. Eberhogen, H, Herold, R. Wilhelm 

Max- Planck-lnstitut fUr Plasmaphysik, Garching, Germany, EURATOMAssociotion . 

Abstract: The applicability of sl it metal vessels for fast magnetic plasma compression 

is experimentally investigated. The scaling low for the limiting E- fields os function of 

pressure , gap width and materia l is given and special problems associated with long 

way arcing at lowpressuresore discussed . 

Fast magnetic plasma compression has commonly been conducted in discharge vessels 

made of dielectrics such as quartz. or ceramics. With increase in siz.e end energy of 

such experiments, however, severe difficulties ore to be expected with such materials, 

particularly when the plasma parameters approach fusion conditions. Investigations 

have been tuken up1 therefore, to estoblish the limits of the applicability of properly 

slit metal vessels in fast compression experiments . 

The stvdies were darted on o 15 kJoule the tapinch with 8 {with crowbar) = 29kGauss, 
max 

(dB/dt)max = 26 kGauss/psec, Ucoil = 19kVolt, coil diameter = 10 .5 cm, coil length = 

20 cm . With this equipment 

plasma temperatures of 

20-50 eV and densities in the 

1015-1016 cm - J range were 

prodvced depending on the 

deuterium filling pressvre 

p = 5-50 mTorr. 
Q 

The discharge vessel was Fig. 1 Schematic of Slit Metal Vessels 

constructed as follows: Inside a quartz tvbe, which serves as the vocuumchomber, bare 

metal strips were fixed to the inner surface . These strips were arranged parallel to the 

magnetic field . Their number {l - 22), thickness (1 .5- 5.0 mm) and the gaps between 

them (s = 1 .5 - 8 .5 mm) were varied in the course of the experiments. 

The operational procedure in the experiments was as follows: The deuterium gas was pre-

ionized either by on rf-coble- and o subsequent theto-disch::irge or, at lower filling 

pressure, by oz-pinch. Then the main bank was fired . Its charging voltage - and the 

corresponding voltage difference induced across the strip gaps - was varied from 

shot to shot to find the limiting voltage at which arcing across the gaps was just avoided . 

This critical voltage Uc could be identified rather clearly with help of a set of diog-

nostic me thods consisting of side-on and end- on framing and smear pictures, diomag-

netic signals from two axial positions, photomultiplier signals from spectra l lines chorac-

teristic of the strip metal under invest igation, etc .. Below the crit ical figures the fast 

thetapinch discharges in vesse ls with properly slit metal walls developed in essentially 

the some way as in dielectric vessels. Typical values of the induced critical field 

strength E c = U /s were in the range of l-1 0 kV/ cm with the metal covering the inner 

metal svrfoce up to 99 % . 

for the experimental conditions ment ioned it turned ovt that all the individual results 

obtained con be summarized by the simple empirical formula: 

This finding is demonstrated brFig. 2, which, as on example, presents the experi-

mental results (indicated by crosses:+) for slit stainless steel vessels (strip thickness: 

3 mm, p
0

: 5-50 mTorr). Obviously the exponentia l 0( exhibits on odditionolslight 

dependency on the filling pressure p
0

, increasing with lower filling pressures from 

Cl~ 1/2 at the upper pressure range investigated {p0~ 15 mTorr). For p
0
::t5-l0 mTorr 

[kV/cml ~ 

10' 

<:A = 1 was estobl ished 

wi th the consequence 

tha t the cr it ica l voltage 

di ff ere nee U become 
c 

independent of sli t w idths . 

The magnitude of the con-

slant K va ried with the 

metal chosen for the ;;t rips 

' face curvature at the gops, 
Fig. 2: E c -(p 

0 
.s) relat ionship for sli t stein less steel vessels 

i.e. with the strip th ick-

ness. In pcrticular, with slit metal vesse ls of brass or stainless stee l EC is a bout 50 % 

higher than with aluminium. 

Insertion of insulators into the gaps hod little effect on Uc (gloss, ceramics, protolin) . 

Only with some commercial moteriok (e.g. p lexigloss, trovidur) were portio lly redvced 

critical figures Ee fovnd, possibly due to the occurrence of sl id ing sparks.Corresponding 

results for plexigloss in the gaps ore ind icated in Fig. 2 by o pen circles: o . 

A compact vessel with slit sta in less steel wa lls (inner d iameter: 7 .5 cm, two sl its with 

gloss as insulators) surrounded by protolin for mechanical rig idity a nd vacuum tightne ss 

was finally constructed with the experience gained. With this prototypetheappl icobility 

of slit me to I vessels in fast thetapinch discharges was demonstrated at p 0~5mTorr oc-

cording to expectation. A hel ically slit metal vesse l (length: 100 cm, large r inner d io-

meter: 60 cm) was built for the cvrrent Garch ing beltpinch exper iments, It is now being 

prepared For tattin9. 

At filling pressure s p0~ 5 mTorr difficulties ore envisaged for sl it meta l vesse ls in fast 

compression experiments due to the tendency of the exponent 0( to increase towards 

lower fi II ing pressures . At given induced voltage d ifferences arcing is then no longer to 

be expe cted on the "short way '' across the sli t gaps but rather on the " long way" be-

tween two more distant po ints of the inner metal surfaces on both sides of the slits. Due 

to the potential distribution across each st rip, howeve r, the l imiting voltage will now 

depend not only on p
0

, but also an the strip wid th itself, os we ll os on the vessel radius . 

These problems ore present ly being invest igated in the pressure range l ~ p0~5 mTorr 

with on enlarged stainless stee l vesse l (inne r d iame ter: 40 cm, length: 80 cm) of the 

type described. First experiments with large strip wid ths (on ly two sl its) indeed ind icate 

(Fe-I ines and end-on framing pictures) that of the very beginning of the fast thetopin ch 

discharge the slit gaps o re shortened on the " long way" by re latively b rood ond d iffuse 

plasma bridges . Shortly the reafter (about 1 vsec) , however, these concen tra te in the sli t 

region , becoming bright, heavy ores similar to those observed in the coses of~~ 5 mTorr, 

A report on experiments to overcome these d i fficulties by vary ing the str ip widths vsed 

in the slit metal vessels will be g iven a t the conference . 
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STA31LITY OP THETA- PINCH PLASMA IN MULTIPLE HlRROR FIELD 

s.Shiina, T.Iugaki, K.Saito, T.Kara1dza.wa, Y.Osanai, 

J.Todor oki, I.Kawakami, H.Yoshiaura 

De.par taent of Physics and Atomic Energy Research Institute, 

College of Science and Engineering, Nihon University . Tokyo, Japan 

Abstract: The stability of corrugated theta-pinch plasma in multiple mirror 

~ studied. J.t 18 found from the detailed measurement of plas11m para­

meter• and plasma dynnmics that the plasma is stable against m=l flute in­

stability for a longer time than the theoretical growth time, because of 

some stabilizing effects . 

To confine a high-betn plasma a new toroidal magnetic configuration 

vith closed 103gnetic lines of force has been proposed[!]. The magnetic con­

figuration is constructed by an appropriate s uperposition of l •O, 1•±1, 

1• ±2, .•. ··· helical ugnetic fields . The toro!dal equilibrium condition 

can be achieved, for example, by modifying the toroidal multiple IRirror 

fitld with a copper shell, which is rolled around the discharge tube and 

ha• a longitudinal gap of an angle beyond a critical value. In this case we 

expect that a copper shell plays a role of enhancing the wall stabilizing 

effect(2,.3] , becouse of lo~ering the effective ratio of wall to plasma 

radius. The studies of the stability in a periodic system are useful for 

invutigating the sta.bllity in toroidal systea, since the two systems hove 

a colmllOn hature of oltonative stabilizing and destabilizing regions. From 

this point of view, we have studied the stability of corrugated theta-pinch 

plasma confined in linear multip l e mirror field. We had already reported 

that the helium plasma was stable against m• l flute mode during the confine-

ment. In this experiment, the plasma parameters and plasma dynamics are 

measured for hydrogen plasma, in order to compare with the sharp boundary 

H.H.D. model for m•l 1DOdo of corrugated theta-pinch plasma(4] . 

The linear multiple mirro r field is produced by forty-two single turn 

colla, total length and inner diameter of which are 1 m and 13 cu., respect!-

vely. The externa.l magnetic field reaches the maxiltWl value of l. 77 T with 

a rise tiae of 19 \.I&, then is crovbarred vith decay constant of 140 us. The 

period and the ai.rror ratio of aultiple mirror field are 28.8 cm and 1.52, 

respectively. The filling gas pressure is 30 mTorr H2, preionized by Z-dis-

char ge through 1.6 a between tvo electrodes. The ratio of plasma pressure to 

external magnetic pressure, B, J s measured by a diamagnetic probe placed on 

magnetic axJa. The electr on temperature and density are measured by 90• 

Thom.son scattering of a ruby laser beam. The ion temperature is determened 

f rom the measured values of 6 , Te and n8 • The corrugation amplitude of 

plaamri ie determined from both plasma radii at stabilizing(good) and 

dutabilidng(bad) region, which are taken through side slits by S. T. L. 

etre.ak camera. Also , the time histories of the intensity of Bremsstrahlung 

(vbible light} from plasma nre observed at both regions in order to confirm 

tha aacroscopic plasma behavor along magnetic lines of force. 

Pia. 1 •hows the time histories of 6, Te and T1 at the central part 

of plasm.a coluan(correeponda to bad r egion), where two species of e values 

•re plotted, one fro. a diaaagnetic probe, the other from laser scatterring 

by •HWlina Ti•Te. The difference between two 6 values comes frota assumption 

T1.,.e. so that , Ti is higher by a few ti•es than Te· The 6 ratio from a 

di&Q&gnetic probe haa the. maxi.mum value of 0.64 at pinch time, then de­

crqau vith increasing external magnetic field, while Ti, Te keep the 

values ne.arly constant with time. The produced plasma is stable against 11•1 

lllode during obaervation(for 50 ii•) . The higher m modes are weakly unstable 

ao that the plasma is deformed not being in contact with discharge tube 

vall. The theoretical growth time, which is based on the sharp boundary 

H.H.D. mode.1 for m•l mode, is expected to be about 3 µs for plasma para­

eetere of T1•7 ev, 6•0.1, 4.(nonaalized corrugation amplitude)• 0 . 25, in the 

absence Of wall atabilization effect. The diffuseness of plasma boundary 

(radtal profile) leads to faster growth time. The corrugation amplitude is 

deterllined froa the maximua and minimul plasma radii taken by the streak 

photographs, as shown in Fif!;. 2 . The obser ved plasu stability can not be 

explained by end effect only ( 5 }, because of two reasons that an a r rival 

tiae of Alfven wave to central region from end region is about 8 us after 

pinch time and that the plasma is stable even in the case of removing the 

end part. Because of interest in stabilizing effect, tho plasma dyno•ics 

along magnetic lines of force are investigated 1n both good ond bod regions . 

Fig. 3 shows the time histories of Te and "e• and Fi g . 4 of Br emsstrahlung 

1ntensity(6940 A> from plasma , in both r egions . The temporal bchaivors of 

ne, and Bremsstrahlung i ntensity have the same time corr elntion between 

both regions. This time correlation means the existence o( axial plasma flow 

that the plasma contracts to bad region after radial contraction, thereafter 

expands to good region. and then contracu to bad region again. The flow 

velocity is nearly of 2.4 cm/lJs, S1D3ller than the Alfven velocity. The ratio 

of 8 value in bad region to that in good region oscillates with time, as 

shown in Fig. 5 . This oscillation indicates that the plasraa does not achieve 

axial pressure equilibrium. Therefore, the observed pbsaa stability would 

be, as one possible effect, due to the dynat11ical axial flow driven by the 

lack of axial pressure equilibriua. 
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RELAXATION PllENO)ICNA ANO CNl:RGY LOSSES IN A LOW DENS ITY 9-PINCll 

P. Bogen , K.J. Dietz, E. Hintz, K. HOthker , Y. T . Lie, and 

A. Pospicsz.cz.yk 

lnstitut (i.lr Plas maphysik dcr Kernforschungsanlap,e JUlich Gmbll 
Association EURATO~l-KFA 

Abstract : The temporal vnriation of "e' Te , B, TiJ. and TiJlhave 

been measurc<l to identify the relaxation processes and ener~y 

loss mechani sms which lend to a plasma diame ter and temperature 

lower than expected from the usual adi.1batic compression law . 

Introduction: In a high-B-stellarator a l ow compression ratio 

of the plasma is needed to achieve wall stabilization , e . g . /1/ . 

The compression ratio depends on the time dependence of the 

magnetic field pulse and the energy transfered t o and lost by 

the plasma . I f the quarter cycle is short enough , the energy 

is supplied only during the fast compression . The main rclaxa-

tion and loss processes which determine the plasma diameter 

seem to be the relaxation of the initially anisotropic ion ve-

locity distribution , tl\e electron thermal conduction to the 

coil ends and cooling by charge exchange neutrals. Measurc~cnts 

k'hich will indicate the relative significance of these proces-

ses will be presented l1ere. 

Expe rimental arrangement and diagnostics : For the investigat ion 

of the thennalization phase followinA the fast compression , a 

short 9- pinch /Z/ has been used (electric field at the dis ­

charge tube E • 500 V/cm , tube diameter d = 40 cm , coil length 

1 • 80 cm, nel = 5 . 10 12 cm- 3) , whereas the long time behaviour 

of tlte plasma has been stud ied in a long 8-pinch /Z/ (E=350 V/cm, 

d • 30 co , p
0 

= 10- 3 Torr o2 , ne l "'" 1 . 5 or 3 . 1013cin- 3, 1 "' 7 m, 

l /4 = 1. 31us, 1/e decay of the magnet ic field 601us) . 

A laser was focussed to a point 170 cni away f r om the co il end 

to determine "c and Te on the axis by Thomson scattering . The 

observation was made at 90° to the beam through a slit of 1 cm 

width . The ion temperatures T iJ. and Tiu have been deduced from 

D~ profiles obtained with a mu ltichannel spectro•cter in axial 

and radial direction . The radiation in the wi ng of this line 

is emitted by charge exchange neutrals wh i ch reflec t t he velo-

city distribution of t lte io11s . The centre of the line is partly 

due to cold neutrals in the plasma boundary and is neglec ted in 

the evaluation as usual in the interpretation of the ch arge ex-

change spectra (c . f. Fig . 2). Ti~ dete rmined from tlte pressure 

balance and from Doi:: agree within the error lirni t s or about 30\ 

(c.f. Fig . 3) . 

Results : During the fast compression most of the plasma energy 

is sto red JS flow energy of tl1e ions. The thermal energy of 

the ions (c . f. Fi g . 1 at 300 nsec) kT i.l. as well as kT i 11 is re­

latively l ow , that of the e lectrons is much higher for a short 

time, but it is lost very fast due to thermal conduction to 

the e nds . \\'he n the shock reaches the axis , t he flow energ}' is 

conve r ted into thermal energy perpendicular to the magnetic 

field . The maximum value of 2 .4 keV expe cted from the pis ton 

velocity of 4.1 0 7 cm/sec and ratio of 1 :4 of the reflec ted 

par t icles to the particles trapped in the piston is near to the 

obse rved value of 2 . 0 keV . The energy parallel to D is consider­

ably lower (fig. 1) . After the first compression Ti!. decreases 

since the plasraa loses energy due to expansion . 

Fig . 2 sl1ows the distribution function f(v) perp endicular to B 

a t 800 nscc derived fr om the blue wing of De:(. ( the red one shows 

some perturba tion by other lines). It can be approxi~ated by a 

Maxwellian distribution. The peaks co rresponding to the piston 

velocity and twice this velocity have nearly d isappeared , prob­

ably as a result of a diffuse reflection at the current sheath . 

t\'ith the small experiment pressure isotropy i s not reached . 

The results of s i milar measurements i n the 7 m experiment are 

shown in Fig . 3. llere lsotropy is reached after a time of about 

s1us which is much shorter than the calculated selfcollision 

time . Little energy is transfcred to the axial degree of free-

dom i11dicating that the relaxation of pressure anisotropy due 

to mirror instab i lities does not proceed as fast as predicted 

by nuraerical computations /3/ . 

Most of the pe r pendicular ion energy is l ost by other processes . 

Energy transfer fr om the ions to the electrons is of minor 

importance . The elect ron-ion equipartition times are longer 

than 30
1

us (Te> 30 eV) , so that less than 20\ of the ion ener gy 

is lost due to collisions with electrons . 

Loss rates can be expl ained by char ge excl1ange neutrals . This 

hypothesis is strengthened by the observati on that the plasma 

cools 11uch fas ter a t l ower ini tial degrees of ionization . For 

the case "cl• 3. 10 13cm- 3 a flux de nsity of less than s .1 0 19 

neutral atoms/cm2s at the periphery would be suffic ient to ex-

plain the obse r ved cooling rate. This corresponds e . g . to 

n0 = 3 . 1013c11- 3 and 1T • 1. S· 106cm/s. 

Conclusions : Plasma compression ratio and ion temperature seem 

to be strongly influenced by energy losses due to charge ex­

change . If these could be avoided. the present compression r a tio 

of about 3 mi ght be cons iderably dec reased . The establishracnt 

of an isot ropic ,•elocity <lis tr i bution occurs fnster than cxpec -

tcd from binary collisisions but seems to be caused ma i nly by 

energy l osses . 

•' .. '" 
Fig . I on ene r gies as (unction 

of time 

Fi g . f(v) f rom side on 

observations 
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Fig . Til' Ti ll and "e as fu nction of time 

a) n
01 

• 1.S · 1013cm- 3 b) nel • 3 · 10 13cm- 3 

( +)Ti! • ( •)Till ' ( • )Ti from pressure balanc e 
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EXPERHIENTAL STUDY OF TllE MICROTURBULENCE I N THE 

COLLISIONFREE SllEATll OF A 9 -PI NCH 

K. H6thker 

Insti t u t fil r Plasmaphysik der Kc r nfo r schungsanl age Jtilich Grtbll 
Association EURATOM- KFA 

Abstract : Characteristic propert ies of the micro turbul ence in 

the magnetic p i ston of a 9-pinch are measured and compared with 

theory . Several instabilities may be excited in the sheath. All 
experimental resul ts can be expla ined by a theo ry on i on acoustic 

turbul ence . Thi s theory predicts that the unstab l e ion acoustic 

waves are satura t e d by quasi linear ion Landau damping . 

I . In troduction~ Previous exper imenta l i nves tigations a t this 

laboratory were concerne d with the magnetic field di ffusion and 

the piston induced radial plasma flow in a co l lis i on less 9-pinch 

of 40 cm diameter at densities between 10 12 and 1013cm- 3 / 1/ , /2/ . 

Lase r scattering meas ureme nts showed for a magnetic- f ie ld-free 

de uterium plasma with n 1 • S .1012cm- 3 , Te 1=Til : 2. S eV that the 

properties of the sheath a r e st r ongly time dependent. On the 

first few cm of its way the piston reflects the p l asma elasti­

cally, gene rat ing a plasma flow with twice the p i ston ve l ocity . 

The sheath p r ope rties then suddenl y change , and fo r the rest of 

the i mp los i on the plasma is trappe d in t he sheat h . The p lasma 

trapping by the pis ton and the observed a nomalous l y fast di ffu ­

s ion o f t he magnetic fiel d is att r ibuted to the excitation of 

microturbulence in the sheath . The observed diffusion can be 

described by an e ffec tive collis ion frequency veff of the order 

of the ion plas ma f requency wpi. This val ue is an ave r age a c ross 

the sheath and s hou l d give only t he o r de r of magni t ude of 

'-'e ff ' The experimental s t ud ies on wh ich a r e r epor ted here were 

concerned with a more detailed i nvesti gation of the rn i c r oturbu­

l c ncc duri ng t he per i od , when the i mplod ing magne t ic piston 

reflects the p l asma i nelastically . 

11. Apparatus : The expcrmi mental set up i s described i n / 1/ . The 

magnetic field was measured a long the r adius b y means of prob es . 

The e le c tron de nsity and tempe ra t ure were dete r mined by Thomson 

scattering . The ion velocity d is t ribution was measured by D~ 

and 06 spectroscopy. The amp litude a nd an upper bounds for t he 

frequency of the fluctuating e l ectric f ields were determined by 

spe c t roscopy on forbidden Hc l lines /3/ , /4/ . 

Ill . Results: \1hen the plasma i s swept up b y the piston, the 

electrons a r c heate d at a rate 10 10 eV/s to about 1 keV. Th is 

rate co rresponds to an effective collis ion freque ncy Ve ff•109 Hz• 

0 . 3 pi which i s an avaragc across the densi t y pu l se . This value 

i s 4 o rders of magnitude larger than the binary collision frequen ­

cy . Thi s anomalous heating as we ll as the observed ine lastic 

reflection by the p iston a nd the anomal ous magneti c field di ffu ­

sion indicate th a t sup r athermal electric field fluctuations are 

excited in t he sheath. To measure the ampl itude a nd frequency of 

the fluctu a t ing elec tric fie l ds , a small amount of He was added 

to the deute r i um g as , and spectroscopy on forbidden He I l i nes 

h ave been performed . Fig . 1 shows t he Hel 4922 (2 1o - 4 1P, 4 1F) 

lines obtaine d f r om axial meas urements , when the density pul se 

passes t he l ine of sight at R • 8 cm. I nste a d of two satell i tes 

at a dis tance ,: W f r om the forbidden l ine which theory predicts 

to be generated by e l ectric fields of frequency w , we observe 

one rel ative l y weak- inte nsi t y peak at the position of t he fo r­

bidden line. Because of the weak l ine intensity, it was not 

poss i b le t o incr ease the resolution in order t o detec t satellites . 

But the resol ution was sufficient to state that the 11ean freque ncy 

of the fluctuating electric fie l ds is smaller t han w . From the 

r elative i n tensity of the allowed and forbidden linesp:e get for 

t he mean amplitude of the elect ric fields {(ET; = (5 . 5_:1 . l )kV/cm 

whic h i s an ave rage ac ross t he trapped densi t y pulse. The c orres ­

ponding t urbulence level W has t he value 11 = <E2> /8•nde•2 . 10-3 . 

Compa r ing this value of W with t he W for a t hermal plasma Wth 

1/(n~03 ) , we get \'l/li th"3 . 10 3 wh ich means that i ndeed l arge 

s upra t hermal elec t ri c field fl uctua t i ons are excited i n the 

s hea t h. 

I n or der to examine from wh ich type of uns tab l e waves these 

fl uctuations develop and wh ich saturation mechanism is respon­

sible fo r the observed level of turbul e nce , we have compared 

cs•.J/(Te/m1 with the azimuthal drif t vel o c ity vd of the electron s 

whic h p r esumable drives the instabi l ity, Fig . 2 . Jn the r egi on of 

t urbu len t electron hea t ing vd/cs is rou ghl y canst • 2 . Th is means 

that Buncman instability s hould be unimportant whi c h is cons i s tent 

with the r esult1"<Wpe ' To deterll'line the ion velocity distr ibu­

tion fi (v) , spectroscopic measurements on D-. and DB have been 

performed. These lines are predo1111inantly Doppler b r oadened . Fig . 

3 s hows fi (v) from a xi al measurements on Doi. at R•Scm . fi (v) 

from the rad ia l meas urements is essentially the same . The distri ­

bu t ion is not a Maxwellian but has an e nhanced tail at v '* c • s 
The rati o of the t otal number of ions t o the number in this tail 

~s about 20 . The "temperature " of the ions in this tail Ti 
1 

t a il 

i s of the same o rder as Te. The mean elect ron e nergy i s by a 

factor of S l arger than the mean ion energy i n the piston frame 

at R • 8 cm . 

IV. Disc ussion: The plasma trapped in the magnetic piston i s 

dominated by t ur bulent electric field fluctuati ons of mean fr e ­

quency < Wp e ' Anomalous l y fast electron heating is observed . The 

obser vations on vd/c
5 

ai\d f 1 (v) are in good agreemen t with 

theor etical results on i on acous ti c turbulence /5/ , /6/ . Th i s 

th eory predicts that vd/cs shoul d tend to a value of the order of 

(mi /me) 1 / 4~a , that fi (v) shoul d have an enhanced high energy tail 

at v -- cs , that Ti , t ail -::::Te , and that the ratio of the tota l 

number of ions to t he number of ions in this tail should be of 

the order o f (~i/me)l/4 • Th is a gre ement suggests that the 

meas ured turbulent fields develop from unstab l e ion a cous tic 

waves which saturate by quasilinear ion Landa u daniping . A numbe r 

of other modes /7/ , /8/ , /9/ is, too , p r edicted to be unstab le in 

the shea th. Quasilinear ion Landau damping and ion trapp ing have 

been proposed to ac t in the sa tu ration phase of these modes , t oo, 

and should therefore p r oduce ion v eloci ty distri butions s imi l a r 

to those observed . But since t he predi c te d h1 for these modes a r e 

at leas t one orde r of magni t ude s mal l er than the meas ure d \\f and 

s ince t he growth of these modes i s e ssenti ally restricte d to t he 

p l ane perpendicul a r t o t he magne t ic field 8 , wh i l e the exper i ­

mental fi (v) i s rough ly the same perpendicular and paral l e l to 

B, i t seems that the turbulent electric field develop pre domi­

nantly from unstable ion a cous t ic waves . 

Fig . 
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He! 4922 line at R • 8 cm , end-on 

vd/cs as function of t ime at R • cm 

Ion velocity distribution a t R • 8 cm , e nd-on 
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PLAS!.IA CONPINfil!E!IT IN A PULSED SYSTEM \'/ITH A 
COMP ACT TOROIDAL CO!IFIGURATIO;f 

A.G.Es ' kov, O. A.Zolotovsky, A.G.Kalygin, R.Kh.Kurtmullaev , 
Ya.N.Laukhin, A.I.Malyutin, A. I.Markin, A.P.Proshletsov, 

V.N.Semenov 
Kurchatov Institute of Atomic Energy, Moacov,USSR 

Some hopeful results of shock heating and stable con f inement by 

a purely poloidal field were obtained with ti11les being substantially 

longer than rise times of characteristic MHD- instabilities [ 1]. 

Further development of these experiments is presented in this work. 

The experiments were carried out with a Q-pinch device (B ~4,5kG, 

0=19 cm) with a reversed biaa field B0 =0, 5+2kGs. It ie wellknown, 

that p lasma expantion t o walls at the initial stage of discharge 

results in a number of unwanted effec t s (2] Pulsed plasma press-

ing out from the wall by means of a barrier f ield during this stage 

seems to be the most drastic way to remove this disadvantage. Such 

barrier field is provi ded by l ongitudinal ba r s,placed on the sur­

face of the cylindri cal plasma voli11le (Fig 1). In the same figure 

an end coil is shown, designed for fluxes D_ and B0 reconnection 

controlling and longitudinal plasma contraction programming(si-

milar to [ 3 ] ) • 

The same aims can be reached by use of a quasi- stationary (here 

octupole) barrier field: on the first half- cycle of the main dischar­

ge plasma compression and heating take place at paralle l fields n_ 
and B0 , while a t the beginning o f the second half-cycle, at the 

expansion stage, hot plasma is effectively retarded near the wal l 

by a stationary barrier field. A crowbar on the second halfcycle 

provirieR confinement of the toroidal p lasma obtained -

In all cases studied it i s po(3sible to distinguish two main 

stages of the process as followa :I-fonnation , heating and onset 

of a t oroidal equilibriwn st:ructure, and II- confinement, accom-

panied by longitudinal and redial plasma pulsations due to resi-

dual occilations in an external shock field (Fig 2 , a,b,) . Note 

that knovm limitations, associated with the use of probes at re­

latively large confinement times are likely to be reduced by the 

large s kin width (8 >1 cm) and pennanent plasma mot i ons , which are 

typical for given experiments. At operating density n0 -(1+5 )•1014cm-3 

an elongated plasma toroid with peak pressure of nT-(2+3)•1017eV/c;l 

and radius of 2+3 cm was formed a t the first stage (t<5 11sec). 

Measured ion temperature Ti (atomic analyzer) is shown in Pi g J. 

Similar behavior shows the electron temperature Te (X-ray measu­

rements }, which at i ts maximum (at tz 5 11sec) amounts to 0,5+1 keV, 

In framing pictures taken end on by electronic image converter , in 

a relatively wide range of conditions the formation of an azimuthally 

symmetric plasma cylinder with an annular current sheath of regular 

form was observed (Fig 4 ,a). 

In the presence of a barrier f ield framing photographs show 

strong plasma column compression on the first half- cycl e (0+3 fsec) 

and successive radially-di vergent plasma retardation by the barrier 

field (Fig 4,b). \'/hen the external field passes zero, the probes 

on the axis show a relatively large trapped field (Fig 2,b). 

The second stage is rather sensitive to initial conditions, plas­

ma configuration and size; this greatly affects the life-time of 

the closed magnetic structure. 

Intensive radial compression of plaoma (as a rule at B..>B0 or 

at relatively high density n0~(0,5+1) •1015cm-3) affects adversely , 

leading to rapid disapearance of an antiparallel field geometry . 

(T~10 11sec) 

The confinement time of the closed magnetic structure (up to 

t-50 psec) is observed when plasma colwnn diameter is relatively 

l arge (Dp/D,,,,0,5+0,B) and current sheath i• greately diffused being 

../ 

of the order of plasma radius. In conventional experimental scheme 

these requirements led to the necessity of shifting the crowbar t o 

the poi nt , lying substantially below the maximum of the pulsed mag­

netic field· B,..., • This resulted in a plasma pressure decrease by 

an order of magnitude . Use of a passive (stationary} barrier field 

di dn ' t .allow to avoid this difficulty, since the crowbar on the 

second half-cycle reduced, to large extent, a confining field. A 

pulsed barrier field (Bb~ 6 kG,T/2;:, 3 11sec)is to solve the problem 

of stable confinement simultaneously providing substantial increase 

of energy content in a plasma . 

Measurements of the azimuthal component B9 indicates at the 

absence of a force-free configuration , so that in current sheath p=1. 

It should be noted , that the closed magnetic structure life-

time observed is rather hopeful for a "G- pinch with liner 11 applica­

tion in a quasi-spherical case l 4 J where required time is ...... 10-4 0ec . 

The authors express t heir gratitude to E. P.Velikhov for fruit -

ful discuasione. 11 
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JlONADIABATIC EFFECTS IN LOW PRESSURE THETA - PINCHES 

K. B. Abramova , V,B,Bosbnyak, V.P ,Krivets , B.P.Peregood 

A,F, Ioffe Physico - Techni cal Institute , Leningrod, USSR , 

Effects observed in l ow pressure t heta- pinches 

are considered, The effects can be explained by means of 

nonadiabatic motion of particles analysis .General theoreti­

cal results and first exper imental observations under pure 

conditions of two main nonadi abatic effects , particles' ener­

gy square dependence on the magnetic field and particles• 

collapse , are adduced, 

In experimental works on fast theta- pinches of 
18 -3 

initial density n 0 ~ 10 m ( collisionle ss and skinless re-

gime) there were observed phenomena [1- 5] which would natu­

rally be associated with single-particle processes resulting 

from a nonadiabatic part of magnetic field change (11 .Some 

of them remain inexplicable from other standpoints(see for 

inst. [6] ) , 

Particles' motion in nonadiabatic conditions was 

studied in some theoretical works [7 - 12] , mostl y on the ba­

sis of exact soluti on of motion equations for special laws 

of a fie l d change , or i n a " top nonadiabatic case" [n,I2) , 

i . e . when nonadiabaticity parameter E. grows with the magne­

tic field growth: 

C. _ 1 dW 
00 

-i:.1-dt ~ ' 
W= eB 

me 
Most general conclusions can be made when the particle ' s or-

W bit magnetic moment f'-= e,' i s analysed as a function Of C , 

Equations f or the ~ behaviour in the homogeneous axis-

symmetric magnetic field can be reduced to the form 

~ ~ = ~J(J+P.,f E. cos'¥ 

d'f == 1 - €. 2J + P:r, .s i n'f' 
d€1 2~J(J + P'f) 1 where 

d ll= wdt, Pip=mr2 (~ + ~) = const, J= ~c j't 

Analysis of t hese equations shows that when the field i ncrea­

ses monot onously from z·ero(provided that d 
2 
~ ~ O )all par-

w • d l '·'* ticles wit h t he initial ener gies W0 « (wher e w is a par-

ticle ' s energy in the moment C:. = 1/C, move up to the moment 

when e = i/2 so , that f'4- increases almost linearly with the 

fieldf thus W is proportional to B2 , 

With further growth of the field and decrease of e 
(adi abatic part of motion) magneti c moment tends quickly to 

a constant value . The Larmor radius s, cal culated from this 

value , equals to the distance A from the center of the Larmor 

circle of each particle to the axis ,besides the phases of 

particles ' Larmor rotation are synchronized during the non­

adiabatic part of motion, thus making the whole set of parti­

cles wi th the same e/rn to constrict to the axis periodical-

T 27t ly ,with the period of collapses = W as in the "top non-

adiabati c case" (n,12} , but now in the case of continuous 

field growth as well. 

From now on particles• energy increases from comp-

ression to compression linearly with the field.The value of 
3/ 2 

total energy gained is proportional to Bmax .The contracti-

ons will last untill the motion is upset with coll isions. 

Phenomena observed in low pressure theta- pinches 

correlate qualitatively with the given picture of particles ' 

motion, Quantative estimations of permissible plasma density 

and energy gain coincide well with experimental data , 

In order to observe effects mentioned an experi­

ment was set ( I3) , in which K+ ions moved in a homogeneous 

axis- symmetric magnetic field.Scheme of the experiment is 

shown, K+ions were extracted from hot filament covered with 

a potassium salt and 

placed along the field 

axis. Magnetic fie l d rose 

from zero up to 0,5 tt 
duri ng 4 t'- sec provi ding 

highly nonadiabatic r e -

gime for the ions ' accele­

ration.Periodical compres­

sions of accel erated part icles' set taking place after the 

field growth had been stopped induced an oscillatory compo­

nent of the external circuit current, which was oscillograp­

hed, Ions• energy dependence on the acquired magnetic field 

strength had been measured by means of the retarding poten-­

t ial method.There was found out that I)Current oscillation 

frequency(frequences of collapses ) equals to the ions• cyc­

lotron frequency in the acquired field , 2)Energy ions gained 

depends on the field as B2 , 3)0scillations damping rate 

coincides with an esti.mAtion proceeded from the effect of 

the collisions with the residual gas molecules, 

Nonadiabatic effects in our opinion are interes­

ting themselves as a pbysical phenomena,Besides, collapse 

can be utilized for the energy compression as high values 

of power flux can be produced with its help :when R0 = 3x10·~, 
14 -3 • 8 t/ l 

:;:~·~~l~ ~e Bc::re~se:::h: ~::~: :11~ t:c:::s:f5.~~~~: 
times ,power flux will be 6.'.3x1016 J/m2sec. 

Described picture of nonadiabatic effects can ap­

parently be applied to some of the astroplzysical phenomena 

interpretation, 
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Time and Space Reso l ved Measurements of Density and 
X-Ray Emission of the NESSI Plasma Focus 

H. Schmidt , B. Nahrath and B. Riickle 

lnstitut fi.ir Plasmaforschung der Universitat Stuttgart 
Federal Republic of Gennany 

Abstract : Density profiles of the plasA1a focus with 450 psec time resolu­

tion were obtained by interfero..etryJ the maxtAUm electron density on the 

focus axis by a beam deviation method. X- ray pinhole pictures were regis­

tered with a channel plate with 3 nsec exposure and the chronology of the 

various pl asma focus parameters was determined. 

Introduction 

Neutron spectra taken of the t!ESSI plasma focus (E
0 

• 30 to 60 kJ, 

U
0 
~ 20 kV) indicate that different reaction mechanisms occur, dependi ng 

on the operating conditions of the plasma focus (high- or low-pressure 

regitte, hollow or solid inner electrode) resulting in different velocity 

distribution functions for the accelerated deuterons. Therefore it was at­

tempted to correlate the macroscopic development of the plasma focus -

i.e. space and time behaviour of density , formation of i nstab1l1ties - to the 

observed emission of neutrons and X-radiation. To study the exact chrono-

logy of the very fast events in the plasma focus, diagnostics with titne res­

olution of about and less than I nsec have to be applied . Though the devel ­

opment of the plasma focus is rather reproducible on a 10 nsec time scale 

and 1 cm spa tial scale , the events on shorter time and spatial scales may 

develop differently from shot to shot for the same initi al condi tions. This 

r~ui res s i11ul taneous measurements of the various parameters in order to 

derive their correlations from these measuret1ents. 

Density measurements 

Two methods were used to determine the density: 1nt erferometry and beam 

deviation. The rr.ethod of bea11 deviation is siinple to arrange and yields 

(by registration of the deviation angle of a laser beam with an electronic 

streak camera) the time-dependent value of the maxi.,._.m e lectron density ne 

w1th an accuracy Of better l hcu1 30 X. Jnli:rferometric methods require ex­

posure times tn the subnanosecond regime. A nitrogen laser with a half­

width of 450 psec was used as light source for the interferograms resulting 

t[ns) 

- 105 

-40 

- 10 

Interferograms of 

the foc ussed plasma 

dur; ng the compres­

sion and subsequent 

break up phase 

(exposure time 

450 ps, 

E
0 

= 30 kJ, 

U
0 

= 16 kV, 

p
0

'"' 4 Torr o2 , 

Ri = 3.3 cm) 

i n sharp fringes in spi te of the large plasma vel ocities at the end of the 

compression phase and the subsequent break-up of the pinch. By incorporating 

an optical delay line. two interferograms with a fixed time difference could 

be taken for the same shot. thus allowing to observe the formation of insta ­

bilities. A sequence of 4 interferograms i s shown in Fig. 1. The t ime scale 

is based on the onset of hard X·radiation Xh (at t = O; see also Fig. 4). 
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Fig. 2 shows the el ectron dens ity pro-

files at a distance of z = 0.75 cm from 

the hollow anode. Haxi1n.1m electron den­

s iti es of up to 3·1019 cm- 3 were meas­

ured locally on the axis. 

X-radiation 

Electron density profiles during 

the compression phase 

X- ray diagnostics is important for the 

chronology of the dense, hot focus plas­

ma. The focus plasma was imaged onto a 

channel plate by a pinhole camera . By 

pulsing the channel plate a time r es­

olution of about 3 nsec could be real­

ized . In Fi g. 3 two typical pinhole pic· 

tures are shown . Comparison of t he X- ray 

p i c tures wi th pictures taken i n the vis­

ib l e shows the spatial coincidence of 

the X-ray and visible l ight emission as 

expected. It is not possible to deter-

t • -10 ns 

' Inner Electrode 

t • +15 ns 

••1111111111 Fig . 3 

X- ray s t ructures of the 

den:,e µld~Uld fuc;u:, dl 

two different t i mes; 

exposure tire 3 ns. 

mine a temperature from mea sured space- integrated X- rad i at ion wi th foi l ab- ' 

sorption llethods. A typical soft X-ray signal Xs is shown in Fig. 4. Evi ­

dently there is no Bremsstrahlung originating only from electrons with a 

Maxwell ian velocity distribution. 

Di Seuss ion 

From the interferograms and pinhole pictures the fo l lowing can be derived: 

The current sheath, the t h ickness of wh i ch is about 0 . 2 cm. is acceler ated 

towards the axis fro11 a velocity of 5·!06 cm/sec at r = 1.2 cm to l.5·107cmts 

at r = 0. 5 cm and subsequent ly decelerated unt i l the minimum plasma r adius 

of about 0.2 cm is reached. The dense pinch lasts l ess than 10 ns (see Fi g . lb 

and Fig. 4) and is fo llowed by m • O i nstabilities of t he plasma col umn (see 

Fig. le and Fig. 3a). The line density of the dense colu11n is only 15 to 20 S 

of the 1 ine density corresponding to the nulllber of particles within a cylinder 

with the radius of t he inner electrode, i . e . the compr ession efficiency is 

less than 20 %. Still lo~ier line dens ities occur at certain axia l pos i tions 

because of the axial plasma rAOtion caused by them = 0 instabilities, which • 

initiat e t he breakup of the dense pinch (Fig. Id, Fig. 3b) . At t his ti rne the 

neutron and hard X-ray emission begins (see Fig. 4). 

,~ ... A,·.0'6/,m-J/
10 l.S 

rodius 

10 

QS " Fig. 4 

Chronology of characteristic 

- 200 .... 100 plasma focus par ameters 

An important feature is the forma t ion of a dens ity wave, which can be seen 

first at t = -10 ns and which then precedes the axial shock wave {Fi g . Id ) 

and is acce lerated up to l.2· 108 en/sec . This wave is caused by fast deuterons 

ionizing the filling gas on their path . The measured maxinum velocity of this 

ionization wave corresponds to deuteron energies of 14 keV. 
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TIMC AND SPACE RESOLVED STUDY OF X-RAY EMITTING ZONES Ill A 

24 kJ-MATHER TYPE PLASMA FOCUS 

J . P . Rager 

Associazione EURATOM-CNEN sulla Fusione, Centro Gas Ionizzati, 

Frascati, Rome, Italy. 

~ 
Using a 10 ns-gated soft X-ray image intensifier /1/, it is 

observed that during the neutron production phase of a 24 kJ 

Mather type plasma focus, the re exists a well defined, statio­

nary, low density , high temperature plasma of ;5::. 1 cm overall 

dimension . 

1. PLASMA DYNAMICS AS DEDUCE.D FROM SOFT X RAY FRAMING PICTUilES 

The instrument used in this work is described in full cech­

nical details in / 1/, and its performances have been reported 

in /2/. Unde r this form, one 10 ns-soft X-ray f rame per shot 

is obtained , using a 200/im.. diameter pinhole coverea by a 

150..!'~ Be window. Proper time raarking allows the "a posterior i" 

reconstruction of the sequence ( 10 ns due to non detailed shot 

to shot reproducibility in voltage scope traces used as a moni­

tor) . The plasma focus here investigated is a Mather type de­

vice , fully described in /3/. Working conditi ons are : V 0 • 32kV, 

N • 24 kJ, filling pressure is 6 torr, pure o2 • 

A. The soft X-ray pictur es during the MHO governed ratlial 

implosion (Fig. 1, part 1) show out striking similarities 

in dynamics and shapes of plas1na column to t hat revealed 

using many different t e chniques of optical imaging /4/, 

/5/ , /6/ . The firs t necking off of the plasma column .due 

to strong m • O instabilities:coincides with the start 

B . 

of the neutron and y pulses (taken as t = 0) . Theim­

plosion phase and maxirnwn compression is reproducible 

c111U axisyrnmet r i c . 

For JO .::.. ,t ~ 130 nsec there exists a well defined plas­

ma structure o f O. 5 to 1 cm overall dimensions , standing 

underneath the coordinate of previous necking off 

and either inclined with respect to the anode axis or 

off axis. This is the main neutron production phase . This 

so to speak confinea structure then degenerates into a 

diffuse expanding sphere of plasma, marking the ends of 

both the neutron and first soft x- ray bursts . 

C . From 150 ~,t...;... 400 time resolved mica crystal spectro­

scopy (de Broglie geometry) shows out definite spectral 

features in the vicinity of the Ko<, (3' lines {strong 

source braodening effect) of anode material, no t obser­

ved during preceding ph ases. They correspond to a second 

large soft X-ray burst. The use of a hollow electrode 

delays the appearance of the burst and cancels the spec­

tral features which therefore trace an electron beam­

-anode interaction. 

o. Tilne integrated soft x- ray pictures (Fig . 2) show a m-O 

MHD instable filament- like structure bearing no relation­

ship with the filament phase reported in A because of 

smaller overall dimensions, different m=O wave length, 

and probabl e relationship with the neutron production 

phase because of systematic inclination with respect to 

z axis . An a rtificially compounded picture i s seen in 

Fig. 3 in which a filament i s shown super-

imposed on the plasma bubble of Fig . 1 (t • 55 ns) . The 

differences in shape between time integrated and time 

resolved pictures is to be attributed to the s pectral 

sensitivities of the respective detecting devices . 

2. CONCLUSIONS 

Plasma pictures obtained using a gated soft X-ray image 

converters and that obtained using interferometry /5/ re­

veal similar dynamics up t o the necking off of the p lasma 

column . The reason for which the former techniques does 

not s how "confined" plasma structures during the neutron 

production phase while the latter ooes, can be attri-

buted to strong plasma heating . The reconstructed plasma pic­

ture of Fig. 3 would support the idea of anomalous phenomena 

triggered by the generation of unstable r un-away electron 

beam .eventually transferring their energy t o the underlaying 

plasma,whichagree with anomalous spectra of scattered laser 

light found in this region for t ~· 50 ns /6/ . 

Any attempt to determine the neutron source distr ibution 

in space has confirmeci the existence of neutron er.iitting phe­

nomena in the vicinity of the anode /6/, /9/. 
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CALCULATIONS OF THE ACCELERATOR AND MEASUREMENTS OF PARAJ.IE­

TERS OF THE DEUTERIUM PLASMA FLO\'/ WITH STAGNATION TEMPERATU­

RE ABOUT 1 KeV AND TOTAL DIRECTED KINETIC ENERGY ABOUT 100Kj 

Vasiljev V.J., Gavrilov V.V., Zhitlu.khin A. I.!. , Kiskin A.D., 

Lototsky A.P. ,Skvortsov Yu.V. , Solovjova V . G. ,Umrikhin if .M., 

Yaroslavsky A.J. 

I . V.Kurchatov Institute of Atomic Energy, Moscow,USSR 

Abstract.Using model of thin current s heet the configuration 

of electrodes of coaxial plasma gun was cal culated. 1rhe deute­
rium plasma clusters generated with this gun were investigat­

ed. It is found that the total amount of deuterium ions in the 

cluster is ~ 3·1tl
2
ilits mean velocity is - .Fiil 1•111/si!(. 

To obtain thermonuclear temperature using l:J - pinch the. 

preheating of plasma is necessary. The parameters of this plas-
1na (density, temperature, total amount of particles) must be 

varied widely . Some methods are considered now : the shock wa­
ve or laser heating of gas, filling f:l-pinch chamber volume, 

and the external injection of plasma . 
In this work the source for plasma injection in 8 -pinch 

is discussed . 'l.1he pul se electrodynamic coaxial plasma gun was 

used as the plasma source . An advantage of such a source was 

experimentally shovm [ 1] and was due to its high efficiency 
of transition of energy stored in capacitor bank to kinetic 
energy of plasma flow, small contamination. and possibility to 

vary widely the plaama cluster parameters . 
To obtain plasma clusters with total amount of particles 

about llJ22and kineti c ene rgy of the order of hundreds kilojo­

ules the accelerator device has the capacity battery with 

C"=S.f·ID-1/F, L~ >,5/JJI~. %=?.'~sNthe peak cu=ent is~.{w. 
The initial vacuum i s about /{}f,,,,lj· The device operates 

with pulse inlet of hydrogen or deuterium. 

•rhe operation order is following: at f irst the pulse 

electromasnet high pres sure valuef.-/0/ldTm}is opened and in the 

interelectrode gap the neutral gas cloud is f ormed . Then the 
voltage of the capaci"or battery is applied to electrodes. 

Electrical breakdovm and ionization of gas occurs and the 
plasma is accelerated by e_lectrodynamic forces along electro­
des . '.'/hen the accelerated plasma reaches the tip of the inner 

electrode , the formation of t he plasma focus on the axis of 
the accelerator takes place . Then current l oops in the space 
between the electrodes are formed. The plasma cluster brakes 
away from electrodes . All experimental data previously achiev­
ed indicate that such process of acceleration is described 

quite correctly by the current sheet model . In these initial 

experiments the plasma clusters with total amount of particles 
~.f./(JZI had the velocity~ 2-1177'"7-fRc . ~'hese clusters them­

selves are of considerable interest as a . .hot plasma source . 
However , it is clear that pos s ibilities of this device were 
not exhausted and it i s interesting to obtain plasma flows 

with considerable higher velocities without decreasing its to­

tal energy. For this purpose the calculation of accelerator 
based on the model of electrodynamic acceleration of current 

sheet was performed. Ohmic losses in electrical circuit, ioni­
zation losses and real gas distribution took into account in 
this calculation. In Fig. 1 the computer inductance and confi­

guration of electrodes corresponding t o thi s inductance are 
shown . In Fig . 2 the computer efficiency versus the volt!~e of 
the capacity bank for c lusters with velocities .f-61t'7''ft-l'.rand 
total amount of particles~ .f.117;!1 are shown. 

Experimental verification of the computer results was 

performed with copper electrodes. The external electrode is a 
system off!fcm t/idrods, arranged uniformly onO.k/17 di·dcircle. 

The distance between neighbouring rods is 2cm. Plasma cluster 

parameters(density and velocity) were measured with ruach- Zen­

der interferometer . The shift of interference !ringer was de­
tected with the streak-camera. The typical interferogram is 
shown in Fig. ). The cluster front velocity obtained from these 

o ''1!1 ;ml . . . ~ ''(77 t,n/ measurements is about o ·/1 ;Jl't , its mean veloc i ty is ,:;;r·11 /J'l'e 

The main part of cluster ki netic energy is in its frontal 

region. The density measured at the distance .fl7t111 from the 

inner electrode end is in the range itJ 1
<f_ /tJ 1~/!7-3 for various 

modes of acceleration. The t otal amount of partic l es mn the 
plasma cluster is approximately (l-5)-ff!.!P , its directed ki­

netic energy at U0 "?,, J'()xV is more than /(JtJ x,J. This value is 

in a good agreement wlth energy calculated from the current 

and voltage oscillograms (see i:' ig.4) . The irnpurity presence 

in pl asma was detected using the monochromator with photomul­

tiplier. 1.rbe velocity of carbon impurity was measured with 

t wo monochromators _p laced along the plasma f low. It is l ess 

than !!-1171 '"'/.rt'c. Therefore the impurities retard the plasma 

front. 
As it is known from [ ~J the plasma focus is t"ormed at 

the output of electrodynamic accelerators. In presented work 

electron temperature of plasma focus was measured using the 
soft x-ray pinhole-camera with various filters . One of the 

p i nhole photograph is shown in Fig. 5. The temperature of 

plasma focus obtained from these measurements is not more 
than ,?/J/l ~y and is~ /17(! t'V as a r ule . Measurements Of integ­

ral neutron yield have shown that it depends considerably on 

mass of accelerated gas and is about ltJ '" neutrons per dis­
charge for t he initial stored e nergy W,, zj .ftlx/ • I t should 

be noted that any special efforts were not made in order to 

increase the neutron yield. 
Thus, as result of these i nvestigations the deuterium 

plasma clusters with mean vel ocity -.f./fl7'"/Jet, total kinetic 

energy~ /tltJl',j and l ength of .J117 were ootained. A good agree­

ment of computer and experimental data allows to hope for suo­

sequent progress in this field . 
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Fig.1. Electrode configuration li' i g . 2. Vari ation of efficiency 
and corresponding inductance with initial voltage for vari­
plotted against distance from ous values of t otal amount 
electrode base. particles .N . Dotted lines 

correspond to real electrodes . 
Unbroken l ines correspond to 
optimum electrodes . 

Fi g . ) . Interferogram of clus- Fig. 4 . Current and voltage 
ter front motion. Ut1 = <?~1cV oscillograms . 

Fig . 5. A soft x-ra;y pinhole 
photograph of the focus r egion. 
Filter 3mem llt . 
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HICROINSTAB!LITlES COllllECTED WITH NEl1I'RON a!ISSION AND 

EIECTR<l'IAGNE:rIC RADIATION IN 'l'!IE PLASMA FOCUS 
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Y. IANIXJRE, J. de MASCURF.AU, M. NAIL and R. VEZIN 

CoCllftissariat ll l 1Energ1e Atomique, Centre d ' Etudes de L1me11 

B.P. n• 27 - 9-190-VIUE!IEUVE SAINT- GEORGES - FRANCE 

Abstract : ~iDJm yield or 1012 neutrons has been observed with a }IJO kJ 

banlc, confirming the inoreaae with energy ot the turbulence efficiency. 

Neutrons are em! tted predominantly by bombardment but other mecha.nlems could 

explain a smaller part of the neutrons, coming close from the anode. Hard 

x raye may have fast riaetime and short duration. 

Pre vious measurements Ll,2/ have shown that microlns tabilitlea 

occur at the end of the compression stage or the plasma and that high 

energy deuterons are accelerated f rom 700 eV to tens of keV and cause i oni­

zation of the cold gas leading to the development of a bubble . 

To know whether the neutrons also oould be created by bomb&rdment 

or hJgh energy deuteron& onto a target we have made a careful analysi s of 

their energy by the time-of-flight teohn1que. 'nlree detectors pl&ced at 

mor e than 200 meters measure the spectra simultaneously in ' directions 

(energy resolution better than 50 keV) . The photomultipl1ers have been 

oa Ubrated to know the neutron relative fluxes. It is necessary to account 

ror the var iation wi th energy of the neutron mean free path i n atmospheric 

nitrogen. These cor rected energy &pectra are ooq>ared by a least square f1 t 

w1 th the spectra computed from the generalized beam target model presented 

in L2/ . Figure 1 shows for the ' dJrections, both the experimental oacillo­

gram ( redrawn a nd enlarged) and the computed spectrum (dots) transformed 

Jn time and corrected back for the air neutron attenuation (this time 

scale la graduated in MeV). The deuteron distribution is chosen to be the 

produot : function (Ed)X fWlction ( 0d). Ed is the energy &nd (}d the 

angle to the axis. In the discharge of Fig. 1 the incident deuteron energy 

dJatribution ls proportional to Ed_, with '°<::Ed<. 350 keV and to the 

angular distribution shown in Fig. 2. The target is a t rest. The computation 

that yields r 1 (Ed • g d ) incorporates all experimental pointa of the 

' spectr a with their relative calibration. 

- 2 .&(MeV) 

l,258.2m 

.\ L . . 
""" I 

.. ~~\~W./N L,:~~:; 
e Theory 

>/rl E1tperlmenl 

Pig. l - Comparison between computed 
and experimental spectra 
(see aleo Pig. 2) . 

To support these 

results we have studied the 

location of the neutron source 

wt th the equipment described 

> ln Ref. [,21. At every dls­

E oharge two photomul tipliers 

measure the total neutron 

yi eld and that coming from 

the part of the plam:ia 111111-

ted by a straight cylinder 

whose section la a aqua.re 

with a 24 rm s i de. In Fig. } 

!upper) one i s i nteres ted 1n 

the rati o of the collimated 

'; neutrons to the total neu-

E trona during the first 100 

neec of the pulse , SO ~ of 

the neutrons are emitted i n 

the bubble region (numbers 

in the squares are a verages 

ror 10 shots, before the 

collimator i s moved to observe 

another region or the plasma) . 

The study, however, with a 
'j; E smaller collimator (Fig. } , 

lower ) indicates that many 

neutrons come from the vi ci­

nity of the anode more than 

100 nsec a.tte r the begi nning 

or the neutron pulse at a 

time when the high denei ty 

p lasma is no longer present. 

The relationship 

observed. between the instabilities and the x rays has induced us to develop 

an experimental setup (Fig. JI-) in which the e lectromagnetic apectrun oould. 

be &nal.yaed. By Roes filters 7 points (lJi. detectors), between 1.5 and 

115 keV, can be meaaured at the same discharge and with a 2 naeo time 

accuracy, The study i a possible at 20• , 55• and 90• to the ax.ia. 

... " ~ ~ Wo.5 

O' 90" 

Fig. 2 - Deuteron angular 
d i atributioa yielding 
the ' comput ed. spectra 
of Plg . 1 

Shock front 

Jocet lon 

Fig. 4 - X-ray observation 
chamber showing l out 
of 14 ports in the 
} dlreotions 
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Prel iminarY reaulta at 90• have shown 

the x.ray emission (above } keV) to 

be ax;1eymmotr1o at hlgh filling 

pres sures. In the low pressure rdgi­

me hard x-ray puloee (through 200 J'1' 
~ Uranium) have fast risetime and short 

E duration width : lower than 1.5 naec 

and 2 . 5 nsec respect! vely 1n the 

discharge of Fig . 5. 

The eoallng or the neutron 

yield with w« and 0( larger than 1 
1 o• ( l. 5 to l. 7) hae been confirmed bi 

up to W - }40 kJ in a Mather- type 

configuration. Max1nPJm yie ld of 10
12 

neutrons has been mea sured. The data 

are the following : bank voltage 

Ito kV, maximum ourrent 2. 7 MA reached 

in 5 , 5 ps, i nner electrode diameter 

230 nm, length 'SO tm1, outer diameter 

}10 nm. 

Fig. ' - Locati on of the neutr on 
source 

Upper ; numbers in squares are the 
percentage of the oollima ted 
neutrons to the total number 
of neutrons between O and 
100 ns. 

Lower : study of the neutrons 
coming trom the vicinity 
ot t he anode w1 th greater 
resolution between 100 and 
200 na. 

Fig. 5 - X- ray pulse behind 200 p.m 
Uranium at low "2f1111ng 
preaaure 
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Reeearoh (I A E A), Tokyo Conferenc e . Nov. 197.\. -

bi J ,N. DOWNING, D.A. PREIWALD and J .W. MATHER, 9.lll. Am. Phys. Soo. 

~. 1}6} (197}).-
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INVESTIGATIONS OF THE F-20 PLASMA-FOCUS !.:ACHINE 
BY MEANS OF LASER INTERFEROMETRY 

J . Appelt, J . Nowikowsk i , M.Sadowski, and S . Ugniewski 
Insti tute of Nuclear Research , 

05- 400 Otwock-Swierk, Poland 

Abstract : Electrical charact eristics of t he F-20 Mather-type 
plasma-focus machine and the results of interferometric meas­
urements are prese nted . Particular attention is paid to the 

effect of a hollow in the inner e lectrode . The results of 
X-ray and neutron measurements are also given. 

Some plasma-focus experiments are carried out with Mather­

type coaxial injectors having a cavity or a hole in the front 
surface of the center electrode. Such a cavity enables the 
distance between the electrode and the region occupied by a 
high- temperature plasma to be increased, A hol e in the center 

electrode can also be used for diagnostics or o t her purposes, 
e . g . , to lead a laser beam along the axis of symmetry. 

The main purpose of the studi es presented in this paper 
was to investigate the effect of a hollow in the center elec­
trode on the operating conditions and parameters o f a p l asma. 

Experimental s tudie s were performed with the F-20 machine (1 , 2] 
equipped with a Mather-type inj ect or having e l ect rodes of JO 
cm in length. The outer dia . of the i nterelectrode gap was 10 

cm, and the inne r die . - 5 cm. The injector was suppl i ed f r om 

a 21-pF , 50- kV, current pulse generat or charg ed to the voltage 

Fig. 1.0scillogram of voltage 
Rnd cur rent tracP.R Ahowing 

the double s i ngularity. 

U0= J6 kV. When the initial de­

uterium pressure was changed 
from 0 . 5 to 2.0 t orr, t he am­

plitude of the discharge cur­
rent varried from J J O to J60kA. 
Appropriately, t he time delay 
from the beginning of discharge 

to the current singularity var­

ried f rom 2.5 to 2 . 8 ps. Some 
current- and voltage - traces 
ht:tv~ U~mvBL .n:t.L~U U.ouble &ingu­

l arities / Fig.1 / . Contrary t o 
Ref . [J], such singularities have also been observed for hollow 

inner e l ectrodes. With an increase in a hol e dia . a percentage 
of such discharges has however decr eased . For the solid inner 

electrode it r eached 15%, and for electrodes with a 2-, 8- , and 
25- mm- dia . hole it was equal to 12% , 10%, and 4% , respectively. 

To i nvest igate dynamics of 
discharges, especially during 
the breakup of plasma- focus 
[ 4- 5 J, use was made of a Mach­

Zehnder interferometer equipp­
ed wi th a pulsed ruby l aser [7]. 
Interferomet r ic investigations 

were performed for various in­
ner electrodes and at various 

initial pressures. Interfero­
grams obta i ned showed t hat 
with an increase in the hole 
di a . the region occupied by a 
high- density plasma is shifted 

towards the electrode surface, 
and plasma f ills up t he hollow. 
Differences i n the interf ero­

grams t aken duri ng the breakup 
of plasma- focus , wer e however 

Fig . 2 . Interferograms of the 
plasma-focus breakup for an 
inner electrode with an . 8-mm­
dia . /A/ and 25- mm-dia. /B/hole . 

small /Fig. 2/ . This observat ion was consistent with t he f act 
that there was no diff e r ence in the average neutron yield for 

the solid inner electrode /Fig.JI and for the hollow electr o­

I I 
U.,•l6kV-

I ~ 

I/ \ 
I I\ 

I 

' 
•• 0.5 to '" O...terium pres;sure tmmHgl 

des investig ated . Those neutron 
measurements were perf ormed with 
a s ilver activation counter cali-

brated wi th a Pu- Be source. 
Independently on t he type of 

the electrode , the optimum oper­
at ing pressure was found to be 

some 1 torr. The maximum neutron 
yield amounted then to ·2 x 109 . 
That value corresponded the point 

Fig.). Average neutron y ield situated somewhat above the neu-
vs . initial pressure , tron y ield curv e given in Ref . [6]. 

In interferometric investigations performed particular at­
t ent i on was paid to t he late-time stages of plasma discharges . 
During these late stages remarkable differences in the inter­

ference pat t erns were observed for various inner ele ctrodes . 

t •J.lj.1 

l ! • "'I 

Fig.4 . Electron concentration d i stributions as determined 
for vari ous inner electrodes. 

For the solid inner electrode a broad radial density distri bu­
t ion, of 2.5 cm in radius at the moment t = J.7 pa /from the 

beginning of current/, 
~;;,~ ci.w·~· .... '" e-...... -c .• ·~ ;· was found /Fig. 4/ . 

i>,• 1 0 •~·• 10 1! 

"I 

"l~ .. J 
". I' 
IO~ -~ ~ ~~ 

Cl' - - . - - • 

·--+ 

For the hollow inne r 
electrodes plasma 
columns had smaller 

dia. at that time . 
The measurements per­
f or med at various in­

itial pressures show­
ed t hat with an in­
crease in pressure 

the dia. of t he plas­
ma column decreases , 
but the average elec-
tron concentration 

Fig.5 . Electron concentration distri bu-
tions at various initial pressures . does not change very 

much /Fig . 5/ . 

The f rame interferograms /Fig . 2/, as well as those taken1 by 
a s t reak method[8], demonstrated the di sappe arance of i nterfe ­
rometric fringes in the vicinity of t he inne r electr ode during 
the lat er stages of tbe diecharge . This effect cannot be ex­
pl ained by refraction only, and it is probably connected wit h 

l ight absorption by metal ions evaporated from the electrode . 

This hypo thesis has however to be verified . 
The interferometric invest i gat ions descr ibed above were ac­

companied by X- ray measurements performed by means of a p i n ­

hole camera equil'.l'.ed wi th 15- , 45- , and 90-p Al-f ilters . The 
measurements 
carried out 
for various 
inner elec ­
trodes showed 

that X-rays 
were emitted 
from a zone Fig . 6. X- ray pi nhole- camera photos taken along 

the symmetry axis for a solid inner electrode 
of ab . 1 cm /A/, and for the electrodes wit h 8- mm /B/ and 
in dia. /Fig .6/. 25-mm / C/ hole; p0 = 1 torr /D2/, 15-p Al-filter . 

For the hollow i nner elec trodes t he maximum X- r ays inten-

eity , as registered with a standard ionization chamber 1 was 

smaller than t hat for the solid electrode . Independently on 
the type of the inner e l ectrode , the average- and maximum- in­

tensity of X- rays i ncreased with a decrease i n the initial 
pressure wi thin the range i nvestigated . Besi de s , s ome correla­

tions between hard X-rays yield and voltage spi kes have been 
often observed. These correl ations are the object of further 
investigations [9]. Also investigat ed is neutr on production . 

1 . World Survey of Major Fae . i n CFR: Nucl. Fusion Suppl. 1974 . 

2 . J . Nowikowski: Nukleonika 11· 1081/1974/. 
J. H.Rapp, !.!. Trunk : Proc . 6th European Conf. /!.!oscow 1973/, 371 . 
4 . Ch .Mai sonnier et al . : Proc . 5th European Conf . /1972/ , 183 . 
5 . P . D. !.!or gan et al.: Proc . 6th European Conf . /1973/ ,)59 . 
6 . L.Mi chel et al.: Appl. Phys . Lett . £!, 57/1974/ . 

7 . J.Appelt et al. : Nukleonika 11• 1/1974/ . 
8. M. Ssdowski et al. : Proc . VI EKON Conf . / 1974/. Vol.B. p.28 . 

9 . J .Nowikav ski : Ph . D. Thesis /to be published/ . 
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on D(d,n)He3 and 5eo:lndacy T(d,n)He4 !\>actions in Focused Plasmas 

W. H. Bostick*, v . Nardi•t, w. Prior*t 

*Stevens Institute of Tedlnology , Hcbclten , N. J ., U.S .A. 
tistituto Elettroteotl.co Na zionale Galileo Ferraris , Torino, Italy 

l\bStract: We present evidence that secondary reactions T(d,n)He
4 

occur 

in a plasna focus experi=nt where the reacting tritium is produood by 

primarY reactions only . Our data also show that the total D-D·neutron 

yield is an increasing functioo of the maximum enexgy E""" we cbserve for 

o-o neutions. 

!. We haw obse"""1 in a plasma focus experilrent - with pure-<leuterium 

filling of the pliisma acoelerator dlanber - the typical 14 .l M•V neutrons 

whim are generated by secoodacy T (d,n) He 
4 

reactions. No tritill!I was 

introduced with the initial filling so that the reacting tritium can only 

be produced by prinary reactions D(d,p)T. A description of the apparat us 

and of the rrethods of cbservaticn have been recently pli:>lished (l) with the 

first - of data fJ:an these d>servations . 

Additional data - fzm a 4 . 7 kJ (at 14. 5 kV, 5.6 Torr of Oil pL>sna 

fcx:us at Stevens - are presented here with an analysis of the total neutron 

yield (n) fran [H) reactions as a functiai of the 1MXirnum energy Enax for 

the o-o neutrms that we observe in eadl disdla.rge , OUr rrean value ii (by 

several hundred discharges) of the neutron yield n in a discharge is 
if,.Qcl.08 and the T-D neut.xon yield i s "T-o~lo-4 n (l) . A remarlcable fact 

that is consistently cxnfiDted by our data is that T(d,n)He
4 reactions 

ocx:ur mainly within a "' 10 ns tine interval, even though several indepen­

dent diagnostic irethods indicate that the tirrc of strong activity in the 

discilaz9e (e. g . disruption of the focused pL>sna column, emission intensity 

of soft x- rays, etc.) is longer by at least an order of magnitude(2 ,J). 

Since accardinq to our data the m::::st favorable condi tioos for T-0 neutrons 

productions occur in the plasma within a short tiJre interval <~ 10 ns 

width) , we intend to dlec:k whether or oot the total D-0 neutron yield in a 

single discharge can be correlated with the oonditions (specifically those 

causing the hard x-ray emissioo) whim dlaracterize the plasM during this 

tiJre interval of T-D-neu tron high yiald. 

~ D-T neutrons are i:ecognized by t:iire-of-flight delay with respect to 

a typical burst of hard x-ray (with enexgy c .t l MeV) whim is emitted 

fun the plasma at the mset of [H) neutrcn producticn. The scintillation 

detector we use for these hard x - rays (l:IXR) and for neutrons is a NE-102 

disc, 28 an dia., 5 an thick, co.ipl ed with a 12 an dia. fh>tarul.tiplier 

(for a 6 input the width of the output signal - including oscilloscope -

is ~ 10 ns) and both are sealed inside a box with lead walls 6 an thick 

m all sides . Scattered x-ray with relatively smaller energy are screened 

out. We have d>served this burst of HXR also by filling with hydrogen 

instead of o2 the accelerator chani>er and it is typical of the fOo.JSed dis­

charge in our qieration regiJre, not depending on neutron-producing 

reactiais . 'Itle signal fran HXR 00.rst has a FWlfl of 30 ± 20 ns and it is 

usually resolved in two typical peaks 30 • 10 ns apart on the scope trace 

!Tektronix 7704 display) . Freqmntly a third (smaller) peak can bo 

resolved within this burst . The position of the leading x-ray peak within 

the HXR burst is used as a tine matl. for our tine-of-flight rreasurenents 

l:ecause of peak sharpness and reproducibility in IT05t of the disdla<ges (l) . 

In order to identify the nature of a radiation pulse giving a signal after 

HXR we have to disentangle signal delays due to a difference dt in the 

tine of producticn (whim is a prior i not known) and delays dT due to tine­

of-flight on a dlosen distance D between the source (focus) and detector 

system. D cannot be sufficiently increased t.o make ln » tr.t because the 

radiation intensity (~ l/02) on the detector can decrease belCM significant 

values for observatiai . We can expect that only a f<M D-T neutrcns for 

~ clischaxge (or nale, in sana: disdla.rges) can readl a detector a t D"' 

10 an. The correspalding signal can appear at sare intenrediate positioo 

l:et:ween the leading peak Of the HXR burst (at dT m 0, by definition; we 

evaluate all delays with respect to this leading peak of HXR) and the 

locaticn llT'°', 

~ 
~· ll Signal. fran dis~ with.(a)lcw neutxon yiald rc!J . Sxn; (b)high yield 
""4 . 2xii . Detector at 90 fn:m electrode axis,0-1486 an,sWeep speed 100 ns/an. 

so 

Fig. 2: The nl.llCer N of scope traces (lll!Dng ~ 500 discharges) with only one 
single intemcdiate peak (i.p. ) at dt is reported for eam value of d;5. 
The double-boroered data cam fJ:an 120 discflaz'}es wiS" detector at 90 fJ:an 
electrode axis and 0=1486 an; other data all fian 30 with different values 
of D; i.p. of Fig. la (tine increases at l e.ft) is at 6't (D' )D/O' "' 210 ns . 
T- D-neut.Ion velocity ~ 5.2 an,lns • 

Fig . 3: Neutron yiel ~ (Cl 
n (average on each ' 
set of m shots show ~ D, s1...... ing a specific val 

of dt ) is reported 
for dlifcrent val I 

.;.. 2.0xn of dT0 ; error bar I _::,,t_. 

\ om=rri (ni-iil~J";m ~~ "" 4 s tandfud deviation ., l 

I
\ ~tti;~~a~ } .,· .; ; + 1.0xfi 10 ns on dr0 ) ; unit f . : l>X..~ I 

+ ii en yield axis is 4e-O 520 560 

I the average on all sets of 

I ~ I a series of shots. '1hree 1 ( b) 2•• 

30' 
,,, 

90' + 
(a) 

DJ •IHOc., 

I I I T i .. T ;. ,...,. ed with a noIIfB.l.iza~on of ~ , , ; 'f · series of shots are report- 't+~'~: ... ~ 
j , . 1 - L...l(.• all ti.T 's to sane ti.n'e scale 

0 520 540 S~Q'-500 as for
0o •1486 an' (a) ser~es 

of 120 shots , detector a t 90°, o1 •1240 an, n=2. 2x 10 
neutrons. 'lWo shots have Al" > 590 ns and three (not 111"2 
shcwn) have a different ln ·R~~ SOO ns.,with a 
decreasing yield. In thos2 three shots - as well as in 
the 16 shots with a very kw neutron yield ai the left ! ~ + 
axis (dt •O) - the HXR burst does not reach the de~r. , 
(b) 42 ihots, detector at do0 , o =816 an, il-1. 7x lij ' 1 •LIZ,.{'; 
neutrons, (c) 115 ahot&, 30 DJ•1~40 an, ii•l .4 x 10 neu- 470 510 50 
t.rcns . Values of ~ ~ich correspaid to the leadi..ng edge of the D-D 
neutrons signal are··"E\nax =4 .1, 3. 6 , 3 . .1 MeV for l!.To = 480, 520, 560 ns 
respectively ([Pl486 an) . Nrnber of shots, m, in each sot is rrarked below tl. 
AT

0 
as the tine at which the anplitude of the 0-0 neutron signal reaches 1 

vol t before saturation; sec Fig. l) . About 70\ o f a.ir disdlarges sh"'1 at 

least one (or several, if n > n) of those intenrediate peaks (i.p. ) . 

Scattering of HXR, del ayed emissioo of x- rays and, p::>Ssibly, y fran excited 

nuclei by neutroo b::lri:>ardrront can also oontribute to i.p. in a&litioo to 

T- D neutrons . By using simultaneously two detectors a t two different values 

of D ;,e have verified that' (JI) the tim> of prcrluction of both the HXR lead­

ing peak and of fast rro neutrals is the sctre, i.e . 6t-O (bt and the fast 

D-D-neutron velocity """max ~O detennined by 4.-D/v - D/c + ll.t with two 

values for bJth AT
0

, D; o-Jx.10 C1\ls); (B) several discharges stVN' one 

single i.p. in both detector signals with the typical delay of a T-D (14.l 

MeV) neutron whidl is produced at the sane t.im:? of the HXR leading peak; 

(C) in sane discha.rqes one i.p., or a group of i.p. •s, is sham only by one 

detect.or s ignal and not by the other. Our analysis at "" SOO disdl.arges 

indicates an aco.nul.ation of i.p. on the value of Al' whidl is typical of a 

T-D neutron (with a dt=O) • The result is sl1C7N!l quantitatiwly in the histo­

gram of Pig. 2 -.nere all, and only the so:ipe traces with cne single i.p. are 

reported. Data fran seven different values of o (594, 711, 816, 1216, U40, 

1428, 1486 an} haw been used with a telesa:ipic nomalizaticn 6•(D' ) -+ 

6•(0 1
) D/O ' to the sarre t.irre scale of the detector distance D = 1240 an. 

The a=.mililtiai of data points at dt• 1240 x [ l/5. 2 - l/30 ] ns );_ 200 ns is 

above statistical fluctuations . 'the use of different values of o rules out 

the i:ossibility of spurious effects cile to, e . g . , scattering or to an eni..s­

siai-delay dt "'1im might, accidentally, fit the tine-of-flight delay of a 

T-0 neut.rai. for are specific value of D. 'Ihe two traces in Fig. 1 illus­

trate l::orderline cases of our analysis: the traces we have reported in Fig . 

2 have an arrplitude (of i.p . ) larger, or at least not smaller than the 

value 0 . 2 V of Fig . l(a) and a definition of the i.p. position better than, 

or at least as clear as in Fig. l (b) . Data ""hlch relate the total yield h 
of 0-0 neutrcns with AT

0 
are presented in Fig . ), ii is generally i..ncreas­

in:J for smaller values Of ilTO and reac:hes a max.irnlJn value nmax ~ 2 X ii for 

sane dt 0 min which depends on the directicn of observatioo and sarewhat 

by the perforrmnce of the focus as it is dlaracte.rizcd by n during a series 

of discharges [defin. of ~.ii in caption of Fig. 3;note E\nax(dt
0

)anistrq>y]. 

~ .. '1he Emissioo pulse of HXR, fast D-D neutrcns and T-0 neutron peak can be 

consistenUy explained by electron and iai inductive acoeleratioo (1,
3) 

llbi:k .._,rted by AFOSR(U.S . ) ;CNR(Italy) ;I.Avogadro Tec.c.p.10757 ,lbna(I). 
l) Bostick,Nardi,Prior,Proc.V Cant. Plasma Phys .Caitr.Nucl. FUSioo(Tdcyo,1974) . 
2) Bernarcl,co.xleville,Jolas,Iaunspam ,dt.'iascureau: Phys.Fl. 18,180(1975) . 
3) IEN-SlT Caitrib . ;Proc. I.Conf .~ Stor.Canpr.Mtc:h.Ast:r1.974,Plenllll,N.'i. 
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A Theoretical Model for the Mather-type Plasma Focus 

by 

H.J. Kaeppe1er , N. Ruhs , M. Trunk and G. Decker 

Institut fUr Plasmaforschung der Universitat Stuttgart 
Feder al Republic of Germany 

Abstract : For develop i ng a theoret i ea l description of phys i ea 1 phenomena in 

the plasma focus, MH O and PIC calcul ations and ana lytical solutions were 

carried out . A compari son of these shows t ha t m = 0 instabi liti es are the 

macroscopic reason for electron and ion beams producing microi nstabi l lties , 

the ion beam- beam interact ion a 1 so producing the majority of neu t rons. 

The purpose of t his paper is an attempt at e s tabl ishi ng a consistent mod­

el of the compressed phase i n a Mather-type plasma foc us device. Ac cording 

to Bernard et al . /l/ , the plasma sheath for ming behind the anode coll apses 

into a very dense and quiescent column of about l nun minimum radius. The 

plasma (ion) temperature in t h is very dense phase i s a pproximately 500 to 

700 e.V. and a grees \'li t h the value calculated from a thermal i sa t ion of the 

compression kinetic energy, From s now-plough theory and cons ideration o f 

d iffus ion of the magnetic f i eld into the plasma, Kaeppe l er /2, 3/ deri ved an 

equation for the min i mum plasma radius rm 

2rl v~ c l 

J0 Cos(2- .,.-/,;/t)4oO"m 
(I) 

where R
0 

ist the anode radius, 1
0 

t he maxirum current, t 0 = v/R0 t he plasma 

compress i on time (vr = compression velocity). t, ,..._. ~ the "circui t 

time" (C
0 

= capacitance of the condenser bank), L
0 

t he inductivity of the 

circu it . lm the tota l inducti vity of the system at r = rm? and .L1 L=lm- lo 

the gain in i nductivity due to compression. 6" m is t he electr ic.a l conduc­

t iv ity , determined by the e 1 ectron ten1pera tu re wh i eh , from sea tter i ng exper­

iments, Berna r d /1/ estimates at Te= 100 e . V . . From infrared meas u remen t s, 

H. Schmidt / 6/ a l so obtai ns values for Te lower than Ti . Fur thermor e . soft 

componen t x- ray meas uremen t s /7 , 8/ indicate Te values between 200 and 

400 e . V . . Us ing a value of Te~too to 300 e.V., EQ; (I) for rm, and 

(1 f1). =I ~(dl,) I - ~ (~' /2 
rTlH)( c dt m.:\il G.'2. Re_- rr.,./\/;:f; 

(2 ) 

cf. /4/ . the max i mum average f ield s t rength (1 E 1 )max on t he axis of the fo ­

cus can be calculated. For a current of 1 MA, anode radius R
0 

= 5 cm, plasma 

rad ius 0. 1 cm, ther e result fields in the order of 20 kV/cm, in agreement with 

MHO-calculations /5/ , used wi th PIC-calculations /9/ of the compressed s t age 

of the plasma focus . According to Bernard /l/, this very dense and quiescent 

stage lasts for approximately 8 · 10-9 sec . 

One of the mechanisms , disrupting t he very dense phase, are m = 0 i ns ta­

bilities , experimentally observed by H. Schmidt /10/ among others . Ana lyt-

i ca l theory shows /4/ that ion viscosity does not essentially damp the growth 

of the ins t abil it ies but acts sele( tively on the wavelength for which maximum 

growth rate occur s . It turns out that i\m~ rm• if the m = 0 instab il ities 

set in when the min i mum plasma radius is reached. Recent MHD calculat ions 

/8/ also show t he appearance of n1 • 0 instabilities, t ho ugh with an i nappro­

priate t ime s cale due t o a too high van Neumann viscosity in the calculat ion . 

I t can be shown /4/ that due to t hese m = 0 instabil ities, the local electric 

field strength IE I z can r i se from the average 20 kV/cm to 200 kV/cm in ap­

pr oximately 10-S sec or slightly less . 

As the critical fiel d for e l ectron runa\'tay under pl asma focus conditions 

( T "' 700 e . V., n"' 3 . 101g cm- 3 ) is approximately 30 kV/cm /4/ , the m = 0 

instabillties cause a local breakup of the dense column and s i multa neous ly 

cause the onset of e 1 ectron ru naway. Th is r esul ts in beam- plasma ins t ab il i -

t ies (cf. f ig . l) of the Bunemann type with a gr0\1th rate of W; ~ 10
10

1ec - l 

Fig. 1 sho\'IS that because of T/Te > 1 in t he dense phase of plasma f ocus , 

a lso kinetic instabil i t ies due t o hot ions may occur. 

From his PIC calculations , Ruhs /9/ has establ ished a beam-beam collisi on 

model for the neut r on production . I t t urns out that the deuterium ions accel­

erated by the e lec t ric fie ld of Eq. (2) and crossing the focus a xis repeate ly 

form beams [ cf. a lso Fig. 2 J \'lh ich upon coll i sion whith each other produce 

more neutrons t hen those from beam-target interaction. The total of the ac­

celera ted i ons for m a disperging beam observed by Bernard /1/ and by Schmidt 

/ 10/ . This ion beilm also gi ves r i se to kinet i c ins tabil ity /12 - 15/. 

Jn order to dete rmi ne the regime for the appearance of these kineti c ion 

i ns tab i l ities , t he values of n1/n0
, 6.VbiVo and v b were determined from t he 

PIC calculati ons /9/ . The s ubscript I denotes beam values , 0 plasma values, 

vb is t he beam velocity , .flvb the beam velocity spr ead. It is seen from Fig . 3 

that . locally , n
1
/n

0 
can exceed un i ty and . taken over the entire plasma co l ­

umn, n
1
/n

0 
is relati vely large . Figs . 4 and 5 show1~~at the . io n beam ha~ t~ 

be considered as "hot" . The conditi~n/b > ( T/m;} pre~a1 l s, as Vb 1s in 

the o rder of 108 cm/sec and (T/mi) I in the o rder of 10 cm/sec . For waves 

propagating para l lel to t he e l ectric fi e ld ( E ..l. B), th e cold-plasma condit ion 

prevails bacause .6vb/vb < (n
1
/n

0
)l/J and t he growth rate of the instability 

i·S, because of w Pe >> w "c;1 near t he axis, 

"'- Rorigr ~f 
:P 8unrmoM int. ti:bilil/ 

Rcripr ~I 
11~ iQt> 1'1ttl'lc"'sla~l/•l1 

Fi g. 1: Ranges of stab il i ty and ins t a­
b il ity of hot elect ron-ion plasma with 
e lectron and ion beam formation 

Fi g. 2 : Typical i on ve locity 
d i stributi on i n plasma foc us 
from PIC calculati ons 

Fig. 3 

,..._ 
,, 

o.s 

1'1.IJS 

Fig. 5 

;!;;, 

Fi g. 4 

Fig. 3: Rat i o of i on beam and pl asma den­
siti es n

1
/n

0 
for var ious radi i a long z-ax is 

Fig. 4 : Ve l oc i ty spread_llvb a nd vel ocity vb 
of i on beam in p l asma focus from PIC c a lcu la 
t i ons 

Fi g. 5 : ti.vb/vb - ratio for va r i ous rad~ i 
and ax ial pos it i ons z fro m PIC cal culations 

t;: = ( '-")
1
;, l w ...., I~, (3) 

• nu <.,,_ L ~ 

where \LA.."ci wee j 112. i s the hybr i d frequency. In the range of highest vb, 

n/ n
0 

is practically unity, so t hat the hybr i d frequency actually determi nes 

t he growth rate a f the kinet i c ins tab i 1 ity. In this same range , the magnetic 

fie l d is of the order of 105 Gauss accord i ng to PIC calcu lati ons, so that 

the hybrid frequency and with it t he grow th ra t e is of the or der of 1010s - l 

j ust as in the case of the e 1 ec t ron runaway ins t ab i l ity. 

It is t hus shown that a theoretical mode l for the Ma ther-type plasma 

focus ~J i l1 have to incorporate e 1 ec tron runaway as we 11 as a ki net i c ins t a­

b il ity due to the ion beam which is responsi ble for neutron production. Both 

fast components . e lec t r ons and i ons, resu l t from acce leration i n l oca l ly 

enhanced fields produced by m = 0 i nstabilit ies . 
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A?lALYTlC SOLUTIONS fOR TllE MOTlOU or THE AXIAL SYMHE.TRlC 

CURREllT SHEATll IN A PLASMA FOCUS 

f .Gratton and H. Vargas 

Laboratorio de Fisica del Plasma, facultad de Ciencias 

r:xact:as y Uatura l e s. UllBA 1 Buenos Aires, Argentina . 

Abst"ract: The motion of the current shea t h ( CS ) is approximated by a par­

~ferential equation whose solutions are e;iven by s i.fllple analy t ic for­

mulae . The shape of the CS can be obtained graphically for general initial 

and boundary conditions by means of a nomograph. An example shows the "l'oll­

ing-off" and t he formation of the " bubble" in the pl.,sma focus . 

The 110tion of the CS in the plasma focus hos been t horoughly stud-
! 

ied numerically by Pot ter . However ,considering the coaplcxi ties of the com-

putation and its resul'ts ~we felt that there is still a need fc,r ll simpler , 

a.Lbei-i: only approximate 1 way t:o describe the CS evolution which can provide 

ana.ly.ti c forculae. for many purposes like pro ject design or est.ilaations of 

self induci-ance variations our graphical construc'tion of the .solut ion may be 

useful . We have been preceded by Basque, Jolas and Wareau in the attempt 

to obtain the CS motion from simple "snow- plow" 1110dels ; hO"o<Oever t hey could 

only study the coaxial s tage . Dif fering from them ,our treatment starts anew 

f roca a partial differential equation for the CS surface and allows for a 

large set of initial and boundary condi tions which include the ordinary 

plas.a focus disposition of el ectrodes and also iaany other variations around 

this theme . 

Ass uming axial symmetry and cylindrical coordinates ( z along "the ax­

i s of the apparatus ) the magnetic fie ld between the electrodes and the CS i s 

a
9 

s 21( t) /cr • Neglec t ing t he acceleration effects a nd the width of the CS, 

the linear 100llcntu• balance equation along t he norraal t o the CS is given by 
2 2 

p 0v
0 

= Bs1B• (p0 : initial dens i ty of gas in front o f CS) . Let z-= f( r,t) be 

the equati on fol" t~e 
1 
C~ surf ace . The normal velocity of advancement is given 

by vn == ! f ./Cl+fr ) I . Hence we obtain the following non linear partial 

differential equat ion for f 

1£ = + O..U) J, +(lf)~ 
)t - ~ r ~y <1> 

where a(t) .: l(t)/12ii);,c (hel'e I(t) i s 'the total current in CS j velocity 

of light 1 cgs units throughout) Lquation .!. can be transformed 1n a quasili ­

near one int r oducini, the new variable II == rcos+ , where q. is t he ang l e be­

tveen the normal to CS and the z axis . We have then 

~ =4.UJN .2/. = s;r•- IV' <2 > 
and ~ ~,.... ~ / 

dN_s".Ji)vY"'-N' l!:- o. 
;Jt r- • ;)r ( 3 ) 

where s = sign( fr ) ( s 2 .: l ) . Equation 3 can be solved by the method of 

the characteristicsl . The'characteristic base curvcis 1 Ci(r , t) of eq . 3 in the 

r,t plane are given by !!£ '= _ S '!1!J J/t" J..-N2 

dt ,... ( •1) 

and along each one of t hem U is a constant rn = N
1 

say, where the i means 

initial value ). The Ci (r, t) detel"mines cylinders in the z ,r, t space that in­

tersect t he z :; f surface alon& the true characteristi c lines which gene­

rate the solution. It is f ound 90rc convenient to work with t he projections 

Ci(z ,l') of the z , r,t characteristic lines on the z,r plane, instead of eq.~. 

rrom the previous equations one can easily f i nd that 

~: = - J' N,· //r-' -Ni cs> 
holds for the Ci(z , r ) 1 which gives 

" I IN; I = Ck i , z = AY, Ch "•/irJ•f - I (i-l;)/rJi (6) 

rurt:hermore , along the Ci(r , t) we have dz/dt = a ( tHl/r2 
and substi-i:uting 

cq . 6 i n here we can integrate to obtain the r e l o.tionship between z a nd t : 

t 
S'4 ~ Cl."2 - .! ( i-i;> _ '2!.J'.!i./-t. -rr, r= .:., J a (t'JAt ' ( 7) 

f'I<• /\{· /t/, Ni. " 

If we know the initial shape zi = z 1Cri) and consequently u
1 

= lli(ri), t hen 

we cen eliminate r i bet1o;een eq. 6 and eq . 7 and obtain the solution z = f(r , t) 

which satisf i es the init:ial data . 

l'1"'0lll eqs. 2 and S it follows that the Ci(r ,z) are always orthogonal 

to the pro ~ction of the solu tion on the r , z pl ane. Hence fro11 a practical 

point of view it is convenient to draw a nomograph with the Ci curves which 

start at a single poini: for all values o f cos+ ( see fig . ! whe l'e cos+i = 1 , 

r
1 

= 1 a t zi = 0 ) . ror r i == 1 we have curves for all possible values of 

cos~ i for ri ;. l making shifts in the z direction ( shape of Ci is invari­

ant for z translation ) ....-e have at our disposition a fairl y large choice o f 

curves with different values of Hi. Jt is not necessary to compute z == z(t) 

for all the r 1 value!> . It i s sufficient to consider the case u1s l, ri= 1 , 

z 1: 0 which cot'responds to T = z -t Shz Chz and r = Chz . Then we can mark 

the time scale on this pa.rticular Ci easily . After compl eting the. orthogonal 

lines of t he z: = f solution we will assign the corresponding T value which 

follows fro• their intersection W"ith r :: Chz . An exai;iple of the application 

of this procedure to the plasma focus with hollow ccnter e lectrode is shown 

in fig . 2 ( which was obta ined graphically by workinc with transparent paper 

on the nODO&NPh ) , Clearly this 11ethod is also applicable to a variety o f 

.simil.,r problems with different electrode shapes and di f f erent initial con­

ditions f or CS niving the solutions in a very shoI"t time. 

We will clarify some aspects of this me thod , referring to fi g . 2 as 

an ill ustration . The Ci given by eq . 6 have a mi nimun for r = r_= ni which 

happens when r/r_ = Ch[ ( z_- zi)/r_J. This fact allows us to know the sign 

S f for instance i f z> z_ t hen r > r_ and (dz/dr)C\> O , that is h./Or< O for 

the solution . The line which joins the r _, z_ points separa tes the. CS in two 

parts with different s sign ( this is the dotted line in fig.l ). We. can al­

so i mpose boundary conditions to extend t:he solu'tion beyond the do1i1ain of 

dopcndcnce of the initial data. We can give a condit i on on the contra! ele c ­

trode like asking that 4'= 9'e ( r ) at ze= zc(r). In particular we imposed that 

CS is nortta l to the upper face of the central eleccrode in fig2 because 

this condition seems to fit the availabl e evidence from photographs of CS . 

The CS pr ofile in the domain of dependence of the electrode is given by 

:L - z0 = - t [ r - fi.7:-r - Ar&ChC' ] (taking r i = 1) and does not change du­

C'in& the motion a.long z. . We call this solution the "traveling wave". At 

the electrode edges we a ssumed that t he CS illDediately gives rise to a set 

of Iii values 1• u ch like a point source of characteristics . It is apparent: 

from figs . 1 and 2 that an envelope of t he Ci forms as "the CS rolls - off to­

wa.rd the axis . Tha CS is normal to the envelopo which ha s a fini t e angle 

at "the point of contact with the axis . We can extend the sol ution beyond the 

envelope u i ngular solut ion of eq . 5) assUJ!ling that along the axis , at r -=0 1 

the new characuristics are given by the e nvelope i t s elf . The " singular 

profile" which is so determined is ulso a ' t ravellng profile 1 which has the 

form of a'bubb l o '(sce fi g2) , This is a well know feature of the l a ter stage; 

of tht! focus ( see fig . 3) . 

We. are grateful to the Stevens group for the photograph fig.3 . This 
work have been supported in p&"t by the Argentine CHEGH (C011i:;idn Nacional 
de E:studios Geo-Helio- Flsicos) and the COHICET (Consej o Nacional de Investi­
gaciones Cientificas y Tecni cas ). 

7 

Fig.l: No110graph .from eq. 6 
Fi g. 2: Exaaple of CS mo­
tion for a plasma focus 
( ho l low central elect. ; 
external elect . not s hown) 
I nitial CS is assumed t o 
follow "the insulator shape 
{arbitrary scales for r 
and T). l insulator; 2 
elect. i do:nain of depen­
denc e of: 3 insulator 1 11 

borders of elect .; exter­
nal 5 and internal 6 domains 
of dep. of elect; 7 singu­
lar solution (bubble ) . 
Fig . 3: I mage converter 
phot ograph of t he later 
stage in the plasma f ocus 
(side vi ew; deut eriun 1 11 
Kv , 5 . 6 torr) . 
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DEPEllDE:ICE OF FOCUS lllTE!ISITY 011 MASS AllD FE:..D :HSTRii3llTIO!I 

S . Lee+ J ':" . II . Tan . 

Physics Department , Universiti Malaya , K. L. ,Malaysia . 

•Presently: Institut fUr Plasmaphysik, KFA, Jillich , BRD . 

Abstract: Using piezoelectric probes we estimate that at the 

end of the axial run-down region ~-7% of the ambient mass en­
countered arrive in time to participate in the focusing action . 
Focusing intensity appears to depend more on the magnetic fie~ 

distribution than on the mass distribution . 

In theoretical computations of focus trajectories it is neces­

sary to include in the radial equation of motion a quantity (m0 ) 

representing the amount of mass that is swept from the axial ru~ 

down rec;ion into the radial focusing region. In the present work 

measurements are made at the end of the axial run- down region 

which enable an upper limit to be placed on this m0 . The measure­

ments also throw light on an important associated problem; name­

ly the dependence of focusing intensity on the mass and magnetic 

field distributions. knowledge o f this dependence could be use­

ful in the desicn of a fusion rr.achine based on the focus prin­

ciple. 

We use a calibrated PZT piezoelectric probe ( 1) and a magnetic 

field coil for these measurements . The calibration pressure sig­

nals were carefully studied so that the probe response time and 

inherent noise harmonics were known . In the actual measurement s 

the pressure signals were processed to eliminate these noise har­

monics . 

The focus device in which these measureme nts were made (2 , 3) was 

operated with deuterium at o.2 torr wi th 8 kJ . For these opera­

tinc conditions it was noticed that the focu sing intensity was 

not reproducible as judged from voltage and current oscillograns. 

Indeed for some shots, the characteristic focus i ng voltage spi~ 

and current dip were absent . 

A comparison is made of the pressure (P) and magnetic fie l d (~ 

oscillosrame for fooucing (F) And non-focu::; i n G (NP) 3hot3, In 

Fig . 1 the B oscillograms have been transformed into B as dis-

IOzlcml 
Fi9-1 Comparative mogn9tk lilttdt. d11,tubullCW'I~ 

a sharp narrow pulse in 

the first part or the p 

signal. For the NP shot, 

this f rontal pulse is not 

so sharp or distinct . 

In order to quantify the 

P measurements, an cmpi-

rical model is used in 

which the frontal part of 

tance coordinates . A d i stinct diffe­

rence (very reproducible) can be ob­

served between the B distributions 

of a Panda UP shot , The F shot has 

a high current density in the firs t l 

to 2 cm of the current sheet with B 

rising typically to o . 8 T in the first 

1 1/2 cm . The NF shot has a much lO'r.B" 

current density with B rising to only 

o . ~ T over 7 cm. For the P pulses, a 

somewhat typical distribution (for 

example Fig . 2) for the F shot shows 

J-0 • :1 ~ ' ' '' .. : ' 
! 

1·5 a: 

1-0 

0.5 

F ---- -... -,, 
NF ' ,, 

' ' ' \ 
' ........ 

t he P pulse is taken to be o o.s J.O 1-5 2.0 2.5 J-O J.5 «1 4.s so ss u.,~1 

a shock in which there is Fig.2 Comparolivtt pressun> pulses 

a post shock magnetic field. 

This is to conform with experiocntal observations • and has the 

correct effect of lowerinc; the post shock kinetic pressure (Wm 

compared to a gas shock model) for each ~iven shock speed . By 

empirically taking the r atio of specific heats to be x : 2 the 

pressure measured at the probe face could be related to the free­

stream Newtonian pressure ( 4) . The density ratio r is t~g~puted 
fror.1 the measured pressure . 

The P pulse is divided i n to 2 re13ions for study namely (i) the 

first o . oS f.!S and (ii) the first o . 3 / ..ls , The mass arri vinr. in 

the first 0.05 p s is here called the11 init ial 11 mass . The mass 

arrivin~ after this o . oS ,,ti. s c?Jl~ no t participate i n the focus 

since the focus action occurs in o.o5j<.ls. The time of o . J ;us 

corresponds to the e - 1 d i ffusion time of the probe . Beyond 

this time the diffusion of the B field behind the probe face 
would make the estimateqrand hence of mass an underestimate . 

The results show that the 11 initial mass" is ~-7j of the am­

bient mass with F shots ha vine a slightly creater initial 

mass than NF shots . Due to the continual axial motion of the 

imploding plasma, it is expected that 11 m0
11 is only a smcill frac ­

tion of this initial mass . This is in agreement with a recent 

radial trajectory compu tation (5). Also F shots have a slight­

ly greater quanti ty of mass (3o :; of ambient mass) in the first 

o. 3tus.than NP shots . 

The most important factor in deciding the intensity of a focus 

appears to be t he magnetic field distribution associated with 

the current sheet; although it i s also observed that the struc ­

ture of the current sheet has some points of correlation with 

the structure of the pressure pulse. 

1. Lee S ., ?h . D. Thesis A. N. ll . (1969) 

2 . Lees. , Chen Y. H. , Ma! . J . Sci . l (1975) 

} . Chen Y. I! ., Lee S . , Int . J . Elec . TI (1973) 3~1. 

q , Lee S . , Sandeman R.J . , J . App . Phys . !!l (1972) 3980. 

5 , Lees . , Chen Y. H. , XII ICPIG Eindhoven (1975) submitted . 
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KMS FUSION HIGH P<MERED LASER FOR FUSION EXPERIMENTS, 

ITS PERFORMANCE AND EXPERIMENTAL APPLICATION (l) 

B. R· Cuscott, G- Charatis, J . s. Hildum, R . R. Johnson, 

p. J . Jto'..ayer, N . K. Moncur, o. E . Solomon, c . E. Their.as 

IQl.S Fusion, Inc., Ann Arbor, Michigan, United States of America 

Abstract: The performance of a high power Nd :glass l aser system for 

laser fusion experiments will be discussed. A series of well characterized 

target shots will be presented, showing t he effects of laser power on 

neutron scaling . The microsphere targets used in t hese experiments will 

be discussed, along with tecluliques for their characterization. 

In the KMS Fusion laser system the laser pulse originates in a 

mode locked lid :YAG oscillator and is then shaped temporally by a KMSF 

designed and constructed puls e stacker . Laser pulse shaping is essential 

to s uccessful experiment performance . It h&s been found bot h exper i -

mentally and t heoretically that the laser pulse shape has a great in-

fluence on compression and on the symmetry of an implosion. 

The pulse stacker acts upon a sinale selected laser pulse from the 

oscillator by aeans o f' reflections a.nd optical delays to generate a 

shaped pulse. As many as 22 individual ret.lection pu.lses have been used 

to form the stacked pulse train, with a minimum separation of 40 P&eC3 

between adjacent reflected pu.lses. The width of the stacked pu.lse is 

adjustable from 30 psecs to grea ter than 1 nsec with a rise and fall 

time of 15 to 20 psec s . 

Arter the atacked pulse i s f onned it is amplified by a s eries or 

conventional Jld:glass rod e.I:Ipl.ifiers (fabricated by Cil.AS). The output 

or this rod amplifier train is 20 joules in 2 50 psecs with a beam 

diameter of almost 8 cm . The laser energy is further i ncreased by a 

series of slab amplifiers (fabrica ted by General Electric) each with a 

10 cm clear aperture . The KMSF laser sys tcm configuration used f or the 

experiments to be detailed later is shown i n Figure .l. 
OSCILLATOR 

STR£l K C.AWERA ROOM 

Fi gure 1 

A 
TUkNltrlG 
MIRROR 

Control of t he laser beam ' s spatial intensity variations is par a -

mount to the successf"Ul repetitive operation of a large high powe r laser 

sy stem. To achie ve this KMSF designed and construc ted a series of apodised 

Ape r tures and a high power spatial filter . The apodisers use a unique 

absorbins fluid that is index matched to the glass windows by careful 

thennal control of the unit. The liquid glass combinati on presents 

a. pre-calculated absorption profile to the incident 1 -06 µ laser beam, 

resulting in a reshaping or the beam ' s spatial profile without the addition 

ot t'Urther noise compone nts . 'nle high powered spatial filters cu rrently 

Placed between the 8o mm rOd amplifier and the first disc amplifier s erve 

t o reduce considerably the beam's high frequency spatial noise, thus 

flPatia.l.ly preparing the beam for acplification by the disc amplifiers. 

The KMSF laser system has been used to produce implosions in DT gas-

!111ed glass micro-spher es . There have been approxime.te1y 500 exPer iments 

per formed during the past year which have resulted in neutron production 

from the compresse d deuteri um- tri tiu:a fuel . r:eutron yields of the order 

of 107 have been measured as well as volwcetric reductions of the order 

of l OCX> . 

A series of well-characterized target sbots were performed to 

s t udy the effect of laser power on 

neutron scaling . The targe t s were 

approximately 55 µ in diameter w1 th 

aspoct ratios (R/ /;. R) of 20 :1 and 

40:1, and with gas f ill pressures of 

10 or 100 atmospheres . It was found 

from the rou.r different target char-

acterisitcs that the neutron p r oduc -

tion increased as the pulse length was 

decreased from 480 psec to 240 pscc 

maintainins 60 joules on t arget. The 

largeat neutron yields were achieved 

at the lover pressure and 40:1. aspect 

ratio. The diagnostics used for 

these measuremen ts consisted of X- ray 

pinhole cameras to determine the vol-

umetri c conpression, neutron nnd X-r ay 

detector s to determine the yiel ds and 

spectral distribution . The results 

from a typical X- ray pinhole ce.aera 

photograph including the lllicro ~ 

densitometer trace are given in Figure 2 

Figure 2 . The energy balance of the laser-plasma interaction was made 

using photod.iodes, charge collecto rs, time-of flight mass spectr ometer, 

X- r ay ther110-lum1.nescent dosimeters (TID ' a) and calorimeters . 

During these experiments the fluorescent and p repulse energies wer e 

1110nitored and it was observed experir.ent&l.l.y that prepulse energies i n 

excess or 0 .17 millijoules degraded the implosion characteristics. The 

Cluorescence measurec:ients i odicated that energies in excess of 20 mill!-

joules we r e sufficien t to significantly olter the target plasma properites. 

The neutron yields of the orde r to 106 were achieved in t hese experi -

mcnts wi t h 0 . 24 1W of l aser energy on target and are expected to i ncrease 

rapidly as the KM.SF laser output ener gy is expanded . 

(1) 
A por tion of this work was supported by a contract vitb the Ener gy 

Research and Developir.ent Administration. 
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* LASER FUSION, THEORY, EXPERIMENTS AND LASERS AT LLL 

J . L. Emmett, J. H. Nuckolls, H. G. Ahlstrom, C. D. Hendric ks, 
L. W. Coleman, J . A. Glaze, J. H. Holzrichter, G. H. Dahlbacka 

University of California/Lawrence Livermore Laboratory 
Livermore, California 94550 

ABSTRACT 

The realization of laser fusion requires advanced devel op­
ments of many disciplines: high power lasers , optics, 2- D 
magneto f luid dynamic codes, microscop ic fast time diagnostics 
and target fabrication. The laser fusion program at LLL which 
involves 230 scientists, engineers and technicians has made 
significant advances in all of the above areas. Nd glass lasers 
are now irradiating targets with laser powers of 0.4 - l .0 terra­
watts. Laser fusion targets of the exploding pusher genre have 
produced up to 107 14.l MeV neutrons from the D + T reaction. 
By 11:easuri ng the energy spreading of the 3. 5 MeV He4 reaction 
product it has been demonstrated that the results are cons istent 
with an ion temperature of l .7 - l .9 KeV. The 2-D code calcula­
tions are in good agreement with the experimental results which 
increases the confidence in extrapolations to break even and net 
gain targets . Significant advances are also described in the 
fabrication of the microscopic targets and in picosecond, micron 
scale diagnostics. 

* Work performed under the auspices of the U.S . En ergy Research 
and Development Administration. 
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EXPERIMENTAL STUDY OP THE IASER DRIVEN SHOCK WAVE 
PROPAGATION INTO SOLID TARGErS 

D. BIL!JlN, D. COGNARD, J. l.AUllSPACH, C. PATOU, D. SCHIRMANN 

coaa1ssar1at A t ·Slergie Atomlque , Centre d 'Etud.es de Limeil 
B.P. n' 27, 94190-VILUllEl/VE-SAINT-GEORGES, FRANCE 

Abstract : Plane and cylindri cal shock wavo propagation through solid 

targets ta studied in one beam and f our beu experiments, Density and 

pressure behind the shock a s functions of' the absorbed. laser flux are 

deduced from the shock velocity using the state equation of the material. 

The illumination of a s o lid tar get by t.he f ocussed beam of a power­

fu l pulsed l aser leads to the formation of a dense and hot plasma. Under 

the condderable pressure exerted on the solid material~ thb one is set 

in motion and may be compres sed to densities well above solid state density 

according t o theoretical models Ll/2,)/. The first experimental observation 

or this prediction 1s r elatively recent and was made 1n Garching L4,S/. 
In thia paper, we p resent experimental results concerning the propagation 

or a laser driVen shock wave firstly 1n plane geometry where a single 

laser beam is f ocussed onto a pl ane target o.nd secondly in cylindrical 

geometry Where four coplanar and orthogonal laser beams are focussed onto 

a. hollow cylindrical target. 

In plane geometry, the experiments e.re performed with one or the tour 

beallS emitted by our neodymium glass laaer c
6 

device. The maximum energy 

which can tall on the target is )() J. The rise time and the half width ot 

the laser pulse are respectively l n s and 3 na. The contrast ratio between 

the maximum power and the power before the laser pulse i s greater than 

600. The laser light is focussed by a 1:
5 

(f • ll7 mm) aspherica l lens 

down to a spot size of f/:Jµm. For the experiments described here the 

tar get consists of a thin polyethylene f oil of 30 µm thickness 6 X . 

The dense and hot plasma. created on the front surface of the target 

and the emergence of the shock front trom the free surface of the f oil 1a 

oburved with a J AMIN interfe!'Olleter illwainated by a diagnostic laser 

beam at O.SJµm. The direction. or analysis ia per pendicular to the target 

norml. 'ftle interfer ograms are pho·tographed by three framing cameras 

Nhtch can be opened during one nanosecond at different times during the 

shock wave propagation and by an u l tra t'aet streak camera TSN So4 L6/, 
Trana! t time 6 t of the shock front through the f'oi 1 is deduced t r om the 

instant at which the free surface ls set 1n motion . The mean velocity D 

of the shock front is calculated by the rolation 

t;,)( 
D • °""K"t 

1'!.p value ot D allows us to determine the pressure P and the density 

- behind the shock front by ualng Hugoniot' s equat ion 
Po 

D 
and 

D - u 

where p and p
0 

represent the dens i ty behind the shock and the lni tial 

solid density. Mor eover we assume that the material velocity u is 

re lated to D by the empirical relation 

..l u 

where C
0 

and ...\. are constants which we taken r espective ly equal to 

2.9 105 ell/a and 1.48 according to IJ/. 

The shock area Ss is deduced rroa the dimension of the shock at the 

time or ita emergence. The comparison of the value of 5
6 

to the &rea Sf 

or the laser energy deposition shows an effective enlargement of the ehock 

wave due t o later al heat conduction according to /5/ . 

For this reason the absorbed laser flux ~a is evaluated by the . 
relation 

t . s. 
iJ -. 

lfhere Ea 1e the absorbed laser energy at the emergence time of the a.hock 

wave and S11 ia the effective area ot the shock front at the time ot its 

emergence 1n order to take into account the two dimensional effect due 

to lateral heat conduction. The value of E is obtained by subtracting 

the reflected energy mea sured by calorimet:r s into the hall space from 

the incident energy. 

At increasing: absorbed laser tlu.xes ~ from 5 . 1012 W/crn2 to 
8·

1013 
W/cm

2
, we have measured decreasing t:anait times from Sns t o l.Sns. 

Corresponding pressure P and density ..£... increase respectively from 
Po 

90 kbar to 2 -rand from l.4 to 2.3 as we c";(M/~;~) figure 1. 

Measurements made with a thicker 

foil 6 X • 100 fL m in this laser flux 

range show that the transit time ls 

greater than the laser pulse duration, 

t In cylindrical geometry the 

experiments are performed wl th the 

four beams emi tted by our neodymium 

glas o laser c6 device. ~e beams ar e 

focussed with simUar lT ( 117 nun) 

focal lens length. The focustng condi-

tions are chosen to favour the Wlifor­

mi ty or the laser energy deposition on 

0.1 

++++-+ 
1012 

the outer surface or the target, 1.e., according t o LB1 9/. 'Itie focal spot 

of each lens is placed at a distance d beyond the axis of the target equal 

to about ~Re where Re ls the outer radius of the target . the target 18 a 

hollow cylinder made of alwninium. 'nle first purpose of these studies is 

t o explore the effects of asymmetry of the laser light deposition on the 

structure of the convergent l aser driven ishock wave , The second pur porse I 

!a to measure its transit time through the target wall thickness and its 

convergence time. 

The emergence of the shock front at the inner surface of the target 

i s detected by observing the intensity of a probe laser beani transmitted 

along the axis of the target w1Ul a high velocity streak camera T91 504 L6/. 
When the wave front emerges froni the irVler sur face , the probe laser light 

is absor bed and/or refr acted by the slightly ionized dense matter which ls 

moving i n towards the axis of t he target. Typical r esu lts were obtained 

with an aluminium target of 2 45/t m ou toide diameter 2 R and of 67 ~Lm wall 

thi ckness 6 R illuminated by an absorbed laser flux ~: of 3 , 1013 W/cm2 . 

A pranai t time 6 t of 5 . 1 ns l s measured. The pressur e P and the density 

~ behind the shock evaluated as in plane geometry a re estimated respec­

tively at 1.9 Mba.r and 1.75. The light transmitted disappears entirely 

at. the time t f • 6.3 ns which can be considered a s tbe convergence 

time of the shock wave on the a.xis or the target . The syumetrical disap­

pear ance of the laser light transmitted a llows us to assume that the .shock 

wave is moving s ymnetrically i n t owards the axh of the target 1n apt te 

of residual asymmetries i n the laeer energy deposition. This ract can be 

explained by the effect or lateral thermal conduction which smoothes the 

peakis of laser flux. 

In conclusion, these measurements confirm that a high power laser 

beam focussed onto a s olid target ia abl e to drive a strong shook wave 

inside it. Discrepancies exist. however, between the experimental va lues 

o f the pressure and the values predicted by numerical calculations in 

agreement with fj/. 'lllese discrepancies can be inter preted first by the two 

dimensional aspect of the plasma expansion due t o the lateral thermal 

c onduction and second by the ract t hat t he velocity D is not constant, as 

we assume i t to be during the shock front propagation . It varies with the 

time as ~a l/3 ( t} . I n cylindrical geometry , t he measurements show that 

several beams focussed onto a target are able to dr i ve a conver gent shock 

wave. Residual asynnetri es in laser light energy deposition are smoothed 

by thermal conduction. 
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LASER INTERACTION WITH AWf!INIUM TARG!IT 
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Commissariat B. l 1 Eneri;ie Atomlque, Centre d 'Etudes de Limei l 
B . P. n" 27, 94190-VIUENEUVE-SAINT-GEORGES, FRANCE 

Abstract : A s tudy concerning the interaction of laser beam with Al target 

is presented , Investigations were made of charge state of ions, reflecti­

vity and X- line emission . Experimenta l r esults were compared with a 

theoretical mode 1. 

IllTRODUCTION 

In the context of laser driven fus ion, most of the works concern 

interaction studies of a l aser beam wi th hydrogen or deuterlum target s , 

i.e . with light elements . For the last three years many experiments have 

been carried out using mu l tibeam laser systems t o c ompress small spherical 

pellets . In the future these targets more complex may consist of thermo­

nuc l ear fuel s urrounded with high Z 111aterials. 

In order to understand and improve the l aser coupling efficiency 

s ome single beam experiments involving interaction with high Z targets 

arc required . In this paper we present some results concerning the i nter­

action of a necxiymium glass laser with an alumini um target . 

EXPIBHEm'AL SEl' UP 

A Nd)+ glass laser with a power of about l GW was used. Tne pulse 

duration was )0 ns half width. The lase r radiation was vertically polarized , 

The laser beam was f ocussed in vacuum onto a plane massive a l uminium 

target with a lens of 5 cm focal l ength and f/l aperture . Tne flux density 

on the target reached 5 . 1012 W/cm2 . The focus s ize was determined from 

X-ray pinhole pictures . The e xper i menta l set up l s represented in fig . i. 

An e l ectrostat i c ana l yz.er and a Faraday cup were placed perpendicu­

l ary to the tari!;et surface . Tile analyz.er gave energy spectrum and charge 

LASER 

1 2 

1-6 
7-8-9 
10 
11-12-13 

EXPERIMENTAL SET UP 

Laser system 14 
Glass plate 15-16 
Calorimeter 17 

' Cells 18-19 

FLAT CRYSTAL 
SPECTROMETER 

Electrostatic ana l yzer 
Absorbing foils 
Soller slits 

: X-rays detectors 

state of the ions. The Faraday cup allowed to measure t he total number of 

charges. 

Fast ce lls measured the specular reflected at 90° and the backscat­

tered laser radiation through the angular aperture of t he lenses (fig . 1) . 

A flat crystal spectrometer with a proportionnal flux gaseous counte r 

was used to identify X-ray lines from highly s tripped ions and me.o.sure the 

intensity of these lines. 

EXPERIMrnTAL RESUCTS 

In figure 2 is represented the average charge state of the i ons in 

the p lasma versus the incident laser flux. These values were deduced from 

experimental results obtained 

with the e lectrostatic a.nalyzer , 

taking i nto account recombi- lO 

nation phenomena which play 

an important r ole during 

plasma expansion Ll/. 

The reflectivity in the 

backscattered direct ion and 

5 

0 
1010 1012 Fl""2 

W/cm 

in the 90° direction is r epresented in figure 3 as a functi on of laser 

flux ~ I ~o (wi1ere ~o • 5 ,10
12

w/cm
2

) . 

The variation of the reflectivit y 

during the laser puls e is s hown 

l<EFIBCTIVITY 

in figure 4. We can see that the 

ref l ection at 90° ls more i mportant 

than the backscattered reflection, 

but its value is relatively l ow 

(10- 2 ) . 

W!th a spectrometer we have 

identified Al XII X- ray line at 

A 1 = 7 . 75 A and >-. 2 - 6 , 63 A, No 

lines from Al XIII were observed . The 

energy in the Al XII X- ray line has been 

evaluated to 2 . 10-5 Joule in l~Tt steradians . 

DISCUSSION 

Electron temperature can be determined 

from the charge state of the plasma (!'ig. 2) 

assuming cor onal equilibrium D.4/. Va lues 

are s hown in figure Sa. 

Tne ions mean kinet.ic energy is rela­

ted with the electron t emperature by /5/ 

Figure 3 

REFIEC1.'1VITY 

- )0 - 10 10 30 L ~ -'- ~ ~(z+ t) UTe. 
2 r- I 

Knowing the n:ean kine tic energy and the 

mean state charge from analyzer and 

Paraday cups measurement s, we can 

Te(cv) 

l:Y 

Time 
Figure 4 

deduce Te (f igure Sb) . These values 

are larger than these shown in f l gu-

re Sa . This disagreement probably comes 

from the fact that in add! tion to free 10 

adiabatic expansion. i ons are acce l era­

ted by a self- consl stent electric 

field L6/. 1011 1012 10 3 

In the thin target model LJ/ giv ing scaling laws, the temperature 

can be deduced by the re l ation : 

~a in 1f//cm2 , A in f-m 1 m in kg. Te ln eV. The temperature is t"epresented. 

i n figure 5c. 

As we see in f i gure 5, t he three dlfferent methods of dedu cing Te 

give a dependance Te o< ~l/3. This resu l t i s in good agreement wi th the 

thin ta rget model and with resu l t s of reference LB/. 

An absorpt ion model of laser energy by e l ectron- ion inverse brems­

strahlWlg has been carried out, which t akes into account an absorp tion 

coeffici ent with a finite value a t the critica l density , Nurr.er i cal results 

in figure 3 ( '!h) agree with the experiment a l result.s. 

At the maximum flux density it is possible t o present an energy 

ba lance : reflected energy l aser 2 % ; kinetic energy of the ions 70-90% ; 

ionization energy of the i ons 7-10 % ; X-ray energ y (X) l keV ) 0 , 1 %. 

We thank B. AVENEAU, M. BRUEZIERE and J . L . LARCADE for their 

technical assistance , 
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ION TAIL FILLING IN LASER~SION TARGETS 
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Theoretical Div ision, Los Alamos Scientific Laboratory 
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Abstract: Thermonuclear bur n begins in l aser-fugi on targets with the 

collapse of the imploding fuel shell. At this instant the ion velocity 

distribution is non- Maxwellian, requiring correction to the co.-only used 

computer s imulation codes. This correction is computed and compared with 

chat ar lsing from the loss of fast ions. 

Thermonuclear burn of laser-fusion targets is generall y thought of 

as coi=aencing when a shell of OT (deuterium- tritium) fuel collapH:• at the 

central point. This ehell may either be present initially o r it aay be 

formed th rough a ccumulation and compression of an initially homogeneous 

fuel P J At the instant of collapse the velocity distribution of fuel ions 

may be thought of as a delta-fooction in speed : ions moving in all direc­

tions but with a cou:aon •peed equal to that at which the s hell moved inward. 

In computer calculati ons of the U.plosion and burn~ 2 • 31 however , the 

velocity distribution ia not taken into proper account . Instead the ion 

fluid is t a ken to a11.1a.y1 have a Maxwellian distribution 1.1i th the correspond­

ing fusion reactivity <av>H. ~ecause the fus i on target may disassemble on 

a time scal e comparable to that on which the ion distribution r ela xes , it 

is important to study tho relaxation and the correspondi ng values of fusion 

reactivity <ov>. In this paper ve de scribe a aulti- species .,okker-Planck 

coaputer code developed for this purpose.. We present calculations of the 

aagnitude of t he result which may be used to po•t- correct the usual com­

puter simulations . We also compare this effect wi th another related 

corroction : the loss of ions from the tail of the distribution~4 ] 
The relaxation of <ov> toward its asymptotic v<ilue <ov>H' corres­

ponding to a Maxwellian ion distribution , ia s hown in Fi gure l for a 

nuaber of cases . In each case the tem.peratu.re T is that of the Manrellian; 

the initial beam speed is v • (JkT/m) . l/2 The horizontal lines are the 

asymptotic values <:rv> H• F-com the figure we see that the relaxation 

require• more collision times at t he l ower energies , because of the steep­

ness of the cross section o at lower energies. The T • 20 keV case is 

interesting in that it shows a small (5%) overshoot with the relaxation 

to the asymptotic value coming from above. 

In figure 2 we plot the di stribution function g(v) as it relaxes 

toward the Maxwellian. The plot i s for the T • 6 keV case, but ta really 

self-similar if scaled for different energies. We see that even after 

nearly 100 mean collision times t he deviation from Maxwellian ia appreci­

able at 10 t imes t h e thet11141 energy. Overlaid on the plot is a plot of t he 

OT cross sect ion a, scaled in the energy coordinate as is appropriato. 

Also plotted in figure 2 is the distri bution for the T • 20 keV 

case in i tially, asymptotically, and a t Vt • 12 . 38 which corresponds to the 

uxi•um value of <av>. From t his figure it is clear that the relative 

over- populat ion of g(v) a djacent to the initial delta-ftmction ta more 

important than the relative under-population in the far tail which lies 

largely beyond the ma ximum in o: . This explains the interesting over shoot . 

The data(5 ]are intended to allow the post-correction of computed 

re11ulta which assume Kaxvell ian distribut ions . As an interesting applica­

tion 1.1e apply t hese tail- filling corrections to the r esults of the initial 

condition burn-study(21 which we have also modi.fied to estiaate the effects 

of fast ion losses~ 41 The tvo corr ections overlaid on the (Maxwel l ian) 

computer s imulat ions are shown in f i gure 3 . We see that ther e is a l i near 

region separating the boot strap heat i n g ond central ignition regime at high 

pR > l , gm cm - 2 from the region of importont corrections at low pR < 0.01 

g. ca-2• Utis separation justifi es the neglect of non- l inear processes in 

the present analysis . The va.lues of f « 1 justify the negl ect of fuel 

depletion, 

From inspection of the two results it is clear tha t in most cases 

the fast ion loss is the more important effect , In those cases in which 

the finite tail- filling ill more important it is only a 20 to 30% effect . 

ln the spirit of post-~orrections co hydrodynamics calculations 

which assume Hazwellian distributions, we have performed some combined-ion 

loaa and ion evolution-calcu.lations. For the loas term we consider the 

loss of particles by diffusion f r om a unifora sphere, using well-known 

results from reactor theory. [S) The fractional burn-up values for the 

) keV case arc s hown in figure 4 . For the very thin pR • 10-
4 

case, 

the fractional burn-up becomes nearl y constant as the <o:v> value 

drops . Such data mey be used to post- correct hydrodynamics-burn calcu­

lations. Simple bare pe.llete are known to effectively disassemble: in an 

expansion time 121 

'Te • R/4Cs, C
8 

• sowtd speed. 

< 

For 1 . 0 µg DT spheres at 3 keV, this works out to approxiAately 

"Te • 1 . 4 X 10
15 

(pR) (cgs units) 

In the pR • 10- 4 and 10-) gm cm - 2 cases the disassembly is so rapid as to 

occur before the. frac tional burn-up deviates significantly from the thick 

(pR :> 10-
2 

gm c• - 7
) result. That is, in these probleu the truncation of 

the distribution l oss by ion lou will have no effect. In str uctured 

systems, however, the confinement times may be considerably longer and the 

deviations from the thick- case results may be important . 

Having explored the ion loss effecd41 the time evolution of t he 

distributions , a nd the combined problem, we f eel t hat we underst and the 

observed yields which are be.101.1 a prior i (Maxwellian) estimatest 61 It is 

possible to construct hydrodyn8Jlics - burn computer codes which take proper 

account of these effects using the methods outlined here. However, in 

vie-.r of these effects becoming unimportant above pR • 0.01 gm cm- 2 , the 

effor t does not appear j ustified. It is impor tant , however, to have 

r:el'iolved t he quest ion of why the i nit ial experimental yfolds l ie below 

the Max1.1ellian results . . 
This work waa performed under the auspices of the United States Energy 

Research and Development Administration. 
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X-RA\' EMISSION FRa.t LASER- PROOOCED PLASMAS 
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~: Comparison11 arc made between experimental spectroscopic measure­

ments and coaputer calculations of t he soft X-ray spectrum emitted by a 

polyethylenf': t arget irradiated by an Nd laser. A 2-D ~lD mode l depicts the 

behaviour of t he plasma vhich i s assumed optically thin i.n the X· ray reglmc . 

Effects from self- ge nerated magnetic fi.elds are discussed. 

l. lntroduc:t ion. Ther e is cons i derab l e interest l n the bche.vlour of 

plasmas produced by i r radiation of solld targets with high Lntens icy laser 

bea1:1s, e .g. haer f usio n [ l), X-ray sources [2], X-ray spectroscopy [3]. 

In thls paper we 11tudy the production of X·rays from polyethylene targe:ts 

i rradiated by a t.06 micron neodyz.lum laser. We present res ults froa cal­

cu latlons wi th a 2 - D MHD mode l "CASTOR" [it) and compar e our results with 

the measurements of Ga l anti 1 Peacock, Norton and Puric [5). First we 

briefly describe the model CASTOR and the •USumptlons made to calculate the 

X-ray spect r um. The parameters of the exper i ments- calcu lations a r c given 

separately. The results from our calculations and the spectroscopic 

measurements [S) are in reasonable agreement and t hls 1s dhcuued at the 

end of the paper along with the validity of the assumptio ns made. 

2. The Physica l Model. Cylindrical goo11etry wi th rotational syncnet r y is 

assumed, i.e. only (r ,z) dependence of any quantlty is a llowed . The lase r 

light pulse t r ave l ling in the z - d i rectlon and characterized by o. n lllumina ­

tio n profile PL (r 1 t) hits a cylindrical plasma target of dinienalons R
0 

by Z
0

• 

The target is assumed to consist of a DOderate Z clement, e.g. carbon, 

alwd.ni ll:ID , iron etc. or a c<>S1pound llke polyethylene or nylon. The state 

of t he t arget l s described by a coronal steady-state model (6 ). The model 

a.uumes equal Lon and elect r on temperaturl!.s (Tc• Ti) and f r om T
8 

and the 

ion number density n1 all thermodynamic quantities of interest are ca l­

culated . The total power l ogs from continuum radiation (bremsstrahlung 

and recombination rad1aclon) h [6 ] 

P o:: n. n c l e 
(I) 

where the bars denote a s ul!lllation over dilferent ionization stages and EZ - l 

is the ioniza t i on e nergy at level Z. Similar ly t he power loss due to line 

radiation is (6) (gz oscillator strength) . 

-\ -,-- z ) 
PL a: ni ne Te g exp -EN-+N+ l /Te (2 ) 

E!-+N + l being the energy dlfferenct>: for the transition N ... N+l end the bar 

indicating o sum:nation. The total radiation loss Pc+ PL is black-body limited. 

The plasma is described by a set of MHD equations as given by 

Braglnskii (7). The equation for the magnetic Held includes the source 

term 'ii x 'i7pe responsible for t he gener ation of the azimuthal component ... 
B9 (Winsor and Tldman [B)). which affects the transport coef!icients. 

J. The Spectroo. The calculation of the s pectrum o f t he l!.tnitted radiation 

ii based on the fol l °'4ing two simpllficatlons: 

(1) s patlal t ransport of radiatio n and frequency dlffu slon arc neg l ected ; 

(U) onl y the continuum s pectrum (Eq. l) is s t udied . However, line radiation 

(Eq . 2) still counts as a loss to the plasma. 

In terms of t he radiation temperature Tr • h v the spectral lntensity dis -

tribution is given as 

S(T ) d T = P _!_ 
r r c Te 

_Tr/~ 

• 
The t o t a l spectral energy dlstribut l on is 

'o 
E(T )dT =J J S(T >T) dvdt r r r m 

0 

(3) 

(4) 

where dv "" 2n r d r d t, Tm • h wp h a cue-off at the plasma frequency cup' 

and t
0 

1s the ti.e taken for t he plasma to cool down. The calcu latlon (4) 

predicts only t hat part of t he s pectrum originati ng from the t hermal elec­

t r on distribution a nd cannot accura te l y deal with t he high- energy tall of 

the s pectrum arising from su pra-thermal e lec t rons. 

4. Laser- Target Parametl!.rs. A polyethylene target with R
0 

• 2501J.ni , 

Z
0 

• 400 µm , is given an initial t emperature of l eV and an initial exponen­

tial density dlstribution in z with ni varying from solid density n
0 

t o 

l0;n
0 

over a di s t ance d . The laser puls e (5) is assUDcd Gaussian in 

time, half-width 2.25 nsec, peak power 5x ld' wacts , energy - 18 Joule . The 

illumination lnteMity has a Gaussian var1atlon in r and the half-width 

fR ls varied from 75 µm to 150 µm . 

S . Results. I n Figure l we show the calculated energy spectra £(Tr) 

(Eq.4) for fR • 75 ~in and l50'1Dl corresponding t o ave rage illumination 

intensities of 2.8 x 1013Watts cm- 2 and 7 x to1 2Watts cm-a respectively. The 

experimentally-Slleasured values [5) also shown in Figure l have been obcatncd 

at an illuminnti.on intensity of 7 x 1012 Watt s cm- ~, and we observe a reason­

able agreement between ca lculations and experiments. In our calculations 

have varhd the value of d from 30 µm to 375 µm and found little chang'C ln 

E(Tr)' although at a given ins t ant in time S(Tr ) changes subs t antially. 

We hnvl!. also studied the effects from the sdf- gcnorated magnetic flelds by 

performing calculations with and without B
0

. It is found that at fR • lSOµm 

89 has little influence on the spectrum. Hovever at fR s 75 µ.m the spectrun 

of Figure l changes from a two-temperature spectrum (with Be) towards a one­

tcmperature spectrum (no s9 > like the o ne shown for fR • 150 µm. With 

increasing illumination int ensit y (f decreas i ng) a hlsher OTe l s estab-
R Or 

lished ond thls gives rise: co a fa s ter growth of s
9 

[8 ). The main lnfluence 

from s9 on a nanosecond tlmesc•le ls the reduction i n the e l ectron therma l 

hea t transfer across the field. At densities near the critlcal density 

nc(-lOal ca.
3

), where most of the laser light ls absorbed, the emitted 

radiatlon wi.ll hence be characterized by a temperature higher than thosc: 

whlch characterize other emitting regions of the p\asina. Our results indl­

catc t hat a two-tempera ture spectrum as shown ln figure l resu lts from 

illumination intensities above lOuWatt s crn-:o, when the genera t ed Be ls 

sufficiently strong t o prevent l.sothemalization o n a nanosecond titAescole. 

To reproduce the expert.menta l values shovn, it has been found necessary 

t o increase the intensity by a factor 3- 4 and even then t he second tempera · 

ture nf 680 eV ls s t ill be l ow the experimentally determined valu~ of 1300 eV. 

This discrepancy is caused by t he simplifications to t he mode l : t rapping oC 

line and continuum rad i ot1on would g l ve rlsc to higher e nergy dens Lt Les; 

a flni t t!: Lon-elec t ron enc r &y equipartition rate (T
8 

~ Ti ) wou ld produce a 

higher Te' particularly in the cor ona. 

ln conclus i on our results de•onst race that the .odel used in the cal ­

culatlons is sufflcicntly realistic to reproduce experimental laser-targ et 

situations and explain the behaviour of the produced plasmas . 

Logie) C 10ULE/'K ] 
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110 I'­

' s I'~ 
[l<p. values 

T, 

(1(1~) 

E!..&.:..!· X-ray spectra 

calculat ed at two values 

o f t he laser beam radius 

fR(x and o) . The experi­

men ta l va lues shown are 

t hose obtained by 

Galanti et al. [5]. 
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MAGNETIC FIELDS IN A LASER- PLASMA INTERACTION 

R. S . Craxton and M.G. Haines 

Imperial College, London 

Abstract: Spontaneously generated magnetic fields can 

substantially reduce the thermal conductivity in pellet 

atmospheres and give rise to localized hot-spots, which may 

lead to the ablation of anomalously fast ions. 

origin and role of magnetic fields: Magnetic fields have 

been observed i n laser-target experiments and are believed 

to be thermo- electrically generated as a result of non-parallel 

density and temperature gradients in the absorption region (l} . 

In laser-fusion experiments they may grow through non-uniformities 

in the laser beam or from instabilities ( 2). 

The electron thermal conductivity , essential for 

the efficient transfer of heat into the compression region, may 

be drastically reduced by the large value of fiT generated; 

related effect is the production of "hot-spots" - regions where 

heat is deposited by the laser but prevented from escaping by 

large confining magnetic fields . These hot-spots may be the 

origin of the suprathermal fast ions observed to carry away an 

anomalous proportion of the absorbed energy in ablative kinetic 

energy (J) . 

Alternatively, !!A!! torces in the low density 

atmosphere may be a source of acceleration , a l though according 

to our computations this is a l ess important effect. 

lBJ TE KEV B 

12 PS STEP 21 3• PS STEP 61 

c KEV D KEV 

~ ... 

45 PS STEP BI 67 PS STEP 101 

Computer .Model: These phenomena have been studied 

computationally using a 2-D cylindrical ly- symmetric Euler!an 

code . Fluid equations describe the density (p) , radial and 

axial velocities (Vr,Vz), azimuthal magnetic field (B
8

) and 

electron and ion temperatures (Te,Ti) . The equation for B
8 

is 
VnkT ] 

e e 

s maller terms , 

the sou.rce term largely determined by 3T
8
/3r . 

In Diag . 1 the ( 1. 061-1m) l aser impinges on a 

deuterium pl asma along the z-axis from the low density region 

on the right, and dumps its energy at the critical density. 

The beam has a Gaussian radial profile of half-width 751-1m, one 

quarter the width of the simulation region, and its intensity 

increase& linearly with t ime to a peak of 2 x 1012 Watts at 40ps, 

and thereafter remains constant. Typically, at about lOOps, 

10- 20' of the energy is transferred to ion thermal energy via 

equipartition and 5-15\ to kinetic energy via the electric field . 

Diag. l shows Te at success! ve times. The diagrams 

are scaled to the maxima (respectively 1.6, 4.5, 9 . 4 and 29KeV) 

and illustrate the thermal front advancing towards the solid (on 

the left) and the development o f the hot-spot . 

Diag . 2 (A,B) shows the maximum B and OT as functions 

of time, attaining the typical values of lMG and 600 respectively . 

Diag . 2 (C) shows the distribution of Ti with a peak of only 420eV , 

compared with ablative velocities (Oiag.2D) of 3"'108 cm/s . 

References: l. J . A .. Stampar ct . al .,Phys . Rev.Lett.1§_,1012 (1971) . 

2 . D. A. Tidrnan and R. A. Shanny, Phys . Flui ds .!1,1207 ll974) . 

3. R. C.Malone et .al., Phys . Rev.Lett .l,1, 721 (1975) . 
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HARMONIC STtDIES JN A llEODYMIUM LASl'll CREATED PLASMA 

A. SALERES, M. DECROISETI'E 

Cormiasariat A l'Energie Atoniique, Centre d'Etudes de L1me11 
B. P. n• 'n, 94l90-VILLENEUVE-SADrr-GEORGES, FRANCE 

~:New experiments concemingt..q, . 2tJ..b . ¥-0 backscattered 

radiations, from a Nd+ laser created o
2 

plasma, have been performed. The 

2 Wo and ~harmonics afford the laser radiati on flux in the critica l 

absorbing region, and the density sea.le length of the expanding plasma. 

When focusing a powerful neodymium las er beam onto a solid deuter !um 

stick, a hot plasma. ls continuously created on the surface of the ice. 

Moreover, according as heating of the plasma ls dominated by hydrodynamic 

or thermal conduction Ll/, the critical density may be located inside or 

outside the target. Harmonic and aubharmonic occuring during the interac­

tion have been previously reported ,L2,}/, They provide er::1issions increa­

sing with radiation flux inside the plasma. 

We present here an experlaent where spatial lnvestlgations on 2 Wo 

and ¥ generation leads to the location of the plasma density where 

0 e::::: nc and ne = "c/4. 

Two Min mechanisms give well account for secorxl harmonic generation 

1n an inhomogeneous plaslrlB in the vicinity of nc . 

Firs t . the component of the electric field along the density gradient 

can drive electronic plasma waves at w ~ l.Lh; (UJ 2 • &.Jl:- ) . Coupling 
p p ~ 

between longitudinal waves and transverse ones leads to the 2 1..L'ogeneration , 

For a one dimensional pla.ne plasma expansion, the second harmonic field 

components propagating backward , outside the plasma, a r e symmetrical of 

the incident ones. For experiments of interest, a plane expansion is 

expected for a spot diameter greater than 120 j-Jm, obtained by slightly 

moving the target with respect to the focal point of the lens bi. 

The angle (9
0 

between the incident wave vector arx:l the density gra­

dient along the ~s or the lens increases from 3 degrees t o 16 degrees, 

the focal distance of the lens being 75 m:a or 95 mm. and beam diameter 

about 50 ..... 'nle radiation flux in vacuum being less than 7 .10 13 W/cra2 • 

the str ucture or the field near n ls det.ermined by weak spatial dlsper-
c 1 cl 

sion f5/. The density scale length n ?Jrle. • H is g reater than 100 pm and 

implies ~. sin,} a. , l. Then if Ii °'1.s the incident radiation flux, 
c 

power emitted at 2 U..b is or the form : 

_l e, ~ LJ.1.Hs.de0 y 
F1wa ::::= A I/ e. ""/- 3 -Z J ( fl.

1 
H, T..) d8o 

The second convenient mechanism involves the plasmon phonon decay 

instability, which cau:scs the ion density to oscillat e at ~s ; the 

non linear r esponse of the plasma lead to light emission with frequencies 

2 LJ.J0 ~ JtJ or 2 ( W 0 • ~), This proces: takes place near UJ
0 
~Wp and 

t he emitted inte~:ity 1~ a f'unction of Ii • Such a mechanism threshold ls 

ranging about 10 W/cm • 

Plane a.spherical focusing lenses are not achromatic and their focal 

distances increase with wavelengt~ (for instance A 
0

"" 10 6oo A, 
f 

0 
• 75,20 nm ; for A 

1 
• 5 }00 A, f 1 • 73118 mm) , But the dense point 

of the plasma and its critical density lie in the vicinity of the focus 

of the lens for 10 6oo A. 1nlus the 2<.JJ
0 

backscattered beam will converge 

a prismatic beam splitter, inserted on the laser beam, allows us to obtain 

a 2 U-1, picture of the critical density region on a photographic plate and 

the 2W0 time evolution by 111eans of a photocell. According to the focusing 

conditions, the 2UJ 
0 

pulae half width varies from 0,8 ns to 1.5 ns ; these 

values are the exposure time or the plates froni which location and size 

of the critical density region are inferred , This exposure time was 

reduced down to O.lf na by using a 400 ps opening framing IEP camera. It 

was shown that the interaction spot dir.ension is constant during the top 

of the incident pulse. Xeeplng incident power fi.xed at 16 GW, we have 

performed a study or si:te and location or the cut off region, the surface 

of the target being moved with respect to the focus of the lens (see fig. 1). 

The radiation intenSity ranged from 1013 W/cm2 to s . 1014 W/cm2 1n the 

critical apot . 

For a constant value of d (accuracy e:: 10 µ.m) t h e radiation flux 

is varied with neutra l filters . For d ) 100 µ.m we have shown t hat the 

reflected energy at u.;0 increases with Ii ' the law P
2 

UJ ~ Ii2 la well 
0 

• a II • II 
d = 320µm 160 80 0 80 

~laser ·-::::J_---

targ~ FIG N°1 ~ 
accoWlted and the 2 UJ emitting zone is slightly inside the target , For 

0 " d • O, W
0 

reflection increases up to laser radiation fluxes or ) . 10 

W/cm2 and then decreases , It seems well accowited by stimulated. Brillouin 

backscattering , The square law for second harmonic backscattering is well 

verHled up to 8 GW. Above this value , P
2

UO increases more quickly. 

Moreover the 2 w
0 

emitting zone is located lnslde the stick. Parametric 

effects arise correlated wtth hard X ray emission with energy up to 

JOO keV, and wt th shift and broadening for the second harmonic line . 

At right angle the 2 W
0 

pulses have the sa.e duration as the back­

scattered ones and the photographs of the plasma give the SUie results 

as in a.xlal experiments. Moreover, it is observed that the plasma exparusion 

becomes more and more plane with increasins: defocusing, 

As the 2 w beam, the ~ backscattered bea.m converges (focal dis-
o • c 

tance "" 74, 25.mm at 7o6o A) and gives a picture or its emitting region as 

can be seen on fig , 2 . It 
3l»o 

appears that the -
2
- line 

is generated in a region 

closer to the len s than the 
3Wo 

2 W
0 

one. Ford :::::1 0 1 -

2
- II II II 

d:O µm 8 0 180 
is issued from a region 

located slightly inside the 
FIG N ' 2 

target, and ford J} 8o fr:i• out s ide or it~~is result agrees with theore­

tical and computer works /_8 ,9/ where the -
2
- line is produced in the 

underdense reKion of the plasma. Tt probably arhes from nc/1.1 a.rvt mn;y hP 

due to a parametric plasmon- phonon o r stimulated Raman instability. 

}C..U 
'nle reflected light at W 0 and the intensity of T line peaks at 

the same point for d ... O and decreases when d increases. At right ang l e 

}<..Uo line intensity increases with d and peaks tor d ~l8ofl•. inside or 

out~ide the target ; this seems to be due to a partial reabsorption by the 
3tUo target itself. These results agrees with -

2
- perpendicular photographs . 

Pig, } shows the relative position of nc and nc/ll in the plasma ; the 

S , So 

.r, .F2 .F:i 
FIG N J 

4 d(,U 0 8 0 160 
d' 0= 0 s,s; 6 0 70 140110 

OOO s,s, ? 60 120 

insert gives the a veraged plasma. density scale l ength (in Jlm) measured 

(s 1

1 , s 1

2
) and corr ected taking Int o account plasma. r efract ion (s1 , s2 ) . 

Such pictures provide an easy roethod to measure spot irradiation of 

the stationnary plasm. It will be useful to compare 1t with X ray photo­

graph LlO/ g iving the spot diameter of the energy distribution due to 

thermal conduction . Such exper iment.a allow us to olaaslfy a bsorption 

phenomena according to radiation flux inside the plasma. and to measure 

threshold for Instabilities occurJng at nc and nc,n.. 

The authors are indebted to J.P. BASUECrPEYRISSAC, P. CUIUANEUX a.nd 

C. PATOU for usefUl discuss ions and to H. CROSO and A. QUEFFEI.EC for 

technical assistance . 
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lWUX>NI C GENERATION BY A FOUR-WAVE PROCESS* 

Nguyen Due Long, K.J. Parbhakar aod T.W. Johnston 

Centre de l 1 Energie, Instituc National de la Recherche Scientifique 

Uoivers itC du Quebec, Varennes , Canada 

Ab•tract: The super elas t i.c scattering of the incident r adiation f r om decay 

instability plum.ons or from two plasmon instability pl asmons 1a considered 

as 8 possible mechanism for the emission of the second and three-half 

harmonics . The instability threaholds and the gro\lth rates are given for 

the harmonics · 

Several laboratories have reported emiaaion of the second and 

three-half harmonic of power fu l lasers due to the interaction of laser 

light with the plasaa created by the laser pulse using various targets . 

Attempts to explain these emissions have been aade by Bobin et al [l) , 

Mascheroni [2] and Chambers and Bers [3] . Wher eas any non-linear mechanism 

can pr oduce second harto0nic t he theoretical explanations for the three- half 

harmonic are r ather limited. The authors (3) consider t he two plasmon 

instability followed by three wave Ram.an up conversion while the aechanism 

discussed in [l] h r ather obscure. We consider here another possibili ty 

for the emission of second and thr ee h3.lf harmonics, namely the s uperel as -

tic scattering from the decay instability plas•ons and from two-pb.smon 

instability pl asmons respectively. (see Fig. 1). The typical plasmon hns 

n wave numbe r ~ which is too large for three wave Raman up conversion, the 

introduction of the decay phonon S makes the momentum conservation condi-

tion easy to satisfy and since a large range of initial plasaon wave numbers 

are possible one can nearly use all plasrDOns . 

Evidently um:: wutiL wul&t. t he lower crosa section for thi c four 

wave process \lb.ich uses .->st plasmons ag3.inst cho larger cross section for 

Fig . l Four wave superelastic scattering 

three wave Raman up conversion which can use only those p l asmons wi th 

electromagnetically siaall wave numbers . The slaple plasma model used here 

ia character ized by the fluid equations for electrons and ions with adiaba-

tic s tate law. The equi librium state in the pr esence of no ensemble o f 

\laves in a p l a&ma is then described by 

E - ~ E 
A A 

no.·~ "A+ 1/2 A~B nAB 

~ + + 
VO • x VA + 1/2 A~B VA.B 

(i) 

where A,B c:{T
1

, T
2

, L, S, T~, T;, t
1
'_ s*J and the * indicates the coaplex 

+ 
conjugate. Here nA and vA are the first o rder induced density and velocity 

by a wave . Similarly nAB and ~AB are the second order induced quanti t ies. 

~ 

Both nA.B and v AB can be easily expressed (4) in terms of the first order 

quantities nA and ; A. 

Combining the fluid equ3.tions with Ha.xwell ' s equation we get 

a [ a 2 2 2 ]~ 22 ++ 
~ ~ + c VxVx + wpe - yv th VV . E - yv th wp i VV • E • F 

vhere the second order non-linear source term P is given by 

KABC 
iwAB

3 
C -- f 

(bABC AB,C 

(2) 

(3) 

"c ~ 
+ N VAB (4) 

U being the equilibrium density in the absence of waves 

To derive the coupled mode equations ata t in I:q. (2) h repl a­

ced by (- iw + ~t) where a Jae acts on the amplitude only (5 ) . Substitu­

ting in Eq. (2) and using linear dispe rsion relation for mode A we get to 

first order in 3/Ck 

dEA F ! 11
A d°t • (5) 

where aA • 2iw! if A is a plasm.on or a photon and aA • -2iw~8wA for a 

phonon. By identifying terms satisfying the resonant condition { (wTl + wL, 

~l + ~) • C~2 + w
5

, ~2 + i.
9

)} Eq . (5) reduce to a system of equations 

describing coupling between T
2 

and S in the presence of T 1 nnd L. The 

coupled equations are 

dE.,2 • 
dt + VT2.,.2 • U;I2.,.i 'ifs 

d:~ + v
5

E
9 

• ic.i;.111, r.;2 

(6) 

where we have phenolP.cnologically i n t roduced the damping of r,.2 and E
5 

by 

the appropriate collision frequencies. The couµling coefficients 3.re 

given by 

l " . "• '.'\,__ (wL + w
8

) CE.,1 11_) (Es "'r2' (~) 2+ c 
s -- 2 (l);i WT2 <"Ti - "•)("n + "L) e vth "'n 

- .. - -
CT2 " - t (:·~ + 

'.'.],_ ("\ + "s)(.,.l . 11_)(Es ·• .,.2) 

e v t h "Ti (WTl - °'s)(°'Ti + "'L) 

where E refer to a unit vector. In wha t follows: we assume that is-2 "' -x,.
1 

(i . e . back scattering) . The instability threshold is given by 

o.nd the growth is 

Far above the instability threshold we have !or 

a) Second ha r monic (wT1:::t wL ) 

2 
l qe l 

Y2 " Vz 2 2 
11e vth 

b) Th r ce-ha U harmonic (~1::r 2wL) 

2 
l qe _l_ _!__ 

y 2 • -u76""""" m
0

2 2 WT l 
vth 

) 

i/2 

(:;i :;1 

These a r e the uximum growth r ates which occur when the incident radiation 

and the emitted light have the same pol arisation. No t e that the second 

harmonic i& produced a t critical density while the 3/2 harmonic at t he 

1/4 critical density . 
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ENHAAC£D REFLECTION DUE TO BRILLOUIN SCATTERING FROM AN ~ANDING PLASMA 

I. M, BEGG and R, A. CAIRrlS 

University ot St. Andrews , St. Andrews, Scotland. 

~: If the expansion velocity or a laser-produced plasma is around the 

ion-sound speed then in the laboratory frame ve can have standing ion-soWld 

waves vith pump and backscattered vaves of equal frequency, Partial 

reflection or the pump ·.1ave from the high-dcn:sity regions of the plasma can 

then lco.d , via Stimulated Brillouin Scattering , to enhanced r eflection , 

Consider three waves (wi ,ki ) , vith subscript 

0 denoting the pump 1.10.ve , subscript I the backscatter ed ;.•ave and subscript 2 

the ion-sound vavc. For strong interaction to occur these vavcs oust 

satisfy the resonance conditions w0 • w
1 

+ w
2

, ~O = ~ 1 + ~2 • In the rest 

trane of the pla.sr.a w
2 

... k
2

c
5

, vhere c
1 

is the ion-sound speed , and 

"'l 1:r ui0 - k2c 5 . lf, hovcver . the plasma is , in the laboratory frame , 

expo.nding vith speed -c
5

, the frequency of the ion sound wave is DOppler­

shifted to around z.ero, t he pump and backscattered vaves then having equal 

frequencies. So , consider a laser beam incident upon a Pf!'llet surrounded 

by a spherically expanding plasma. Ttis beam travels through an widerdense 

r egion berore reachicig the critical surface (vhere w
0 

"" wpe) and there being 

strongly absorbed. In general, absorbtion at this surface i s expected to 

be incomplete and pe.rtitl r e fl ection vill then occur. If the expansion 

valocity is a.round cs, then the incident e.nd reflected waves (vhich, ot 

course , have the sa.me frequency) co.n interact resonantly .,,.ith ion-sound 

vaves via Brillouin Scattering , AS described above. This behaviour is 

&Dalysed belov and it is sbo'lt1"1 that it may lead to strong enhancement of 

reflect ion and reduction of the energy reaching the critical surface . 

Consider , now, these ideas in 1 -o. representing the plasma by a 

al1.b 0 ~ x ~ L vith linee.r density profile n0 (x) = n
0
x/L, onto which the 

pump impinges for x < 0 . We use the equations of Forslund et at. ( l ], but 

transforming to a frB.Cle moving vith velocity ~· I n the stationary case , 

these are , 

[ 
2 t at 2 J A • -"J

1 ~ A (u -c )axt +wpe 0 1 1 pen0 11 0 
(1) 

atn an e 2 no at 
(u2 - c 2)--e + uy ~ + w2 (n - n.) = -- -{A A ) 

s axt D 3x pc e l m M.c' ax2 0 1 
e 1 

(2) 

a2c. 
u'--1 

... 1&1
2.(n -n . )=O 

~:z p1 e i 
(3) 

vbere y
0 

is a collisional damping coefficient for ion- sound waves . We nov 

carry out a s tandard analysis vith sciall o.mplitude v e.riations over a 

ve.velength to obtain 

(~) 

(5) 

where ci0 , 1 • ~, and \IC have neglected u vi th r~spect to c in ( 1). 
(m M.c" ) ~ 

• 1 

There ia no derivat i ve in eqn (5) because the group vel ocity of t he ion-

sound vave i s z.ero . These non-propagating ion-sound \laves are assumed to be 

driven until they reach a level at vhi:::h damping prevents further grovth. 

This satura tion is assUC!ed to take place in an initial period short compared 

vith the duration of the laser pulse, after vhich time the amplitudes a.re 

- 1 WO 
stationary. If ve measure distance in units or K0 , vhere KO • '"°C' then 

exp [- 2c~ fx~ dx] }-l 
kou'o 

vbere c~ • ci~(O) - ci~(O) is a. constant . In the case of 10.6µo. co
2 

laser 

radiation vith the folloving parameter values: u = c
5 

= 108 cm/s , L • 300 

I correoponding to a plasma of depth 0 •5 mm ( 2 ] I and y
0

/w
0

: o •4075 (collis ion 

frequency due to damping at .... ave number K
0 

I 3 ] J and incorporating a linear 

decaity profile. these solutions a.re shovn in Figure 1. 

+---
1 
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0 
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(·O 
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We note the relatively large value of the backscattered vave at x = L. 

This is due Minly to the pa.rtial re!lect.ion of the pump at tbe critical 

surface , 1o1hich, as ve said before 1 Arises because the p~p and backscAttcred 

waves have the same frequency. Thus 1 t he pwap and reflected vaves can 

interact r esonantly vitb a stationary ion-sound wav e to increase the a.mount 

of backscatter. In other •ords , ve can get a strong enhe.ncement or 

reflect ion due to this interaction. Note that i f the plasma is at rest the 

pump and backscatter ed vaves do not have the saae frequency and this 

mechanism is not feasible - the l evel of backscatter at the critical surface 

::.::::i::: ::•:m:l 0 l::·:. o:0v:1(:!al) ~i nov ::i::a:h:t r:::·:::::c&l 

surface to be RC = [(kla1)
2

] • (kO~~: ar•eOrolated by 

(k~a0 ) 2 x=iL 

L .,• 

no • nc exp {2c~ [
0 
Yn .ix} . 

In Figure 2 the extent or the backscatter, i.e. RO , is shovn as a function of 

icicident po\o'er, for the cases RC "' 0 • 1 and RC "" 0 · 2 . 

l·or---.----~-~-~~ 

o ·t l-----

o~ .. -~,3:---,~"--.,~---',,-~ O,~----o·-s----~ 

Lo<j (Put-IP Powe() RO 

Fl<i . 2. 6 ACKSlATT£R Fie,. 3 PowiR A"T )(;ii L 

For lov punp powers, there is little effect and the backscatter is 

merely due to the partial r eflection or the pump at the critical surface . 

Hovever , around 1015 W cc-
2

, the r esonant interaction already described 

becomes doainant and the refiection is strongly enhanced. This reduces, 

considerably. the pover reaching the critical surface as shown in Figur e 3, 

For pump povers be tveen 1015 and JOJ
6 W cm-2 

1 t be e f fect is very marked, 

increasing rapidly in this ro.nge. This is the sort of range mentioned in 

laser fusion situations . These results are for the case u • cs. Hovever , 

calculations indicate that this effect is fairly insensitive to an orr-

resonance situation vhere u + c 8 . We vould like to add that this 

backscatter is dependent on L end so , tor larger values of L, the effect vill 

be somevbat greater. 

Thus , vhen 'We include the partial reflection at the critical surface 

or a pump wave into a backscattered vave or the same frequency 1 the subsequent 

resonant interaction .,,•ith an ion-sound \lave leads to enhancement ot the 

backscatter . Because or the high pump povers invol ved I the r eduction or 

energy reaching the critical surface can be quite considerable a.nd thus 

provide a possible barrier to laser rus i on applications . 
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TWO-DIMENSIONAL INTERFEROMETRIC MEASUREMENTS Figure 2 is an 

OP A LASEil-PRODUCED PLASMA IN A STRONG MAGNETIC FlELDt analysis of the first 

L.C. Johnson and T.K. Chu interferogr&u of Fig. 

Plasma Phy1ic1 Laboratory, Princecon University l, at 45 nsec after 

Prince ton, New Jersey 08540 1 USA 

Abstract. Interferometric measurements on 002-laser-produced plasmas in a 

250 
kilogauss magnetic field show the development of a slender, well- behaved 

plasma column with on on-axis minimum, suitable for refractive trapping of 

the laser beam. 

High resolution interferometric techniques have been used to observe 

las er-induced gea breakdown plas111as immersed in a strong magnetic field . The 

object of the experiment was to investigate sel f -trapping of a laser beam in 

8 
magnetically confined plas•a, with possible application to the development 

of a fusion reactor of the t ype proposed by Dawson, et al. [l}. 

The magnetic field wa• provided by a twelve turn, helical, beryllium­

copper coil, energized by a 260 kilojoule capacitor bank. The 1118.gnl!t had a 

bore of S c• diametl!r and a length of 20 cm. The field strength was variabll! 

up to 270 kilogau111. 

Plasmas were produced by gas breakdown at the focal spot of a co2 laser 

beam. Pulse energy was 30 joules , with a half-intensity pulse duration of 

150 nsec. 

The co2 laser beam was focused onto a free-expansion gas jet in the bore 

of the magnet. The jet was a rranged to exhaust coward the incident laser 

beam so that gas pressure on the laser aide of the focal plane could be kept 

low while the initial preesure on the other side of the focal plane was set 

at some pre-selected value. 

By this meona it was possible to eliminate che laser-driven shock wave 

which otherwise would propagate backward, toward the laser, a nd shield the 

plasma from the incident beam. (2] 

Two types of laser inter ferometry wer e used to observe the evolution of 

plaau density in apace and tiae. A Mach-Zehnder interferometer. illuainat ed 

by a focuaed He-Ne laser beam and detected with a phocooultiplier t ube (ll , 

viewed the plasma aide-on through saall holes drilled in the magnet coil. 

This gave a continuoua measurement of fringe shift along a pre- selected chord 

through the plasma with spatial resolution of about 50 ~111 and temporal reso-

lution of le81 than 5 n1ec. The same interferome ter measured initial gas 

pressure on the high pressure aide of the gas jet by the phase shift caused 

by neutral gas olons the line of sight. 

Conventional two- dimensional interferograms were made at pre- selected 

ti1Qes after gas breakdown, using a ruby laser with a 3 nsec pulse duration. 

Mirrors in the bore of the magnet allowed the plasma co be viewed side-on 

with a field of view about l. S cm in diameter . 

Figure l shows side-on interferograms 
Ht AT 50 tort, 8• 50kG 

of the plasma produced in helium at an ini- r tial presaure of SO Torr• and with an ap- ,,. f1145nuc 

l 
Plied field of 50 kilogauss. The plane of 

the jet orifice is at the l eft edge in 

~eh picture. The laser is incident fro• 

the left, with the focal plane coincident t•IO n••c 

with the plane of the jet. The interfero-

grams show that the plasma grows in time, 

both along the beam (and magnetic fiald) 

and in the tranaverse direction. I •1201'1U C 

Fig. l 

gas breakdown. Clear-

ly, there is a build-

up of electron densi-

ty at the periphery 

of the expanding 

plasma, particularly 0 

in the direction of 
Fig . 2 

beam propogation, where the density rises to more than half the critical 

density for 10.6 µm radiation (1019 c11- 3). We note. that refraction of the 

incident bea.o, caused by such density profiles, was also directly observed, 

as in Ref. [J]. 

Figure J shows interfe rograas at seven timee after gas breakdown, vith 

an applied field of 250 kilogauss. The focal plane was awed 1. S ma into the 

high pressure side of the chamber to illustrate the beam-shielding effect of 

the backward-going laser- driven shock wave. After gas breakdown, the plasma 

grows rapidly in the backward direction (coward the laser) but s l owly in the 

forward and transverse directions . Only after the backward eXl)ansion reaches 

the low pressure gas on laser side of the jet does the plasma become suffi-

ciencly transparent to drive plasma expansion in the opposite direction. 

Figure 4 is an analysis of the last interferog ram of Fig. 3. Again there. 

is a pronounced density minimum on the plasma axis . Radial expansion is con-

siderably reduced by the strong magnetic field. At t his high field , the on-

axis density minimum was clearly observable for at l e ast half a microsecond. 

In conclusion, our res ults s how that (1) the on-axis density minimum, 

required for laser beam self-focusing, is preserved in the presence of a 

strong mag·netic field, (2) the expected beam self-focusing is aleo observed, 

(3) the lateral expansion of plasma boundary into the ambient ga s is slowed 

down as the aagnetic field is incru.sed, and (4) the higher the magnetic 

field. the longer the on- axis density ainimum persists after the tenaination 

of the l aser pulse, de1110nstrating t he stronge r confining effect of the mag-

netic field on both particles and (po.rticle) energy. 

r 
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SCATTERH!G MEASUREMENTS Oll THE HEATH!G OF All U!IDERDEl!SE PLASMA BY All 
INTENSE co2 LASER BEAM. 

M.S. White, J . D. Kilkenny and A.E. Dangor 

Imperial College , London, England. 

Abstract : Using ruby laser s cattering ve have measured the heatiag of a 

plasma at density 8 . 1016cm-) by co
2 

laser radiation at lOlOW/cm-2 • 

Comparison vith a nume rical simulation yielde d a thermo..l conductivity 

about half the theoretical value. An extension of the expericent to 

the flux-limit ed r egime is propose d. 

We report an experiment in which a plasma of sub- critical density 

was heated by co
2 

l aser radiation under conditions where classical 

thennal conduction theory should apply . Ruby laser scattering was used 

to measure the heating and rarefaction. ' The observed time histories 

(at various positions) of perturbed density and temperature were fitted 

to the results of a numerical simulation of t he experiment, using the 

absorption and conduction coefficients as parameters . 

The plasma was a Z-pincb discharge in 200mTorr of hydrogen 1 givi ng 

a..n electron density ne = 8.10
16

cm- 3 and an electron temperature , Te = 5 ev . 

'!'bis was heated by a T.E.A. co
2 

laser, which gave a 20MW 1 70ns pulse. 

Both the co
2 

laser and the diagnostic ruby laser vere incident radially 

o n the pinch column centre, the r adii being 45° apart. Light scattered 

at 90° from the ruby laser beam was imaged' onto the polychromator e ntrance 

slit. The r elative displacement & of the two lasers was adjusted along 

the pinch axis by a tilting KCl plate in the co
2 

laser beam. 

On the length scale (lmm) and timescale (lOOns) of the beating 

experfo1ent, t.he Z-pincn vas essent.ially ho:nogeneous 1 coast.ant. and unm.sgnet.isea . 

Results were taken for four relative displacements between the laser 

beams; 0 = 0 , 700pm, 2.4mm and 4mm. There was no change observed at 

li = 2 .lfmm and 4mrn. The r e sults at & = O and 700iim, which are on Fig. l, 

s how conduction and a rarefaction. 

A one dime nsional cylindrical tvo fluid simulation -was performed to 

compare with the experiment. The absorption of co
2 

r adiation was taken 

as being by inverse bremsstrahlung, and Spitzer ' s thermal conductivity 

was used . The mu1tiples k (absorption) and s ( conduct i vi t;y) were 

introduced t o all ow comput ational variation . Thus s = 1, k = l is the 

purely classical situation. The effect of photoionisation should be 

l es s than 4%, and that of stimulated Compton scattering less than 2%. 

As sho-wn in Fig. l(a) the values of s = 1, k = 1 do not give good 

agreement. But excellent fits can be produced by variation of s and k, 

shown in Fig . l(b-d). 

The fact t hat these results show roughly classical heatiag and 

conduction is expected. At a density of 1017 cm-3 the only parametric 

instabilities with a threshold less than lOlO Wcm- 2 are the backscatter 

instabilities2 . A negligible amount of radiatiod would be absorbed . 

Le.ngmuir waves excited would have a vave number k ~ 1 . 2µm -l, and so would 

not be detected by the r uby scattering vhere k = 12 . 9JJ!ll-l , The heat 

flux in the experiment should be much less than the flux limited value . 

From the simulation 0.06 < R < O.l where R is the ratio of the heat flux 

to the free streaming limit. The further possibility of heat flux 

limitation by an ion acoustic instability can be ruled out beca.use of the 

3 
low value of Te/Ti '\> 1 .2 here . 

However , the simulation does show that a short (2ns) intense (lGW) 

co2 laser pulse will both drive the heat flux up to its flux limited value 

and produce ion acoustic instability limited flow. 

The question arises as to vhether the theoretical absorption, 

theore tical conduction, or both are incorrect ; our data alone cannot 

entirely discriminate . A n:.cnsurement of the amount of 10 .6prn radiation 

transmitted did not give accurate informntion on the absorptivity because 

of the variation of plasma propertiea along the beam . However, good 

theoretical agreel:lent (e.g . 1,4) and an accurate cxperiment
4 

establish the 

absorption at k = LO!. .15. In contrast there is little experimental 

work on thermal conduction, and a variety of t heoretical values of the 

conductivity. We therefore regard the theoretical absorpt ion as 

correct at k = 1.0 and use our r esults to deduce the thermal conductivity, 

giving s = 0.4 .!. .2 ,or 40% .:!:. 20% of Spi t zer's theoretical value. 
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Fig.I. Examples of experir.iental data (X) and some numer i cal fits. The band 
represents the simulated variation across the spat ial resolut ion . l (a) 
shows a coarse fit to the observed tempcr nture histo ry at zer o di spla.cernent , 
to illustrate the sensitivity of the method. l (h to d) sho\l good fits fo r 
the temperature histories at 0 and o. 7mm 1 and densit y histriry at Omo. The 
simulnted laser pulse ri ses l inearl y from zero to 15 MW at 60ns , then falls 
to zero at 140ns. It decreases spatinlly in M Airey pattern to o .25mm. 
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LASER-PLASMA INTERACTIONS IN INTENSE MAGNETIC FIELDS' 

W. Halverson, D. R. Cohn and B. Laxt 

Francis Bitter National Magnet Laboratory* 
Massachusetts Instltute of Technology 
Cambridge, Massachusetts 02139 USA 

Abstract: Interactions of high-power CC>.? laser radiation with magnetically con­

fined plasma are characterized by strong beam-channellng, a "bleaching wave" ln 

the plasma, and an wtdercompressed detooatlon wave in the unlonlzed gas. Power-

ful submllllme ter lasers are being developed to study laser-plasma lnteractlons 

and for diagnostics of Tokamak plasmas. 

L co2 Laser Hcatlng of Magnetoplasmas 

In order for a laser to heat efficiently a plasma column of length much 

greater than its diameter, the plasma must stably trap the beam by the formation 

of an effective dielectric wavegulde throughout its length. We have sbown experi­

mentally and theoretically that beam-trapplng can be produced ln plasmas created 

by laser- Induced breakdown of low pressure gases tn a s trong longtrudtnal magnetic 

field. 

In our experlments1' 
2 

we used a pulsed co2 laser which was operated with 

an unstable resonator cavity and produced an annular beam with about 15 joules ln 

a 75 nsec puise. The beam was focused by a 40 cm FL ger manium lens lnto a low 

pressure gas-filled cell located in the bore of a Bitter solenoid capable of produclng 

axial magnetic fields up to 110 kG, The transmitted laser radiation passed through 

a NaCl wlndow mounted at the opposite end of the cell and was monitored with 

small moveable germanium photon-drag detectors. 

The temporal and spatial evolution of laser-heated hellum plasmas was deter­

mined uslng an optlcal detection system which measures locally the optical 

emtsston trom the 4686 l He II ltne ttutl ue.u-by contlnuum at 5210 l · Ahcl - tnvcrtcd 

radial scans of the plasma wer e used to calculate the radial dlstrlbutlon of plasma 

density and temperature. Soft x - ray diagnostics using gas x-ray absorbers Instead 

of metallic foils were used to check the optical temperature measurements above 

-35 eV. 

We found for plasmas formed by laser-lnch.iced breakdown of hydrogen and 

helium from 5 to 40 torr , that a longitudinal magnetic field caused a strong con­

centration of the transmitted laser beam along the axis o f the plasma region. 

Figure 1 shows the transmitted laser intensity at various times after the beglnnlng 

of the laser pulse for (a) no plasma and (b, c) breakdowns Ln 20 torr of helium. The 

intensity of the central peak lncreased at higher magnetic field and lower initial gas 

pressure . The ttans mitted centr~ peak was quite narrow: its FWHM divergence 

angle was O. 9°. 

Channellng of the transmitted beam ls caused by the formation of a plasma 

density minimum on the column axis due to plasma expansion during the laser 

beating. The radial decrease of the lndex of re.fraction can cause total internal 

renectlon of the laser radiation. Figure 2 shows radlal density profiles ln helium 

Plasma ln a field of 19.4 kG. The ..... 30% axia l density minimum ls much more than 
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necessary to trap the incident laser beam . For thls case, ne Ai: 5 x 1017 cm-3 and 

Te Rf 25 eV so that fl ~ 3. As the magnetic field was lncreased, the radial dlmen· 

s lons of the plasma were reduced to about 0 . S mm at a magnetic field of 88 kG and 

the plasma 8 decreased to about 0. 3. For cases where fl ~ 0. 3 to ...... 1, no clear 

density mlnlmum was observed, although the collimated transmitted beam lntensity 

increased with magnetic fleld. For these cases the radial dimensions of the plasma 

were of the same order as the resolurton of the oprical dlagnostlcs. 

The presence of a beam-ttapplng mlnlmum has been predicted for plasmas 

with 8 < 1 using a quasl- scarlc (QS) model of the radial flow . The total magnetic 

and klnetlc pressure ls equated to the lnltlal magnetic field pressure and the field 

is assumed to be "frozen" lnto the plasma. 3 Using Snell's law, the densi ty mini­

mum required for total internal reflection ls then calculated tn terms of the plasma 

temperature, angle of incidence of the laser beam, and initial plasma conditions. 

The temperarure required for total internal reflection of an incident laser beam of 

convergence ha.lf-angle a can be expressed approximately by 

Ba2 N 2N 2 kT = -
0 r--.!:._ + ..!!.(i_E_\ - lJ 

8rrNeo L Neo 2 Neo} 

In Eq. (1) we have assumed that 500 

"" 

the plasma densi ty for cutoff. Ne' ls 

much greater than the initial electron 

density Ne
0

; a.
2 << l; and that Te = T1 

T. 

. ~ 
.. 1 

T he termperature requ Ired for 

beam-trapping was calculated from the 

QS model for the conditions of our 

experiment, Fig. 3. It can be seen that 

electton temper atures of only 20-30 eV 

a: 
"" .. 
" "' ... 50 

"' z 
a: 
~ 20 a: ... 

10 

0 •0.106 

are required to ttap the incident laser 0 4 8 12•~ 

beam. Electron temperatures in the 
INITIAL ELECTRON DENSITY !cm-3) 

Figur e 3 

range of 20-35 eV were measured for the 20 torr He plasmas by the optical and 

x-ray diagnostlcs. 

( 1) 

We have also studied the axial propagation of the laser-d.rlven plasma fronts 

both toward and away from the laser. Observatlons of the front velocities and 

measurement s of the p lasma density and temperature indicate that t he fronts pro­

pagate as under·compressed detonation waves. 

ln theoretical studies of Co2 laser heating of a long plasma column, we have 

included the effects of electron-ton energy transfer and radial plasma expansion 

ln the propagation of the longitudinal ''bleaching wave" of laser radlacton. lon 

heating rates arc Increased when radial plasma expa.ns lon ls lncluded ln the model 

and when the co2 laser power ls programmed4 as po:: ~. 
II. Submillimeter Laser-Plasma lnteractlons 

Powerful sources of subrnUlimeter laser radiation bave been developed 

recently which are being used for studies of laser-plasma interactions. A 496 µm 

CH3 F laser, which Ls optically pumped with co2 laser radiation, Is now operatlng 

as a dominant single mode oscillator with rather high efftctency. Thls laser 

appears to be scalable to the 1 MW level required for ion temperature measure­

ments by Thomson scattering and other diagnostics of Tokamak plasmas. 5 

Using lower power CH3 F laser s we are presently studylng cyclotron reson­

ance breakdown of gases in a DC magnetic field of 216 kG and plasma heatlng at 

harmonics of the cyclotron frequency. The laser wW also be used to srudy para­

metric decay lnstabUltles ln arc plasmas . 

•work supported ln part by U. S. Alr Force Office of Sclentiltc Research 
t Also Physics Department, Massachusetts Institute of Technology 
*Supported by Nattonal Science Foundation 
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Expe rimental Investigation of Laser Heated Plasma 

in a Sol enoidal Magnetic Field 

Z .A. Pietrzyk, H. Rutkowski, G.C. Vlases 

University of Washington , Seattle , Was hington USA 

Abstrnct : Plasma columns 20 cm x 6 mm have been produced in a 100 kG steady 

solenoidal field by co1 laser irradi a t ion . Measured densities and tempera­

tures are ne :: 5 x 10 17 and Te :: 150 eV 1 for filling pressures of 19 torr 

and laser energies of about 250 joules. 

Following a suggestion by Dawson, et . al . , 1 t hat C02 lasers could be 

used to hea t long, magnetically confined plasma columns to thermonuclear 

temperatures, a n experimental program to explore this concept was initiated 

at the University of Washington. This paper presents our mos t recent re-

sults on the "laser heated solenoid," one of several ex periments in progress. 

An e-beam stabilized C01 laser is used to irrndiate a plasma tube 20 cm long 

x l. 7 cm in diameter , which is immersed in a quasi-steady field of up to 100 

kG. The tube w-as puff-filled with neutral hydrogen from one end. An ori-

fice plate with a 5 mm hole \.las placed at the other end, nearest t he incoming 

laser beam . A pressure ratio of greater than 10 was measured acr oss the ori-

fice 1 with good uniformity along the tube. The laser beam was focused at the 

orifice location, producing a wave propagating a long the tube (away from the 

lnser), and eliminating t he backvnrd-going wave normally present in break­

down experiments . 2 

It was prev iously reported
2 

that, with this arrangement , a density mini-

mum is created on axis by the heating .:iction of the laser beam, and that the 

"heating wave" p r opagates along the axis, creating a long , s l ende r plasma. 

Most data were taken at field s of 0 or 100 kG, filling pressures on t he order 

of 20 torr , and laser energies up to 300 joules in a 1 )Jsec pulse . 

In more recent work, the evolution of the plasma column h as been more 

thoroughly studied by streak photography and interferometry , Streak pictures 

with the slit parallel to the axis were taken through plexiglass spacers 

between the t urns of the solenoid, and through holes in the turns . For B-0 

the breakdown fron t velocity i s about twice t ho.t for B = 100 kG , and is near-

ly constant along the 20 cm of tube length . For 100 kG magnetic field and 

low laser energies (50-150 joules) , the breakdown velocity is cons tant for 

8-12 cm and then decays quickly, as t he laser pulse has termina t ed by then . 

When the laser energy is increased the constant vel ocity segment increases, 

and for energies of about 240 joules the front accelerates for some distance 

and then travels at constant s peed to the end of the tube (Figure 1). The 

length of the column in our exper ime nts is limited by the magnet length. 

The shape of the propagating front has also been examined . S treak pie-

tu r es with t he slit perpendicular to the axis were t aken at several locations, 

using an HB filter to accentuate the (cooler} interface between the plas ma 

a nd the neutral gas. When observed in this manner , the advancing front is 

not flat, as is usually assumed in theoretical models 1 but rather is pointed. 

The full angle of the front 
I I 

is n.pproximatcly 20°, and 

the length of the conical 

. IJI , 
11 

section is about 3 cm, after 

which the diameter is nearly 

constant . This observation 

suggests that the presence 

of a str ong field is impor-

tant not only for r adial 

containment, but also , due .B=O B=lOO KG 

to refraction, in de t er- Fig . l. Streak pictures of breakdown front 

mining the properties of the propagation . Laser energy • 240 J. 

advancing front. It appears that this effect is advantageou s f o r beam t rap-

ping ncnr the front and deepens t he laser induced density minima reported 

earlier. 
2 

Particle l oss rates were estima ted f rom measurements of n1dially aver-

aged densities as a function of time at a given axia l location . A single- ray 

Mach-Zehnder interferometer , illuminated by an argon ion l aser was used, 

whi ch provided spatial reso l u tion of approxima tely 1 mm. Figure 2 s hows 

parison of these data with a simple one-dimensional rarefaction wave model, 

with detonation wave at the front, shows fa i r agreement except for later 

times for B "" 100 kG. The lack of agreement for later times may be due ei-

ther to the neglect of the effect of laser heating on t he expanding gas, or 

to the failure to unde r go t r ansition f r om a blenching wave3 to a detonation 

wave 
4 

within the duration of the experimen t . More comple te models of the 

laser-plasma interaction4 ' 5 canno t be compared quan t i tat i v cly du e. to their 

fai l ure to incorporate end effects, but qualitative agreemen t is good. For 

B-0, t he measured densities are much lower and the one- dime ns ional model with 

the rarefa.ctlon wave does no t agree wel l with t he data due to radial motion 

and heat conduction . 

2 .0 

t(µ.sl 

1.0 

/I EKPERIME NT 

--- RARE FRACTION WAVE THEORY 

I l\ ,. .. 
B •IOO llG I ,pY, 

4 
5 • 10 cm 

\ l>-/4 v 
I ' 

ff ;-A ' 
I 

10 

X(l'.m) 

/ (i<'1'.lllMENT 

--- U.R[HIACTION WAVE THEORY 

I 

I 
/ \ 

' 8•0 / \ M 

/f··"''···· p 

Xkml 

Fig. 2 . Densities versus time for various position in the tube . 

Laser energy .. 150 J . 

The electron temp er ature was measured , at several axinl locntions, by 

using the carbon V method of Kunze , et.al. 6 to be in t he range of 130- 150 eV. 

Finally , mensurement s were made o f t he radiation backs cattered from the 

underdense plasma
7 

by the use of time r esolved i nfrared s pectroscopy. The 

backs catter 1 which appears to saturate at about SX of the initial laser 

energy, was identifi ed as stimulated Brillouin scat t ering. 

This work was supported by t he U.S . Energy Resource Development Agency 

and the Nationn l Sci ence Foundation. 'the authors wish to thank K. Berggren, 

R. Massey , and D. Scudder for their help in performing the experiments . 
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NANOSECOND co2 LASER INTERACTION WITH SOLID TAROET 

J. MARTINEAU, P. PARANTHOEN and H. RABEAU 

cornis.sariat A l 1Energle Atomlque , Centre d 'Etudes de Limtil 
B.P. n' 27, 9'1190-VILLE»EUVE-SAIN!'-GEORGES, FRANCE 

Abstract : At fluxes of 1012 W/cm2, the nano.second C02 laser interaction 

with a solid deuterium target has been studied. Reflection, X ray and ion 

seaaurementa were performed. Energy balance led to a total reflectance of 

60 to 90 ~. Fast o• ions with k.1.netic energy ot -0 keV were detected. 

x rays were observed. up t o 10 keV. 

"nte interest in lasers as a po81!11ble .source ot energy has been 

growing considerably for the last three years. New experiments baaed on 

the concept of compression Ll/ have been carried out using neodymiwu glass 

lasers ( .il n l.o6µ11) as well as carbon dloxyde lasers (A • l0. 6µm) , 

Thus single beanl experiments contribute to a better knowledge of the pheno­

Mna Involved in the interaction, The coupl.1.na: efficiency ot the laser 

radiation with the plasma which rell'lains one ot the most important pr oblems, 

can be improved. On the other hand, as predicted by theory, moat of the 

parametric instabilities, can 'be observed and studied at lower incident 

laser fluxes using a co2 laser f.2,3,4/ . 

"nle purpose of this pa.per ta to describe the interaction or a 

nanosecond ~2 las:r with a solid d euterium target. With incident fluxes 

of about 10 W/cm , the interaction make s the observation of fast ions 

and hard X rays poeatble . 

The nanosecond l GW co2 TEA laser consisted of an oscillator delive­

ring 200-300 mJ in 40 ns , Thie pulae was preamplified up t o 6oo to Boo C'\1 . 

Then the 1.5 ns abort pulse wa a out out of the 40 ns pulse , For this pur­

pose we used a double pockells cell composed by t wo As-Ga placed between 

cross~ polartzera. Af'ter amplification through a double discharge C.G.E. 

a:yate11 the laser output energy was about 2 to ' J . 'nle beam was focussed 

onto a solid deuteriwn target using a 20 cm focal length Na Cl lens which 

corre3ponded to an aperture of r/) , M:l.ximum inoid•nt r lux in a vacuum did 

not exceed several times 101~/cm2, The target was a solid deuterium prism 

with a one millimeter square section. 

Energy and pulse shape measurements were recorded at o•, 45• and 

90•. In any direction of observation the reflectance presents an important 

scatter (fig. 1) . On the other hand a 
plot of the measured reflectance va the 

fooal posit i on indicates that the 

reflectance does not correlate with 

the f'ocus, At o• the reflection 

coefficient ranges from 1 to 10 %, 
while at 45 • and 90• from 0.5 to 2 % 
and 0.1 t o l ~ respectively. This 

behavior shows a directional reflec­

tance which can reach 42 % per stera­

dian. On integrating the r eflectance 

over the r elevant halt space about 60 

to 90 % of the incident laser energy 

ta lost out to reflection (fig, 2) . 

X ray speotrwn from the oonti­

nuum bremsstrahlung emission ta analyzed 

at 45• by using absorbing beryllium 

foils Of d i fferent thicknesses (6,05. 

JO, 52.2 and 105 mg . ora -2 ) , combined 

With two X r ay scintillat or detectors . 

Por focusing on the surface or slightly 

inatde X r ay e111s:s:ion ls: maxillWll, 

The t r ansmitted. X ray s i gnal 

deoreases slowly when increasing the 

thickness of the absorber (fig. 3), 

'Ibis le charactertattc of the presence 

or hard X r ay emission which corresponds 

to a non naxwellian electron distributi on 

function . X ray a wt th high ene rgy up to 

10 keV were observed. 
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I on collectors (at 45• and 25•) and an e lectrostatic charged 

particle analyzer (at 45•) were used to meaaure ion k inetic energy and 

identify ion species. The results show c learl y the presence of high 

energy ions belonging to a hot pl asma (0.5 to lkeV) followed by ions 

oorresponding to a cold plasma (100 eV) . In additi on from time to time 

some fast ions are evidenced before the ion current corresponding to the 

main plasma described previously. 'Iben the ion energy speotrwn expands 

continuously Crom high energy (up to 4o keV) to low energy (down to O. l 

keV) . The nw.ber of high energy ions ( ....., 5 . 1012 /aterad at 45 •) 1a less 

important than the one of ions coming from the main plasma (""'1014/sterad 

at 45• ). With an electrostatic charged particles analyzer o• ions were 

observed with energies as high as .\0 keV. Typically most of the fast tons 

are with energies between 10 to 25 keV. They can take out up to 40 % of 

the total absorbed energy . Comparabl e results presented in table I have 

been obtained at Los Alamos 6, 6/ and Osaka IJ / 1n similar nanoeecond 

exper iments using polyethylene and alwniniurn targets . 

'nle hard X rays and the Cast tons are probably sign it leant or 

non linear phenomena pr esent during the interaction , If it ta difficult 

a t present to give a certain interpretation, nevertheless l t appears that 

too much energy t aken out by the fast ions is a problem for laser driven 

shocks. 

We thank C. NIER.AT, E. OOESTCHY, M. ROBrAING for their technical 

&!!laistance , 
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Experi ll'l!nh on co
2 

laser i n t eraction with polye t hylene slabs 

E. FA BRE - C. POPOVICS - C. STENZ 

Er:ol e Polytechniquo 
Loboratoire P.M. I . - 9llZO Pa laiue au Franco 

ebstr nct : I n C0
2 

laser produced pla5mt1, wo etudy the dependency with light 

intensi ty of e l ectron t empe r atures1i on ve loc ity, plasma r e flectivity and 

spectru• of back reflacled light a t 10 . 59 u and 2nd haraonic. Results show 

so111e avidencl'! for ano111aloua process es of £nteraction . 

Several publications h a ve reportad experh1cnta l r esults obtained on 

plesiaLts p roduced by Co2 l aser irradiation of p l ane t<trgets. In ordor to hLtve 

a bettar understanding of the proces!liieS involved i n t he interaction Of (~ 

l eaer radiation with e target, we have •ade an e xte ns ive study of the d e pen­

dency of some of the pla1111a para me te r s with the las er fluxes . Th i !I shows 
4 

'
8 

tha t. , at mode r a t e light intensities, ano111alous processes of s baorption occur, 

whic h can be attributed to the onset of pa r a .. tric instabilitiea . Wa ha ve 

aleo analysed t he 1pectru• of backscattered light at 10. 59 •icrons end at 

S . J . mic rons . 

The experi rienta l :1et up is the following : we 1'ocu11, onto a polyethylene 

11leb , with LI s phe r ical mirror o f 30 cm of focal length and a f : 2 , 5 aper­

ture, the 'm t pu t bee., of ;:i Lumonics TEA 101ser . The pul s e d uration is 40 ns 

fWHM and the peak power on the target l Gigawatt. The r e suilting inaxi iaum in­

tenaity on the focal region is 2 1~2W/c-3 . Variations of light fluxes on 

tha target ere obtained by boa111 a ttenua t ion with thin f ilm. The electron 

tenipo r eture Te is deter• ined by the absorber foil ae thod using five diffe­

rent thicknes s of Aluminiu'" foils . Cha r ge collec tors located at 40 nnd 9Dcm 

f rom t he plas ma provide the ion energy by time of flight method . Th e inc i den t 

pulae and the back reflected pulse i n the aperture .of the colli•ating opti­

c.il ayete• e re tn0nitored by photon drag detectors and give the r eflection 

coefficient of the plas J1a . finally the b ack reflected light a t 10. 59 •icron, 

the e•iesion at 5 , J •icron and the reflection at 10. 57 micron, which is an 

auxiliury line emitted by the laser , are monitored in relative inte nsity 

e nd i n spectral s hape with a 2 me ter focal length monoc r omotor . The re s o l u­

tion of the s pec t rograph is of the order of 2 .D1c4 a t 10 . 6 111icron . The mea-

' au red spectral wi dth of the incident laser linas i s 3. 8 A which corresponds 

to the instru•e ntal width. 

The experimental reaul te are the following 

- The reflection coefficiant of the pl;:israa R (figure l) , at 10. 59 u increa­

ses with l aser intensity I a t low fluxe s , satura tes et a value of 9 to 13 "" 

f'or intensiti es in the rengo of d io1C\•/cm:: and dec reases to a value of 4 to 

6 ~ fro111 5 io
11 

to 2 l0
12

W/c-2 lase r intenai ty . 

- The s econd harmonic e•haion already observed in previous worka (d '
9

) in­

crease• rapidly at low fluxes and s hows a dependency as I J/2 for high inten­

s ities ( fig . I) . 

- The electron temperature To 11tDasured by tho absorber f oil method has t wo 

f ea tures (fig . 2 ) : a thormal compon ent which vories as ..... I '
3 

and e supra­

therina l co111panent which varie s as ..... I ' 
6 

a nd which is detectable only for i n­

tensit ies above 10111111/c,.a , 

- The ion energy ( fig . 2) in t he l e ad ing edga o f tho expanding plesraa depends 

upon intenaity as I
213

; a sull nuabe r of iona with onergy up to 1 5 kev are 

detected . 

Theee reaults show that for laser i nteneitioe i n the r ange o f 4 io
10

w/cm2 

i nte r action processes involve t he onset of parometric instability mechanism 

which can explain the saturation of pl01s11a reflec ti ltity, and the occurance of 

supre tho r111a l e lectrons, whi ch determine then the ene r gy of tha ion at t he 

frontier o f the expanding plosraa plu~e . These results are also cona i stent 

with previous expe riMOnts ( 10) that we ha ve done on light abeorption by a 

dense p l asma which had shown t he occur.Jnce of a nomalou:s absorption ot le:ser 

in tanai ties of the ordor of 2 to 4 io
10w/€1113 i n agree ment with the compu ted 

threshold for parametric decay instability . The dopendancy of ion energy 

wi t.h flux ia in agree111ent with the r esults at higher inte nsities (11- 12) . 

Asecond ae t of experi•enta deals with spectroscopic s tudi e s . The spec tru111 

of the back reflected light (fig .J) at 1D. 59u shows e l arge broadening of the 

line whic h presents e lao a st r ong assymetry toward the red at h igh laser i n­

tensit ioa . At lower inten1ities t here ie still o broad(tning of the lino but 

then line profi l e is sy11111e t ric around t he origin l.., , The emission of t he s e ­

cond hanonic ( fig . 4} et 5. J •icron presen t a cont ribution at the origin )., , /2 

and a s trong satellite in the red wing td th a shift of the order of 20 to 25 A, 

The epectru• o f beckacattared auxilia ry line (fig . 4} 10.57u which intensity 

is 5 to B ~ of the aain l ase r line a t ID. 59, presents al so two component. : 

o n1ur ow line e t the origin lD. 57 a nd a c oraponcnt with a red shift of 20 A. 

Thi s cor responds i n f r equency to half of the frequency ehi ft of the s atellite 

o f the 10 . 59 second ha r mc n i c . The i nterpreta t i on of thiao res ults ia not com­

plete a t present time . However some of thes e r eaults agree with ob::iervation!I 

11.ade in l!ncperiments wi th Neody•ium laser for light i ntonai ties two orde r of. 

..agnitudo higher. ( Il- lS) 

The red ahifted contribution of the '90'.Jin laser line at 10. 59 •ay be interpre­

t ed as brillouin beck s ca ttering , t he frequency ehift be i n g close to tho ion 

acous tic frequency . It has to bo mentionned that in the ceee o f :short pulao 

expe riments si11ilar res u lts has been obsl!!rved wi th a red shifted component.
16 

However other uperiments
17 

show a blue shifted ut&llite which is explained 

Lts reflection on the c r itical density sur f ace moving owLty fro• the t..'.lrgat . 

The second har•onic gencr..'.Jtion hoa two contr ibution• : the line centered a­

r ound the origine "A,.o/2 is probably generated by non line a r interaction at 

oblique incidenco in t he de nsity gradient near critical density. The red 

shifted sat ellito ca n be i nterpr eted as being g e nerLtted in a f our w;:ive ma­

c hanis11 as euggeated by Ymrianaka
1

J . Tho observation of a rod satellite with 

the probe beam e t 10. 57 , which has a frequency shift hal f of the !!!!h i ft of 

the second harmonic can be a confirinetion of this intorp:retation . 
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EXPERIMENTAL STUDIES OF C02 LA.SER PRODUCED PLASMAS which is somewhat higher than the value found here. 'This discrepancy may 

by 

T .A. Hall and Y .z. Ncgm 

University of Essex, Colchester. England 

Abstr a;:! Experimental results of X-ray temperatures , ion energies and 

plal 0<'.l reflectivitics are pres ented for a co2 laser p r oduced plasma . A 

clear indication of anomal ous absorption is shown with a threshold 

irradiance of 4 x 1010 W cm- J and at high irradiances a discrepancy in 

the energy balance is r eported . 

Introduction Sever al papers [l) [
2J [J) (4) have recently .reported reflect­

ivity and other diagnostics on co2 laser produced plasmas. TI1e results to 

soae extent have been conflicting. In (2] no obvious threshold for 

anomalous absorption is obs erved whereas in [l] [3] and [4] clear in<lications 

of this are shown, but with di fferent degrees of agrecracnt between theory 

and experiaent • 

Experiment The co
2 

T£A laser used in these experia:ents gave peak power 

outputs - 200MW in a pulse of FWHM ...., 40-50nsec, n1e l aser is described 

core fully in [l] , Light from the laser is focussed onto targets of carbon 

and the light reflected back from the plasma is collected by the same lens. 

Both the reflected and incident light intensities arc monitored by photon 

drag detectors , The laser is run under constant conditions and the irrad-

iance is altered by introducing calibrated fi lters in the beam. Other 

diaanostics include two X- ray scintillators using 6~m and 12~m thickness 

aluminium fo il absorbers to measure X-ray ter:iperatures and a retarding 

potential probe to measure ion fluxes , 

Results and Discussions n1e open circles in Fig. l show plasma reflcctivi-

ties as a function of irradiance. As tlie irradiance is increased from the 

lowest detectable levels, the reflectivity increai:JeS up to a maximum of about 

23% at an irradiance of 4 x 1010 W cm-2• Above this value the reflectivity 

falls steadily with. increasing irradiance to about 5% at 2 x 10 I~ cm- 2 • 

If we assur:ie inverse b remsstrahlung absorption am! a linear density 

profile then an expression for the plasma. reflectivity , R, can be obtained 

R • exp (-oz lnhl\i' 2r3
i 2 ) (l) 

vhe.re Z is the mean ion charge and 1\ is the density scale length, T is 

th• e lectron temperature and a is a constant . 

The broken line plotted in Fig. l obeys t he relation 

R • exp(- b*- 1) (2) 

\o'here ~ is the flux . Fig . l also shows X- ray temperatures plotted acainst 

incident flux and ve see that at the lower powers t he experimental values 

fit the relation 

T • ~j (3) 

\ihich is in agreement with the model of Caruso et al. [6] . 

Substituting expressions (2) and (3) into (1) we find that: 

Z '\ • T (4) 

Thi temper ature dependence of Z is difficult to de termine since neither 

LTE nor the coronal model are strictly applicable under the conditions 

described here . However, for the purposes of obtaining simple scaling laws 

the coronal model more nearly describes the plasma conditions here and we 

find that in the region of T • l00-200eV, for carbon, the relation 

Z • TI (5) 

hold, approxiQately [7] . n1us this implies that the scale length has a 

terzperature de pendence of the form 

(6) 

Above 4 x 1010 W c.m -2 the refle•t'v'ty .... .. .. falls with increasing 
itradiance and it is 
. assumed that some non-collisional absorption mechanism 

LI reaponeible.. A possible meAi..an's- ' • 
'W.I ... ... .. the parametric instability Yhich 

for a temperature of .300eV observed 'n 
..._ these experiments , predicts a t hres-

hold inadiance, [ 
given by 3] of : 

Ith • lOll W cm-2 

be a result of the plasma refractive index which has been neglected in the 

above calculations. 

Above threshold the plasma reflectivity falls rapidly and at the same 

time a change in the temperature scaling law is observed. In th is region 

however there seems some evidence that the plasma electr on distribution 

function has become non-Maxwellian and consequently the results must be 

interpreted with care. 

A retarding potentia l, probe has been used to measu re ion fluxes and 

estimates have been obtained for the total energy emitted by the plasma. 

in the form of ions. The se are shown in Fig . 2.together with the r at io of 

total ion energy to incident laser energy. Below the th reshold fo r anomal-

ous absorption we can see chat the energy "'11ich is not r eflected is carried 

away in the form of ion motion , Above the th reshold however bot h t h e 

reflectivity and the relative energy carried away by the ions f all, 'nte 

increased X-ray emission at t hese high irradi3nces does not nearly compemu. t e 

for this , 
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~ 1.ASER- HEATING EXPERIMBNTS 

T. P. Donald5on: J.W. van Dijk; A. C. Elkcrbout; and I.J. Spaldingt 

Queen 1 s University: Belfast, Hoge r e Technische School~ Rijswi j k, 

The Ne therlands , and UKAEA Culham Labo ratory! United Kingdom. 

~: The i nteraction of 75J co
2 

laser pulses •..iith plane Si0
2 

and C 

targets at intensities - 9 x io12 
W/cm2 is described. The resul t ing flow 

has been measured with framing photography 1 hologra phic interferometry ;;md 

X-ray techniques (using a f ast photodiodc , a 13 µm re5olution pinhole cante rti 

a nd 2- channe l absorption spectrometers ) i finite hee should be i ncluded in 

MHD models of such inte rac tions . 

1. INTRODUCTION 

Subkilojoule co
2 

laser- produced plasmas ar e of po t ential i nterest for 

fill i ng present-gene r ation magnetic- confinement deviccs~l) As part of a 

cooper;itive Eurat om programme, a 16o litr e - atmospher e electron-beam pr e ­

ionized co2 laser is now be i ng com.'11.issioned f o r laser-h~ating expe r iments 

at Culham; this device has nn a ctive volume of 200 x 20 x 20 cm , and will 

be described elsewhere. However, laser-plasma interaction measurements 

have i;tlready been made with a 75J dr i ving oscillat or stage for the sys t em 

and s o:ne of these preliminary me asuremen ts form the basis of t he p resent 

paper. Exper imental and diagnostic techniqueE; are outlined in para . 2 ; 

the experimental r esul ts are summarised in para. 3 and discussed i n par a . 4 . 

2 . EXPERIMENTAL AND DIAGNOSTIC TECi!NI~ 

The expe rimenta l arrangement is i llustr ated in Fig.1. Although s mnll , 

l ow z , targets will be used in l ater (con­

finement) experiments, it p r oved more conven i ­

ent to use carbon or fused silica rods of 5 mm 

dfo.meter for t hese i nitial diagnostic tes ts . 

The output fro:n a gain- switched double­

discbarge TEA laser of cross section 5 x 10 cm 

was focused by a 12 cm diruneter (rear) mirror 

on to targets located nt ita 30 cm focus ; 

with an incident e nergy o f 75J 1 a focal dia­

meter of 150 urn wa s measured by a grating 

technique ~2 ) Although a stable optical F i g .1 Pl an-view of tar ge t 
chamber. 

resonator was ueed in t his particula r las e r , relatively little fine­

struct ur e was observed in t he fa r-field pattern, which was consistent with 

a beam d ivergence of - t rnilliradian. ( The target ge ometry thus approxi ­

mates to normal cylindrical illWDination of a semi-infinite plnne . ) 

Simultaneous X- ray emiGsion measurements were mnde with a 2 - channel 

foil (scintillator ) spectrorneter~ 3 ) a (time - integrate d) pinhole camera and 

a photodiode o f novel de.s i gn. The pinhole camer a had a hole of 5 µm dia­

me ter and a geometrical magnification of l.5i it was used with a Kodak­

Pnthe SC7 emulsion having a u:easured mean grain size of 11+ um, giving an 

e ffective spatial r eeolution or- 13 µm. The X-ray photcdiode wa s a gold­

coated d i ode of the gene ral type developed by Key~li) however, t he surface 

of our diode was contour ed t o giv e an angle of i ncidence of ,..., 3 . 5° 1 thus 

ensuri ng maximum photoelectric sensitivity to 1. 4 keV X- rays. ( The diode ha.s 

a calculate d time- response of 0 . 6 ns when uaed with a 1 GHz band-width oscillo-

scope , a nd a high sensitivity to the soft X-rays characteristic of present 

plasmas . ) (Visible) s treak and framing photographs were taken with .streak 

s peeds and exposures of 4 ns/cm and 5 ns r espectively . The layout of t he 

A = 6943 i ruby-laser holographic i nterferome t e r is illustrated schemati­

cally in Fig.2 . Holograr.is we r e tnken(5 ) on 

Agfa 10E75 and Kodak 649F emulsions with 

expos ure times of 20 ns ( Q-swi tched) or 2 ns 

(gated) . Straight- line r e f e r e nce fringes a re 

obtaine d by calibrated displacement of a 

r eference mirror (R) in b etwee n the t wo expo­

s ur es. (A = 3101 R, f r equency-doubled 1 holo­

gram~ have also been produced with this equip­

ment 1 • but wer e not analysed in the pres~n t 

experiment.) 

3 . EXPERIMENTAL RESULTS 

3 .1 Pinhole Camera 

Fig . 2 Holographic Interfero­
meter . 

Microdensitometer t races ac rosG a single-shot exposure , (taken with a 

0.22 mg/cm
2 

Al filt e r, having a bandpass of 9 i\ centred at 15 ~. for 200 eV 

thermal plasmas) are s hown in Fig . 3 , at various positions above t he 

targe t surfa ce. The 13 µm spatial r esolution of t he camera is extremel y 

good , and the dip in phot ographic density across the laser axis i s t here­

fore thought to be experimentally significant . ( I n Fig. ) , t hey of t he fi lm 

ie linear, and t he FWHM o f the X-ray intensity unfol ded from curve (a) is 

420 u• · ) 

3. 2 Holograph ic Interferometry 

Fig. 4 illustrates density pr ofiles 

obtained by Abel Inve r s ion of a holographic 

reconstruc t ion . Note that the trans ver s e 

d imensions of the plasma are - 1 mm, i.e. 

comparable to the dia!:leter of the X- r ay 

r egion, and v ecy much greater t han t he foc al 

spot d i ameter of the incident laser bf'tarn . 

3 .3 Tir.ie-resolved X-ray Merisurements , and 

Supporting Diagnostics 

X- ray signals detected by the fast photo­

diode followed, within the experimental err o rs, 

t he incident co
2 

l aser puls e - whi ch was 

measured with a 2 ns r esponse-time pho ton drag 

detector. The foil-absorption s pectrome t e rs 

had a response o f 11 ns, and indicat ed a 

' temperature ' of 400 ( ~~~) e1/ for Si02 and 

l. j (~: ~6) keV for carbon t arge t s at t he time 

of maximum emission ( i. e . 25 ns afte r init i ­

ation of t he hea t ing pulse) . As has been pr e­

\•iousl y no ted in 6 - pinch and laser-plasma 

spectroscopy , the apparent temperatur e of the 

tig. 3 X-ray pinhole pictu res 
at distances (a) 0 . 33 (b) 0 . 7 
(c) 1.0 (d) 0 . 17 mr.i above 1::1, 

silica tar get . 

A11°lr3 

~ 
290 fJ -~ 

Fig. 4 Den5i ty p rofiles at ( a) o, 
( b) 200 and (c) 500 ~"It above a 
car bon t arge t I 30 nS afte r 
fir i ng co

2 
laser (exposure 20ns) 

X-ray s ource is a func tion of foil -absor ber thickness , indi cating a non-

Maxwellian electr on d istribution. We used suf ficiently thin foils to we i ght 

the measurements t owar ds t he ( low ene rgy) bulk of the velocity distribution 1 

and checked for sel f-consistency against t he absolute inte nsity of the X-ray 

signals . Visible streak and framing photographs suggest that t he target is 

heated ve ry rapidly i n t he r adial direction, far beyond the 150 µm ( FWHM) 

d iamete r of the 1.5 GW (_50ms) focused beam . Ruby las er s hadowgrams a lso 

qurilitatively confirm the wide radial extent of the plas ma. 

4 . DISCUSSION 

Some measurements of dens ity scale l ength (L) and elect r on ' temperature 1 

taken near the time of peak co
2 

laser intensity a r e swrJrmris ed below. Al so 

tabulated ar e binary elect ron-electron O.ee) and ion-ion (Xii) mean f r ee 

pa t hs, evaluated at h alf the cr itical density ( i . e . a t nc/2 = 5 x l0
18

cm 3 ) . 

Target 
12 2 (Focal intens i t y - 9xl0 W/cm ) Carbon Si0

2 

Density scale lengtn (L ) 

l.. t o target ,.,_ 0 . 3 mm (a) -.. 0. 3 mm 

II to target 0 . 6 mm (a) - 0 . 7 mm 

'Te ' 1.3 keV(b) 400 e/cl 

Xee(d) 7 . 0 mm 0 .7 mm 

Xii (d) s 5 µ.m 
(e) 0 . 18 µm(f) 

Classi cal Reflection - 92% (o ) - 51% (f) 
Coeffic ien t fo r ,\ : 10 . 6 um 

NB (a) Measured at 30 ns, interf'crometrically 
(b) Measured with foil masses (mg/cm2 ) of 4 . 02 Al + 1.55 Myla r/ 

2.68 Al + 3 . 1 Myl ar 
(c) Measured with foil mosses ( mg/cm2 ) of 4 . 0 Al/3 -5 , ) . O and 

2 . 5 Al 
( d) Calculated, a t nc/2 
( e) Calculated, Z .... 6 
( f) Calcul a t ed, ~ ...., 8 

The experiments clearly demonstrat e the following ordering: Aee ?. L >> Aii. 

It follows t ha t the cor onal i ons arc well described i n a fluid appr oximation 1 

but that the el e ctrons are not . However , abs orpt i on by inverse b r emmstr.ih­

lung is sti ll significant and linear, since the r atio of electron drift t o 

the:nnal speed is of order 0 . 3 at t h e applied laser inte nsity . (The classica l 

reflectivity is listed in Column 6 i t he actual reflectivity h~s still to b e 

measured, but is expected to be l ower. ) Although instabilities, and t hermo ­

electric ma.gnetic fields(G) may r e duce Aee and particle gyroradii r espec­

tively 1 we concl ude that t he effect s of f inite Aee must be included in two­

f luid rnagnetohydrodynamic codes to provide adequate modell ing of such plasmas. 

(Thi s conclusion mey also be of some signifi cance i n experiments whe r e 

density gradie nts ar e infer r e d , r a ther than measured~?)) 
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INTERACTION OF AN INTENSE LAS ER FIELD WITH 3 . Action of the ex t ernal field . We as s ume that , pri or to the 

A PLASMA A KINETIC APPROACH . 

by R . Bales cu 

untversit~ Libre de Bruxel les, Association Euratom-Etat Beige 

and I . P a iva-Veretennicoff 

Vrije Universiteit Brusse l, Fakulteit van de Wetensc h appen , 

Brus s els , Belgium . 

Abs tract : The kinetic equations for the evolution of a pla s ­

ma in a s trong external field , is shown t o reduce , under cer ­

tain conditions , to a set of 14 differ ential equations descri­

bing mode -mode coup l ing , para me tri c effects as well as spon ­

taneous processes . 

Intr oduction : We consider a full y ionized hydrog e n plasma in 

presence of an intense, homogeneous. time-dependent external 

electrical field . In former works dealing with this prob l em, 

the dissipation mechani s ms are not treated adequately . It i s 

well-known , howeve r, that the damping co nstants - hence the 

t r ansport coefficients - play a crucial role in determining the 

thresho ld i ntensity for the onse t of p a rametric instabilities . 

Futhermore, the heat conduction and the v i scosity are essential 

factors in the transport mechanism o f the energy deposi t ed at 

th e critical surface towards the canter of the pellet. 

The purpose of the prcs~nt work is the elaboration of a consis­

tent kinetic the ory of a plasma submitted to a st rong homoge­

neous electrical field, wi th an emphasis on the dissipative 

me chanisms at work . It appe ars as e nat u r a l conti nuation of 

our former work ( 1 ) , 

The construction of the thecry requ i res three steps . 

1 . The establishment of th e fourteen comp l ex eigenfreguencies 

of the set of linearized macroscopic plasmadynamical e quati ons • 

(including the balance equations for the two temperatures), in 

absence of external fie ld. For lack o f spac e , we cannot li !!. t 

them All. A~ An Rx~mnlR . wR give the expres sions f or the eieht 

eigenfrequencies of the transverse modes , 

• 0 (1) 

where w
8 

i s the electron plasma frequency , ce the electron 

thermal s peed, c the speed of light in vacuum , µ is the mass 

r atio me/mi , ~ is the electron-ion friction coefficient and 

Tle Cni l are the electron (ion) viscosity (in suitably reduced 

dimensionless form), wT is the well - known fr equency o f the 

transverse plasma mode : 

2 2 1 /2 
c • I 

To our knowled ge, two f eatures are new in this result , 

( 2) 

(a) The inclusion of the purely d a mped viscous and thermal 

des , along with the plasma and ion - sound waves, in the des ­

cription of the " plasmadynamical state" , 

(b) The explicit expression s of the damp i ngs in ter ms of the 

t ransport c oefficients. 

2 , The mi croscopic foundatio n of the struc:1.ure of these modes 

can be estab l ished a long the lines of ref . (1) , The eigen­

value problem fo r t he l inea r ized kinetic equations f or the one­

peirticle electron and ion distribution f u nctions fa (a• e,il. 

is solved by a perturba t ion method . It is shown t hat the 

lowest eigenvalues are identic al with the macroscopic eigen­

frequencies. As a bonus , this p rocedure provides explicit 

microscopic expressions for the transport coefficients , 

The distribution fu ncti ons of the two components being written 

in the form fa • f~ {1+Xa>. where f~ is ma xwellian, the de­

viations x0 can now be represented , in the Fourier picture, as 

a e - iwn,kt 
n ,k '+'~,k (vl + ox~cv , t) ( 3) 

v~.k(v) is the Cl-component of the nth plasmadynamical eigen­

vector , Ox~ . the "non- plasmady na mica l " part , is damped b y the 

Collisions in a time much shorter than (Im w l- 1 ('Vnl . 
n 

switching on of the f i eld, the system has rea ched a "plasma~ 

dynamic a l st ate" in whi c h Oxa .. o . Fu rther , we suppose that in 

pregence of the f i eld, none of the modes con ta ined in Ox0 

be systematically amplified . There f ore, the s t ate of the sys­

tem is fully desc r ibed by the coeffic ie n ts an , k which now be­

came time dependent . Th eir evol u tion law is obtained upon 

substitution of eq . { 3) into the full kinetic equation 

( 4 ) 

En, k im,k(t) is a matrixelement of the one - particle Liouvil li a n, 

p roportional to the amplitude of the external field , 

A~ . k,m,k(t) results from the i nflue nce of the electr ic fi e ld 

on the linearized co l l ision operator, 

lln ,ki m. k 'il.k - k' co n tai n s the Vlassov non linearities , as well 

as th e collisional non linea rities existi ng even in the ab ­

sence of the f ield . r~ , k i m,k;l, k -k' ( t) is a field corr ect i on 

to this non linear term , 

r~ .k (t} is a sou r ce term describing "spo n taneous processes" . 

This novel fea ture can only b e found through a ki n etic theory, 

t ak ing due account of the ac tion of the field o n the particles, 

during t he coll i sion process. In the Landau approximation, 

all these quantities h a ve been calculated explicitly . Eq . (4) 

is the s t arting point for the analysis of the mod e-mode 

couplings a nd of the parametric effects , some results of 

wh ich will be p r esented at the Co n f eren c e . The details of 

this work will be published separate l y. 

Re fe rence : 

C1l . R . Balescu , I, Pa iva-Veretennicof f and L . Brenig, 

two papers t o appear in Physica . 
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LOW FREQUENCY 11'STABILITIES IN STREAMING PLASMAS 

WITH ANI SOTROPIC PRESSURES 

Fran k Ve r hees t 

lnstituu t voor theoretische mechanika , Rijksunivcrsiteit Gen t 

Krijgslaan 271 - 59 , B-9000 Gent, Belgium 

Low QJte.qu.e.nc.y 1i.ta.ve.4 .in .&.t.11.e.a.m.i.119_ pla6ma.& c.au be.come u11&.t ab l.e., 

b1toadty 6peak.i.ng, 11.1h e.u .the. .squaJt.e. oQ tl1e. At6vln velocity i.& 

4matle.J1. .than .tlie. me.an quadJta.t.i.c. dlt.i6.t 06 .tlie.. pla.uut. Falt .tlu~ . .&e. 

11e.14J At~vi!n .i.n.&.tab.il.i..t.ie..& .the. 6.tJte.am.lng e.QQe.ct& can be e.nl1anc.e.d 

a11.(40.t:1topy . Pe.11.pettd-icuta1t plle44u1Le e.6Qec.t~ a1te. 4tab.Lt.lzi..ng , 

paJtalle.t pllC.44UJtt e.66ec.t4 Me. de.4tabil.i.z.i.ng , a~ .i.u .t:l1e tuual 

&i1te.-lio4e. i.11~.ta.bi.li..ty. 

With t he c u rren t intere s t i n l ase r p roduced p l a smas , a ttent i on 

has been foc ussed again on i nstab ilit i es whic h a rc poss i b l e i n 

beam- pl asma systems or in strea~ing p l a sma s (1 ,21 . A mu l t i com-

ponent t r eatment is ca l led for , since t he number of consti -

tuents of such a system is higher than in a usual electron -

hydrogen pl asma a t res t . Indeed, groups o f e l ect rons or othe r 

part i c les wi t h differen t stre an1ing velocit i es have to be 

treated as d i fferent components of t he sys tem. The coll i sion-

less coupling between the pl asma componen ts occurs via the 

elect romagnetic fie l ds crea ted by the perturbation . The 

evolu t i on of t hese f i e ld s is described by Maxwe ll 's equ a tion s 

13 I . 

I n equi l i br iurn every pla smaconstituent is characte'riz.cd by a 

densi t y " os • a strca~ing ve l ocity \l.os (pos sibly zero for some 

pa rt s o f t he plasma) and a pressur e in tensor form 

~Os • P
15

l + (p 11 5 - p15)~B~B The i ndex s r e f e r s t o t he spec i es 

under con s i derat ion, a nd t he labels ! and H are with respect 

to the e x t e rnally imposed equilibrium magne t ic field !!.Q , such 

tha t !:.s = ~II ~01 

The t r eatmen t s t a rt s f rom t he fl u i d equa t i ons per component, 

whi ch i nc l ude su i t able equa t ions for t he pr essu re tensor: 

(1) 

Usi ng the sma l l signal l i neariz.ation and r estricting oneself 

to the low frequency or Al fv(Sn r egime, where w and k
1

u05 

for each con s t i t uent much smaller t han the gyrofrcquency 

n
5 

• q
5

B0/m
5 

• one ge t s t wo parts o f t he d i spersion l aw, 

wr it t e n a s 

N' 

The fol l owing abbreviations and symbols have been used: 

p • 1 -
kf cf 

- (i""2 
s 

) . c' 
s • t + ;;: 

are 

(Z) 

N • ck/w , v' • 
A 

• angle C~ . ~0 ) 

<cz. > 
i , II 

For not too tenuous p l asmas a nd for u1ave. p"l.opagat.lon 110.t 

pe..\pe.nd.i.c.ula.t Oil 11ta1Lty pe.Jtpe.1uU.cu.ta11. to ~O , (Z) yields two 

modified Alfv~n 1..iaves ~d th pha se vel ocity g i ven by 

(3) 

( 4 ) 

if VA cc , as is usua l ly the case . For the first of these waves 

t he necessa ry c r i t er i on fo r i ns tabi lity is t hat 

(all angl es 0) (S) 

If this is f u lf i l led, the other wave can also be unstable, but 

on ly fo r ang l es of "''ave propaga tion between 0 a nd emax , "''her e 

emax obeys 

(6) 

Above t hat ang l e, only one of the t wo A l fv~n h'aves cJ.n be un­

stable. 

I n addition t o t he a bove mentioned waves , one a l so finds for 

pa.'l.atte. t p.\opaga..t.i.011 the modified longitudinal waves which can 

give ri se to the so-cal l ed st r eaming instabilities, with the 

dispe rsion la"'·: 

w' 
1 • ~( 1+3 .. " (7) 

s 

In the case o f p£1t.p£ndi.cuta11. p11.opa.90..t.i.01t, on the othe r hand , (2 ) 

yields 

w2 • cz kz • I w~s - c2kz<uQ• ci>fvl 
s 

(8) 

One of these waves is s table , the other one can become unstable 

if 

(9) 

As a conclusion a nd i n gene ra l t e rms, the mean quadratic d r i f t 

of the plasm.a has to exceed t he Al fv~n ve l oc i ty squared fo r the 

waves to become unstable. The i nstabilities arc fu r ther influen -

ced by a pressu re a n isot ropy biased in the dir ec t ion of ~O . 

For st reami ng pla sma s these Alfv~n instabi l it i e s generali z.c t he 

we l l - known concept of a fire - hose instabi l ity , se e eg 14 ) . 

l 1 J A Y Cheung. R R Goforth and 0 W Koopma n Plt yb .i..c.al Re.v.i.e.10 

l <.UM• 1!_ ( 1973) 4 29 - 432 . 

I 2) Lee Jou~n•t 06 AppU<d Plty• .i.c• !.!, ( 1970) 30 4 5-304 7 . 

( 31 J A Stra t ton EtectJto~agnet.i..c Tht04V (McGraw-Hi l l: New 

York 194 1) Z3. 

141 N A Kra l l and J\ W Trivelpi ece Pl'l..i.nc.i.ptc.~ oQ Plat.ma Phy~.i..c4 

(McGraw-Hill: New Yor k 1973) 228-229 . 
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TARGET IRRADIATION S'ruDIES USil«l RELATIVISTIC ELECTRON BEAMS* 

M.J. Cl&user , J . R. Freems.nf S . A.Goldstein, G. R. Had.ley , J . A. Halbleib, 
J . G. Kelly , G.W.Kuswa , C. W.Mendel, P.A.Miller, L.P.Mi.x, 

F.C.Perry, J .W.Poukey, S.L. Shope, 0.W. Swain, M.A. Sweeney, A.J . Toepfer, 
w.H. va.nnevender, M. M.Widner, T. P.Wrigbt , G. Yonaa, X.D.Bergeron, and J . Chang 

Sandi& Labora.tories, Albuquerque , New Mexico, USA 

Abstract: Recent experiments are discussed in which hemispherical and 

spherical, high density targets were irradiated u sing a single relativistic 

electron beam (REB) . It is found that a substantial portion or the beam 

energy is incident on the target and tha.t the deposition symmetry i s , in 

some cases 1 quite uniform. 

Introduction : The ablation driven implosion of Ill' filled, h igh den­

s ity spherical targets using intense REB ' s , as an approach to inertial 

confinement tusion, has been previously described [1 ,2) . For this approach 

to be succeurul, it is important to effici ently focus the bea.m on target 

as well a s to symmetrically load the t arge t so as to obtain compres sion 

ratios - 1000 as need~d for high fusion yields. We report here on target 

irradiation studies done on the HYDRA accelerator, vhich nomina l ly produces 

a 700 kev, 300 kA, 100 nsec beam, and on other related experiments and 

calculations. We ex&Jaine both beam focusing and deposition symzetry. 

Beam Focusing: 'ftle focusing efficiency ( i.e. 1 the fraction of the 

total beam energy contained within the beam pinch) has been detennined with 

DO target present by anessment of anode witneaa plate damage, diode simu­

lation, and x-ray PIN art-ay measurements [l) , 'ftlese all incllcate that 

about 1/2 of the total beam energy is contained within the pinch after the 

pinch is tu.lly developed for beams produced on the HYDRA accelerator. 

Recent exper1menh and calculations go a step f\lrther and examine the 

energy incident on a high density target , These consi st of hol.ographic 

studies of pl&stt.a blowotf, implosion time measurements, and time a.net space 

resolved x- ray measure.ments vith a target present. We vill discuss the 

l atter two in more detail. 

The implosion time of a gold hemiahell of outside diameter . 4 cm and 

shell thickness . 0254 cm was measured using laser renection techniques as 

shown in Fig . 1 . A laser beam is 

reflecte d froai an alwrlnized mylar 

membrane ot thickness .00254 an at the 

base of the hem.1shell and ont o a photo-

multiplier tube. The 1.JDplosion time, 

defined bere as the tine 1'rom the 

begiMing of the x- ray pulse t o the 

time of l oss of laser signal , is 

measured to be fran 36o nsec to 385 

Pinched 
REB 

/ 
Fig. l Implosion Time Measurement 

nsec for several shots. These results are then compared with computed 

impl osion times from a hydrodynamic code . Fron this it is concluded that 

approximately 5 kJ of energy is absorbed on target which i s in qualitative 

agreement with pr evi ous work. 

Tilne and spatially resolved x-ray measurements of b r emsstrahlung 

emission f'roa the anode race were made using a collimated PIN array. This 

array sampl es x-ray emission !'rem the focus to a. radi us of about 6 cm. 

Compari sons ""ere then made of data from shots vhich had a , 4 cm diameter 1 

gold spherical target mounted on the anode plate vith shots which had no 

target . The measurements indicate that du.ring and following the pinch for­

mation that the current outside a radius of , 4 cm was different by only l°'. 

The pinch radius f or these shots 1s .2 cm which is approaching the spatial 

resolution or the PIN array. We therefore feel that much ot the previously 

gained knO',..ledge of focusing can be applied to diodes with t argets . 

other work on focusing has concentrated on the effects or plasmas and 

i ons in diodes . Diode simulations indicate that beam pinchi ng is f acili­

tated and improved by thick anode plasmaG and by apace charge 11.mi ted ion 

!low. A number of recent experiJPenta, in which a preformed plasma with 

ne - 1013 cm- 3 ia injected into a REB diode prior to the REB pulse, &J.so 

indicate this. As the REB pulse begins, an expanding space charge sheath 

evolves fran the cathode, Yith a sheath thickness vhich is. l ess than the 

diode gap. The impedance is lowered by both the ion current tlov across the 

gap as well as the eff ective r educed gap thickness , Pinching i s facilitated 

bece.use there is more current a.nd also since there is a lar ger charge neu-

tr&l region for electrons to orbit before striking the anode . 

~: A seri es of experiments and calculations of single REB 

irra.diation of spherical targets was conducted to examine deposition 

symnetry over the target surface. Diagnostics consisting of x- ray pinhole 

phot ogr aphy, nash radiography, and eval uation of anode backing plate dam-

age were used to infer a degree of symmetry much better than 2 :1. 

Shown in Fig. 2 are ti&e integrated x- ray pinhole photographs of a .4 

cm diameter , solid brass sphere which is mounted on an anode backing plate 

w1 th a • l cm long aluminum stem. Shawn are : 

(a) the rear view taken along the diode axis, (b) 

a aide view t aken along t he anode plane, a.nd 

relative optical. densiti es around each circumfer-

ence . Ther e i s clearly substantial bremaatrah1ung 

emission from the rear portion of the sphere and 

very uniform emission over most of the surface . 

Sia1.lar results are observed tor hollow gold 

target s . 

Flash radiograph snapshots were taken during 

the implosion phase and s hortly thereafter, of a 

. i.. cm diameter , gold, s pherical shell of thickness 

. 03 cm. Comparisons between this data and radio-

graph predictions, obtained from two-dimensional 

hydrodynamic calculat ions, were then made with 

a) Back View 

b) Side View 

Fig. 2 X-ray Image 

different surface loadings considered in t he calculations . Despite resol u­

tion and intensity limitations , no gross asym:i;.etry waa indicated. 

The most striking evidence of deposition symmetry is the backing plate 

damage . In previous experiments, it ""as observed that irradiation of a 

heaispherica.l. shell produces a cylindrical hole in an anode backing plate 

due to an implosion produced, high vel ocity j et of r.aterial which acts as a 

projectile. When a spherical. shell target is irradiat ed, however, t he damage 

is considerably reduced and consists of a sha.llow crater vt th a s.mal.l. pedes­

tal in the center. t(ydrodynamic calculations of anode plate damage indi­

cate qualitat i ve agreement with the experimental. damaae for uniform loading 

over the exposed portion of the target. On the other handJ if only portions 

or the front and aide surfaces are loaded the axial momentum of the implo­

sion 'tf&s not balanced and a deep crater was produced on axis , 

We feel there are sever&l. possibilities for the observed symnetry: 

(l) scattering in the targe t blowoff or surface , (2) scattering in the anode 

b l owoff or surface , and (3) the presence of a s tagnated or '1hot beam. 11 A 

"bot beam" is predicted. by recent re1at1viatic fluid calcula tions of pinched 

beam equilibria which are characterized by a unifonn density, s tagnated cen­

tral. resi on ""h1ch is surrounded by a cylindrical curren t density s hell. 

Work is also in progress to assess the effect of scattering using electron 

transport calculations. 

i!Work supported by the U. S . Energy Research and Developnent Administration . 

fPresent address: U. S. ERM, Division of Military Appl.ications, Laser 
Branch, Washington, D. C. 20545 

~: (1) J. Chang, et al. . , Fifth Conf . on Pl.asma Alysics and Con­

troll ed Nuclear F\ision Resea rch (Tokyo, Japan , 1974 ) . (2) M. J, Cl auser, 

Pb,ya. Rev. U!tt. 1!, 510 (1975). 
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HEATING OF LINEAR AND TOROIDAL FUSION 
DEVICES BY HIGH INTENSITY ELECTRON BEAMS 

S . Putnam, V. Bailey, J . Benford, and T.S.T. Young 

Physics International Company 
San Leandro, California , U.S. A. 

Abs t ract : Return current heating by non-linear electron­

electron two stream instability modes is used to give effec-

t ive interaction lengths . Criteria for linea r and toro i dal 

reactor parameters are given . 

The high energy/power technology of intense electron 

beams can potentially have a major impact upon fusion systems . 

High density pulsed reactors such as a linear solenoid in­

trinsically require ~ 109-1010 W and 10- 100 MJ o f energy; 

l a r ger toroidal devices project 108- 109 W and hundreds of 

megajoules for ignition, with the energy requirement reduced 

with higher power heating . In both of these magnetically 

confined plasmas, microsecond or longer beam pulse widths 

are acceptable for heating, thereby eliminating t he pulse 

forming lines of conventional .. 100 nsec generators, and 

resulting in an increase of the electrical efficiency of t he 

beam to 75-80\ . Exper imental work on a 100 kJ, 2 MeV, l . 5 

µsec generator is now underway at Physics I n ternational . 

Quasi- s t eady- s t ate operation is in principle possible 

with both devices . According to theory beam- plasma energy 

coupling in the solenoidal reactor c an be achieved at densi­

ties where s uperconducting magnets can be used (1016-1017;cm3). 

Net toroidal curren t for confinement can be supplied by the 

beam i n a toroidal reactor. Thus, the high electrical effi-

ciency, together with the use of s t eady state superconducting 

magnets, offer a mi ni mum circulating power capability. 

Recent theoretical and experimental work {1,2) has re-

sulted in detailed heating scenarios for r eact or applications, 

and confirmation of these coupling predictions over a wider 

parameter space is the main e xperimental priority. In o r der 

to heat a plasma to fusion temperatures, a two-stage process 

is envisioned. Return curr ent heating via electron- ion tur-

bulent modes (Buneman , Ion Acoustic) heats initially cold 

plasma to ignition regions for e lectron-electron two-stream 

instability in the warm beam or kinetic phase (3). Most of 

the e nergy transfer in kinetic two-stream heating is also 

predicted to be via resistive dissipation o f the return 

current by parametrically induced density fluctuations in 

t he non-linear regime. Recent work by T.S.T. Young suggests 

an effective interaction length Ly: 

Ly (cm) "' 3 . 5 x 10-lJ I (y-1) 0b/jbJ
2 n/12 (1) 

with e b the rms beam angular spread in radius, jb the beam 

current density in A/cm2 , and np the piasma density {cm- 3 ) . 

Figure 1 shows linear reactor lengt hs using Eq . 1. The 

dashed lines indicate O• l {breakeven) conditions with end 

loss determined by free streaming, end plugs, or multiple 

mirrors with mirr or ratio of 2 . Reactors with a few hundred 

meter lengths are realizable , requiring, e . g . , -150 kG at 

np - Sxlo16;cm3 and B•l . 

Recent e xperimental work at PI has demonst r ated the con-

cept of multi- tur n drif t injection for toroidal systems (4), 

and numerical calculations by one of us (V.B . ) have demon-

strated energy loss trapping of beams i n t he presence of pre­

existing t oroidal current channels (5). We now outline 

necessary conditions to (a) satisfy plasma heating require-

ments, (b) sati sfy field energy requirements , and (c) main-

tain MHD instability . The beam is injected parallel to pre -

existing plasma c urrent over a duration t 1 , at which time the 

net toroidal c urrent 1
0 

= f1r 8 and q : (Bz/B0 ) (a/R) • q 1 . We 

next assume that heating occurs via return current dissipa-

tion according to Eq . l over an interval th << tLawson at 

which time I 0 = f 2I 8 , and q • q 2 which is large enough t o 

heat the pla sma to 

thermonuclear tern-

per atur es is: 

r; {A) 4 .19xlo-6 

a
2 tt/~tI 107< 

where tt is the 

transit time about 

the torus, a is 

the plasma radius 

(cm) ' c=th/tLawson 

and a is the effec-

tive conductivity 

determined from 

. 
Then the diode current 18 

.01 

1 015 1016 -3101 7 1018 
np 1 cm 

Fig . Comparison of l ength of break-
even reactor with beam deposition 
length by non-linear e-e instability 
mode . 

Eq. 1. After the heating occurs, the injected beam energy, . 
I 8V8t 1 , has been converted to plasma kineti c energy, wp, 

and magnetic field ener gy, Wm, and is gi ven by 

where v8 is diode voltage and L the plasma-chamber induc­

tance . The above equations relate the required beam p a ra-

meters to specific reactor parameters. In order to reduce 

the beam energy requirements, q 2 is chosen to be the minimum 

q which will mai nta in MHD stability ( t:::i 2 or less for rela­

tivistic beams) . Choos ing c and q1 (F1 ) then defines the 

necessary beam parameters. These equations require tens of 

megajoule beam energy for tokamak feasibility reactor para-

meters. 

1. T . S .T . Young, Sherwood Theory Meeting, Washington, D. C. , 

U. S .A., April (1975) . 

2 . K. Pa padopoul os, NRL Report 3002, Naval Research Labora-

tory, Washington, D. C., U. S.A. , March (1975) . 

3. H. Singhaus, Phys. Fluids z., 1534 (1964). 

4. J. Benf o rd, B. Ecker and V. Bailey, Phys. Rev. Letters 

~. 574 (1974) . 

5 . V. Bailey and J. Benford, Bull. APS !2_, 935 (1974) . 
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LASER SCATTERING HEASUR!lo!EliTS OF 'l'HE HEATING OF A PLASMA BY 

AN lllTENSE ELECTRON BEAM. 

A.E. Dangor , A. Dymoke-Bradshaw1 J.D. Kilkenny , J.P. VanDcvcnder 11 

Imperial College, London, U.K. 

Abstract: 
Ruby laser scattering :a:ensuremcnta are made of the heating or 

8 
pl&SCl.& by an i ntens e relativistic electron beam . In a preformed plasma 

t he hen.ting indicates on ion acoustic instability . For a neutral gas 

there 
19 

apprec i able plasma 13otion1 and a non-Maxwell i an e lectron velocity 

distribution . Comparison is made vith a numerical simulc.tion. 

We report on experiments investigating the interaction betvccn an 

intense relativi s t i c electr on beam and a plasma . Diffe r ent effects 

docioate the i nt eraction depending on vhe'ther the ini tial backgr.ound is 

a plasma or a gas. For injection into a pre1 'racd plasma the lOW' net 

current r esult& in Oti.ic heating dominating and the observed heating 

i ndi cates an ion acoustic inbtability . J.u contrast i njection into a 

neut ral gas r esult s in n large net c urreot 1 and a lar ge Hnll electric 

f ield vhicb transfer s significant energy into mass motion . This motion 

is ll()del led by o. one dimensional si1:1.ulat ion. 'Jnder soree conditions the 

laser scattering shows a aark.edly non- Maxvellian electron velocity 

distribution and the origin of 'this i s discussed. 

For these experiments an e l ectron beam vas passed thr ough a 

tocussing cone giving a 36k.A , 350keV , lOOns electron beam of diwneter 1Btt:111., 

vith a half angle of 20°. This beam vas passed through a windov into a 

test chuber . Ruby laser light _.as scattered at 90° from a volume &am 

f r om the entry windov v1tb tbe scattering k vector normt1.l t..u I.lie Ucu.w. 

The acatteri ng parametc1· o • l/k"tJ wns alvays less than one, and so the 

acattered light was interpreted directly as the electron velocity distribut i on . 

Io the first set or experiments the teat chal:lber vas f illed with a 

plasma by using it as one or the electrodes or a 'Z. pinch. The e-bco.m vas 

injected into the after glov or thi s 'Z. pinch. Tbe net current of the e-beam 

vas always l ess t han 2k.A and the beam expanded quite freely · The spectra 

or the scattered light vere Maxwellian . Tho measured electron densities 

( Net) and energy densities (Wexp) at tbe end of the bean are sbovn in the 

t able for several initial densities (He
0

). 

N Nef II w 
eo exp c 
- 3 en cm- 3 lo16evcm- 3 l016evcm- 3 

31013 21015 4.:!:, l.4 . 9 

II 71014 1.8 1015 
2.9.~ . 6 l.2 

I II 61013 51014 . 6 :!:. . 2 . 6 

This data is interpreted by a simple energy equo.t.ion, 

r! • .2 - \# 3Ne 
at !Pp ion at 

WIA+c 

lo16evcm-3 

3.4-4.9 

2.)-2.4 

j,6-4 . 

The resistivity is taken aa either classical or classical plus ion 

acoustic (2) . The ion acoustic instability 'Jill be exci ted only in 

caeca I and II 'Jhere Te > Ti is expected. The resultant plasma energy 

densities are shown above. A tllO stream ins tability between the beam and 

plasma electrons is also expected (from. the Singbaus criterion) but only 

in cue III. The plasma energy density should saturate (3) at 

From the data in the table the beating by this rt0de is not observed. 

Possibly this i s because the high energy plasma electrons affected cannot 

tberma.lise in tii:1e . However the ion acoustic instability is neces:.ary to 

explain the beating observed in cases I and II. 

In the second set or expcricients the e- bcru:a vas i njected i nto 

ini tially neutral hydrogen, in tbc pressure range 6o- 1000 tOTorr . Because 

of t he t i me required t o ionise the gas t here "1'as a large net el ectron 

b erua current . The elect ron beam transported ;,ith a constant radius of 

about 9Jm. Tbe plasma is seen to expand during tbc e-beam. pulse and then 

repincb at the end of the bea.o (1) . Th.is is because the jplasm.a x B 

force on the plasma is outvard during the beam, and reverses vhen the bcB.11. 

&Vi tcbes Off • 

This expericent has been modelled by n one dimensional code · A 

r igid e- beaz:i is assu:J:ed,and initial conditions appropriate to the time when 

a~am/at • o. The effects of ionisation , plas"'a and neutral tr.otion and 

electron heating ar e included . Ionisation expansion and plasma. deceleration 

nt t he edge of the beam are seen . Some results are shown on Fi g . 1 for 

100 mTorr hydrogen . 

The increase in the elect.ran density by ionisation, the subsequent 

drop because ot plasr.a 11otion, the radius of the plasma at 100 ns and the 

expansion velocity all agree vith experimental ceasurcmontc. When the 

beam switches oft at 100 ns the plasoo. current changes direction nnd ft pinch 

f orms . Tbe simulo.tions shoW's a peak density or 2 l0
16

c:m.- 3 at 180 nsec , 

of diameter ~m. Scattering meaauremeds shov a siailar increase in the 

density at 200 ns , but the density only incr eases t o 9 io15cm- 3 . Tbc 

discrepancy is probably a result of the 8mm length of the scattering volume . 

At low pressurec tbe scattering spectra arc non- l·!o.xwellian . 

Fig. 2 is an extr.cme exemple . J\n explana.'tioo of t.his involves the 

lack of aii11ut.hlll. syn::cetry of the e-beP..a. '!'bis i s a r eproducible feature 

of the e-beam. The azicuthal variation of the Holl electric field can 

i nduce current loops in the r - 6 plane, and these cou.1C1 produce a drifted 

Maxwellian . Alternati vely this feature might be a manifestation of 

runavay electrons. Laser scattering is currently be ins performed vi th 

the k vector parallel to the bean current , to investigate this . 

(1) 

(2) 

(3) 

J.P . VanDevender, J.D. Kilkenny and A. E. D11ngo1· 1 Phys . Rev. Lett . , 

11. 68? ( 1914) . 

M.Z. Caponi and R.C. Davidson , P~s. Rev . Lett.,]!, 86 (1973) . 

L. E. Thode and R. tl. Sudan, Phys . Rev . Lett. 1 iQ., 732 (1973) . 

*Present address: Sandia Laborat ol'y , N.M. , U. S . A. 
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INJECTION OF A 500 AMP . R.E . B. IN A PLASMA 

B. Jurgens, A. Sinman, H.J. Hopman, P . C. de Jagher 

FOH-lnstituut voor Atoom- en Holecuulfysica, Kruislaan 407, Aln.sterdam, 

The Netherlands 

~: The response of an independent l y created plasma to RES-injection 

is investigated in the interval S ! (np/r;,) ! 50. For np/"b :::s 50 lull charge 

neutralisation and 60% current compensation is found. At np/°b .. 10 a large 

positive space charge is observed after the beam pulse is over due to toss 

of return-current electrons t o the onode foil. 

Description of the experiment: The experiment (see fig. I) consists 

essentially of a conducting tube, total length 260 cm with an innerdiameter 

of 13 cm, tapered on both ends to an inncrdiamcter of J cm. Cns is p"9ped 

out through slits in the tubewall to o base pressure of 10-7 Torr. At one 

end of the tube the beam is injected, a t the other end the plasma is pro­

duced. Plasma production occurs by means of a helical coil (16) of J cm 

i.d. fed with microw.;tves nt 2.4S GHz, pulsed froct 400 W to 1200 W before 

injection of the beam. The p ressure is about 5 x I0- 4 Torr Argon . The plasma 

is confined in a m.::tgnetic mirror field of 0.16 T in the homogeneous part 

(length 180 cm) and a mirror ratio of l.S. The position of the mirrors is 

indicated by (M) in fig . I . The plasma density c an be varied from 10 11 cm-3 

to 10
12 

cm-
3 

by changing the phase of beam injection with respect to the 

microwave pulse. To overcome plasma density fluctuations the beam is 

triggered at a preset leve l of the ion saturation current measured with a 

Langmui r probe (13) . The plas ma density i s obtained from Langmuir probe 

character!stics. This method will result in a large e rror in the indicated 

densities which can differ by a. factor of 2 or 3 from the actual values. 

The relativistic electron beam of SOO keV energy, 500 A peak current nnd 

20 ns pulse duration (FWHM) is produced by a field emission diode (I, 10) 

fed from a Marx generator . The beam is injected into the plasmacolumn 

through a JO µm thick Ti foil ( I I) and an Al tube ( 12) of 12 cm l ength and 

3 cm i .d. Assuming a constant beam density over its cross 5ection, !JC find 

~ ""' 2 w 10
10 

cm-
3 

for a beam of SOO A, a radius of 1.5 c• and a velocity 

of 0 .87 c . Varying plasma density 10 11 
< np < 10 12 cm- 3

, the ratio n
1
/"t, 

is increased from 5 to 50. 

Diagnostics are selfintegrating Rogowski coils (3,4 ,6) and L.:1.ngmuir probes 

(5 , JJ, IS) , consis ting of a 0.2 QIU Tungsten wire cover ed with alumina 

ll!xce.pt fo r a tip of 4 tmn. The probes reach to the axis of the column. 

Experimental res ul ts : Meas urements of the beam current (lb) in vacuum 

(I0-7 Torr) at a distance of t. • 220 cm from the gun with Rogowski coil (6) 

show that the. be.am current increases with increasing magnetic field 

s trength up to 0.16 T, at which value R-coils (J) and (6) record the same 

aaximJm current with a time difference of 8 ns over a distance of 2 • · 

At the pressure o f 5 x I0-
4 

Torr Argon, needed for pla"'" production, we 

sec no difference in the signals with respect to a pressure of 10-
7 

Ton, 

from 1Jhich fact we conclude that ionis ation by the beam is negligible. 

Injecting the beam into a plasma the c urrent measured by the R-coils (J) 

and (6) decreases 1Jith incre.a.sing plasma density . Fig. 2 shows the oscil­

loscope traces of R-coil (6) with and without plasma. 

Subtracting the cur rent measured wich plasma at s ubsequent times from the 

beam cur rent in vacuum (lb) <it corresponding tioes we find the time depen­

dence of the return current (IR) carried by the plasma [I J. This return 

curren t measured by R-coil (6) is plotted against plasma dens ity for the 

CIOllll8nt of maximum beam current in fig. 3 (solid-line). We notice that at a 

dcnsi ty of about 2 x 10 11 c•-) the plasma return current starts to flow 

and that it rises to 0 . 6 lb at a density of 10 12 ctm- J. The R-coil (J) 

gives a similar resul t but shows a larger return-current of 0.7S lb at 

10 12 cm-J. At the same time we se:e. 4 corresponding decrease in the signal 

of R-coil (4) whi ch measures part of t he current flowing through the wall. 

Simultaneously we record the signal of n Langmuir probe (IS) during the 

beam pulse . For increasing density fig . 4 sho!Js the probe response with the 

probe positioned at z • 85 cm. The maximum positive value (averaged over 

6 pulses) taken froc the probe signal i s plotted against dens ity in fig . 

(broke n line) . We see that where the plasma return current starts to flow 

the pr-obc re.cords the largest positive signal . If we plot the positive 

maxima at a fixed density (6 x 10 11 cm-J) as a function of distance we sec 

that the positive signal decreases with distance from the gun , see fig. S; 

the broken line here indicates the average. 

Discussion : At increasing plasma density starting from n/nb • 10 

we see that both charge and current neutralisation increase ; at np/nb • 50 

we see full char ge neutralisation after 20 ns and 60% current neutralis ation 

after 12 ns, measured for a beam currll!nt fa r be l ow the Alfven current of 

28 kA ( I ) . The occur rence of positive probe signals afte r approximately 

30 ns at lower densities can be explained by the l oss of plasma electrons 

to the nnodc foil (II) due to the return current. If we calculnte 
t ' 

Q(t) • J (IRCJ(t')- lRC6 (t'» dt ' 

as being the charge present in the system between R-coil (3) and R-coil (6) , 

ve find that in the case of De• 10 12 cm-3
,Q(t) is scall and alvays nega­

tive, whereas for ne • 3 x 1011 cm-), Q(t) is first negative but after 

t •JO ns, Q(t) becomes positive . Apparently Q(t) and Vprobe(t) show similar 

time depende nce , hence we can conclude chat the. probe signals are propor­

tional co the space charge in the beam-plasma colum . The nppearancc of a 

positive space charge de.creasing with distance, fi g . 5 , in an initially 

homogeneous p lasma column, indicates that pl3sma eleccrons drift bnck i nto 

the direction of the collector . As long as dlb/dt > 0 th<! return current is 

flowing tow:nds the diode. When dlb/dt reverses sign the induced axial 

electric field belonging to the tail of the REB just s tops the return 

current . But in this experiment, and also recorded by ( 2). the return 

current is found to reverse sign after i::::i 30 ns when t he main beam pulse i s 

over. The reversed plastD3 current amounts to about 2S% of the i nitial 

return current . 

[ I ) Hnmme.r & Rostoker, Phys.Fluids .!1 (1970) 183 1. 

[2] Van Devender, Kilkenny & Dangor, Phys.Rev. Lett. 11 (1974) 689 . 

fig. I : Schemntic experimental setup . ( I, 10) - field ecri.ss i on diode, 

(2,J,4,6) - Kogowsk i coils , (5,IJ,15) - probes, (7,8,16) - p lasu source, 

(9) - collector, (II) - anode foil, ( 12) - diaphragm., (M) - airror point . 
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EXPERIMENTS OH THE GROSS STABILITY OF FIELO-REVERSING E-LAYERS . 
H. A. Davis, H. H. Fleischmann , S. Luckhardt, R. A. Meger, A. C. S..ith,Jr. 

and D. M. Woodall 

Laboratory for Plasma Studies and School of Appl ied & Engineering Physics 

Cornell University, Ithaca, N.Y. 14853, U.S.A. 

Abstract: The gross behavior of f ield-reversing electron rings tr apped in 

RECE-Berta was invest1 gated. Apart from the undangerous precessiona l mode, 

and very occasional "fission1ngH , no instability was observed. Additional 

experi mental indication for a gross stabil ity are presented . Field-revers­

ing electron rings have been generated also in two other machines. 

The Astr on scheme of Chri stofilos(l ,2) proposed to confi ne a 

thennonuclear plasma i n the magnetic 11in imu111-B geometry generated by a 

strong, "field-reversing" ring of near-relativistic protons (p-layer) 

trapped in an externally appl i ed magnet ic rai rror field. The "Jon Ring 

COlllPressor" , ( 3•4) a recent nodification of that scheme , expects to generate 

such rings by adiabatic compression of low-energy i on rings . That pro­

cedure is to alleviate two basic problems of the original scheine, the 

m rginal overal 1 ener gy gain resulting fro111 the poor efficiency of high­

energy accelerators, and the rather high cost of such accelerators. Our 

recent studies( 3) indicat ed a number of potentially attractive fe atures 

of such a scheme , mainly resulting from the good high-B confinement 

characteristics expected for such mfn imum-B systems. The present paper 

is to report and summarize recently obtained fa vorabl e experimenta 1 evi­

dence concerning the gross s t abi 1 i ty of such rings . 

The experiments were performed with relat i vist ic e l ectron rings 

(E-l ayer s ) . Accor ding t o a recent analysis of Lovelace, ( 5) t he gross 

stability of strong p-layer s is to be equa l to t hat of s t rong E- layers of 

the same r elative str ength so tha t i t becomes possibl e to test this 

i mportant question using the much cheaper and oore fl exible e lectron ring 

technology. 

Th.e experi11ental facility , RECE-Ber ta, shown in Fig. 1 has been 

described earlier.(6 ,7) In brief , electron pulses (10- 20 kA , 3-500 keY, 

60 nsec) were injected i nto a confinement tank filled with several hundred 

• , , • . , , • , , • , • , , • , , , , • , • , , , • , , , , !~.·.s~ ;s'~C}';0'4 
~MIRROR COIL$ 

'------' ... 

Fig. 1 - Experimental Arrange11ent RECE-Berta. 

mTorr of hydrogen and an 

axia l magnetic field of 

about 200 Gauss. With 

this arrangement . 

s trongly field-revers­

ing E-layers producing 

axia l field changes of 

up to 360 Ga uss were 

genera ted. These r ings 

as supported by detailed 

reasurements of the 

pressure and gas dependence of the decay, of the energy changes of the fast 

electrons, and by a detailed theoretical analysis, genera lly exhibit a 

SlllOOth purely collisional decay over 1110st of their lifetime of up to 20 µsec. 

Magnetic probe measurements indicate a "fat" geometry wi th the minor r ing 

diameters approximately equal to the major ring radius. 

Only after the ri ngs decay to sma 11 strength values, a more r apid 

"dump." se t s in . This fea t ure is c learly identified (by t he good agreement 

of the dump strength with theoreti cal predict ions, by the prece ssi on of 

remai ning r i ng parts af t er t he dump , and by t he correct s t abili zation by 

additional small toroidal f ields) as due t o t he precessi onal mode pre­

dicted by Fur th(8) and observed in the As t ron experiment. (9) No other 

instabilities are observed with the exception of an occasi onal axial 

• r1ssioning" of the layers during which some ring parts are expelled. 

Additional experiments showed t hat t he pr ecessional inode can be 

stobllized a lso by t he addi t ion of a quadrupole Joffe field, agai n i n good 

quant1tat1ve agreement with theoretical predictions. Most recent experi­

ments indicate that the e lectron rings can be generated and confined in 

this case also without s tabiliz ing metal wall present. 

To provide a furt he r test on the basic gross stability of the 

rings , the ring decay was investigated with various perturbati ons added to 

t he basic mirror field. A canting of the downstream mirrors by up to 15 

deg and the application of a strongly asynmetr i c tor oidal fi eld, B0 , did 

not significantly change the ring decay . Similarly, perpend1 cular mag­

netic fields and gradient fields of up to 2% of the base field again did 

not change the ring decay significantly. Detailed studies of the ring 

behavior in a field gradient showed again a theoretically predictable 

behavior. 

Field-reversing e lectron rings also were generated in two other 

machines. Using a steady-state gas fil ling, f ield-reversing rings with 

11fetfmes of up to 10 1.1sec were observed in a small cusp-injection device. 

The use of a pulsed gas feed led t o the generation of strong rings with 

1ifeti11es of up to 80 µs ec. In t he larger RECE-Christa fac ility, using 

a 5-t.\eV e l ectron beam for injecti on , again fie l d reversal was achieved, 

with ri ng lifetimes ranging up to 250 µsec. Again, t he l ifeti mes are in 

rough agreement with the earl ier theoretical predictions. 
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A DIFFUSION THEORY FOR THE INTERACTION OF RELATIVI STIC 
ELECTRON BEAMS WITII FUSION TARGET BLCM- OFF FLASW.S 

D, Mosher and I. B, Bernstein* 

Naval Research Laborat ory, Washington, D,C,, U,S,A, 

~: The interaction of a r elativistic electron beam with high-

atomic-number plasmas blown off of fusion targets is modcled. The rcla-

tivistic Boltzmann equation with a Fokker- Planck collision term is solved 

by ass uming that elastic scattering characterizes the s hortest time scale - ... of the beam- plasma system, The solution f(p, x, t) incorpora tes arbitrary 

beam- plasma configurations and electromagnetic fields, and dynamic friction . 

The development of high-power pulse generators has created interest 

in the use of relativistic electron beams to compress and heat small masses 

of deut erium and tritium to fusion r1J. Fusion-pelle t designs usually 

employ thin shells of high-atomic- number material in which the beam 

deposits energy (2.3). To date, modeling of pellet implosion has neglected 

the effects of the electr omagnetic field and scattering collisions in the 

beam- heated plasma blown off of the shell [ 1-3] , This work presents a 

formalism 'Which allows one to determine the character of beam deposition 

in the high-atomic -number plasma and shell when these effects arc included. 

The relativistic Boltzmann equation with a Fokke r - Planck collision term is 

solved by assuming that the elastic-scattering time is the shortest char-

acterizing the system. (This approximation is valid for cases of interest: 

the interaction of a 1- 3 MeV electron beam of about 10 nsec duration with 

initially- solid shells of heavy material , ) Solutions yield current dis -

tributions and energy-deposition p r ofiles directly and can be used t o close 

a system of beam fluid equations (4] self-consistently, The procedure 

employed here also corrq>arcs favorab l y with Monte-Carlo techniques applied 

to electron deposition f5J in that computational costs are 111Jch l ess and 

the effects of electric and magnetic fields a r e included. 

The equation describing the momentum distribution function of 

relativistic electrons interacting with a cold, high-atomic .. number plasma 

may be written (If.] 

M +.i . V/ - -1-;, + ~)·• f ~ • • [v (p)(p~ - j;j;)-• /] + • P· [VE(p)j;f) 
Ot mY \ m"{ p p S p 

(1) 

wher e y2- = 1 + p 2 / (mc) 2 , The quantities v 5 and "E a r e scattering and 

energy- loss frequencies 

(2) 

where 0
5 

= 2TTn1r~c(Z2 + Z)lnJ\, and E = 2/(Z +l) . Here n
1 

is the plasma 

ion density, r
0 

is the classical electr on radius, c i s t he velocity of 

light, Z is the plasma atomic number• and lnA is in the range 10- 20. 

Treating E as second order in v~1 , the term of Eq, (1) arc ordered 

When f is expanded 

in pO'W'ers of v;1 , f = f
0 

+ / 1 + ... , Eq. (1) can be iteratively solved, 

The solu tion correct to second order is given by 

(3) 

that is, f 
0 

is isotropic in momentum space and 

(4) 

l (•E oA l -) - e - - -I = -6 - , - - •A ' PP+ -- (BXA)-p 
2 vs p <JP mY 2\lsmY 

(5) 

where 

(6) 

Setting secular terms in the second- order equation equal to zero yields 

- + •·A= - .,-- p3 (v f +- cE·A) 
0
1 o L - l o [ l - - J 
Ot 3my p2 op E o 3 m 

Moments of f which yield the beam- electron a nd energy fluxes are 

of primary interest, To lowest order, these quantit ies are 

(8) 

(9) 

Tnking V·1', substituting for V· A, and integrating by parts yields 

•·t ~ - 4n (p3 v f ) 
E o p :::0 

(10) 

Lack of particle conservation is due to beam electrons, slowed by dynamic 

friction to very low energies, merging with the t h ermal- electron back-

ground. 

The rate nt which energy is transferred from the be.:lm to a unit 

volume of plasma is obtained by taking the divergence of Eq. (9) . In the 

steady state, 

Q = -v.Q = e"i.1 +Im r P

4

" E f dp. 
J o mY o 

(11) 

Solutions of t he steady- s tate equations in 1 and 2 dimensions 

have been obtained. The effec t of self-consistent electric fields in the 

plasma on beam deposition wil l be discussed. 

The authors are grateful to Dr. David L, Book for many useful 
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GENERATION OP LONG ION PULSES AND PROTON LAYERS 

J. Colden* and C. A. Kapecanakos 

Naval Research Laboratory, Washing ton, O.c. 20375, U.S.A. 

and 

S. A. Goldsteint 

University of Maryland, College Park, MD 29742, U.S.A 

Abt tract: Experimental results arc reported on the formation , propagation, 

she, degree of current and charge neutralization of a 400 keV / 50 nsec 

duration proton layer and the genexation of 600 n.ec long ion pubes. 

several important applications are presently foreseen for high 

current ( 1-100 kA) pulsed ion beams in the energy range of O. l-1 MeV / 

including ( a } plasma heating, (b) generation of intense neutron fluxe.a, 

(c) production of UV [ H+ + C
8 

.. H + c:, at 1215 AJ and soft x-ray 

[H:+ + H -t u: + H + / at }o4 lJ lasers / and ( d) formation of field revers­

ing ion layers and ion rings for stable plasma confinement. 

In this paper we report a surmnary of experimenta l results on the 

formation and various properties of a 50 nsec long proton layer and pre-

liainary results on the production of long ion pulses. Finally, we discuss 

briofly theor etical results concerning the reflex triod'e . 

PROI'ON LAYER--The 400 keV ion beam is produced by a reflex triode aimilax 

to that described by Humphrie.a et al.[l) . The electrons are emitted from 

cn ll-cm OD, 4 . 4-cm thick annular carbon cathode that is held at around 

potential. Accelerated by the 50 nscc duration positive voltage pulse 

that is applied to the anode, these electrons PH• through the 6 . 25 microa 

thick aluminizcd mylar anode and fot"lll a virtual cathode. As the electrons 

oscillate between the real and virtual cathode.a, plasma is produced from 

about 20 polyethylene flla.ments (0. 25 imi diam. ) mounted on the side of the 

aluminized mylar that ia away from the carbon cathode. The protons 

accelerate toward and through the virtual cathode and form a drifting 

beam, After crossing the virtual cathode, the proton beam traveh for a 

few cm in a uniform magnetic field and enters the magnetic cusp, which has 

a linear extrapolated transition width of about 12 cm. The magnitude of 

the uniform field preceding and following the cuap can be varied from O 

co 2} kC. All the results reported here wero obtained at a background 

pre11ure below O. 4 caorr. 

A variety of diagnostics are used to study the properties of the ion 

beam, The mmilier of protons is measured by nucl ear techniques / the total 

ener gy by calorimetry, the current density by biased collectors and Faraday 

cups, the time of the flight with scintillator1, the shape of the beam 

vith frame photog raphy and the diamagnetism of the beam with aangotic 

probes. 

The nuclear physics technique allows an unambiguous measurement of 

the energetic protons and consists of measuring the v-rays associated with 

the annihilation of positrons produced from the decay of <>1 5 , which has 

been generated by the reaction N1 4 ( p,y)<>1 5 when protons of energy greater 

than 279 keV strike a nitrogen-bearing target. The number of protons in a 

pulse measured by this technique is about } x loJ.4 , corresponding to a 

current of more than l kA. From the above diagnostics the following infor-

mation were obtained about the p- layer: 

(a) lbe number of protons transmitted through the cusp ii drastically 

uduced for values of magnetic field Bo greater than 6 kG [Fig. 1) 
1 

even 

though this fiel d is about three times smaller than the minimum critical 

magnetic field [{Bcr)m • 16 kC] corresponding to 400 keV protons born at 

• radius equal to the maxim.um radius of the cathode; 

( b) at B0 - 15 k.G, the rotation velocicy of protons is about twice 

their AlCial velocity; 

( c ) the p-layer is initially thin and has a radiu• comparable to the 

inaximum radius of the cathode, but its thickress progrcuively increases 

in time and becomes equal to t he thickness of the cathode ; and 

( d) the azimuthal current dens ity of the p-layer ii about 2 . 6 A/c~ 

and at Bo • 14 kG is current neutralized by about 20- ,o<. The space charge 

neutralization, 1. e . , n
8
/n

1
, h °" 0 . 1. 

LONG ION PULSES--It appears prucntly that the most p rOlllising approach 

to produce field reversing ion ring is by using ion pulses 1 u,sec or longer 

with subsequent confinement of the.ae ions in a time varying magnetic 

field [2] . The short circuit of the anode- cathode gap can be considerably 

delayed by imening the triode in a magnetic field with o. radial C01Dpo-

nent, e . g ., by placing the anode inside a nonsymmetr ic cusped magnetic 

field . 

In order to obtain a better undentanding of tho short-circuit effect 

,..100 
c 

~ 8o 

j 6o 

e 4o .... 

~20 

4 8 l2 
Magnetic Field ( kC) 

Fig. l. cusp TransmiHion 

16 

}6o -
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Fig. 2 . Diode voltage in 

kV, ( a ) without and (b) 

with iron collar; ( c) 

ion pulse. 

in the anode-cathode gap we are presently performing experiments with a 

6oo nsec long positive pulse. Thh pulse is produced by connecting 

directly the triode to the Marx generator. ni.e magnetic field is unifona 

except i n the vicinity of the triode, where it is suitably shaped by in-

serting a 1.1- cm long, llcm-ID, 2-cm thick soft iron co llar around the 

ca thode stalk. The radial component of magnetic field produced by the soft 

iron serves to delay the short circuit effect in the diode as is demon-

s trated in Fig. 2 . The proton pulse is of the same duration as the voltage 

pulse, i.e., - 600 ns ec as is shown in Fig. 2c. 

~--Due to the energy lou of the electrons in t he anode as these 

electrons oscillate between the rea l and virtual cathode, the s pace change 

distribution b the triode is drastically different than that in the simpl e 

planar diode. Thus, both the electr on and ion current have a d ifferent 

relationship upon the applied voltage than in the case of the planar d iode. 

AssLDDing that the scattering in angle of t he oscillating electrons at the 

anode can be neglected, it can be shown tha t the ratio of the ion to 

electron current depends upon the number of passes of these electrons 

through the anode and the square root of the mas s ratio. 'nle electron 

dynamic• are treated relativistically / and the elect·ron contribution to the. 

spatially de pendent charge density is computed after each reflection. 

Boundary conditions a re treated with cathode and anode plasmas present. 

The fonnalism allows inclusion of t ime dependent phenoqena such as ion 

motion. 
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GENERATION OF ~IDLTIKILOAMPERE PROTON BF.ANS AND 

APPLICATION TO REVERSED FIELD P- lAYERS 

R. N . Sudan* 

Nava l Research Laboratory, Washington, D. C . 2 0)75, U.S .A. 

and 

S . Humphries J r . 

Laboratory of Plasma Studies 

Cor nell University , Ithac a, N. Y. 14850, U. S .A. 

~: Pos sible application of recently achieved pulsed proton b e ams i.n 

the s everal kiloampere range a t energies from 100 keV to 1.8 MeV to the 

formation a nd compression of field revers ed proton layers i.s discussed . 

HIGH P~'ER ION ACCELERATORS-- Quitc recently high power, high voltage elec-

trical techno logy , which is t he bas i s o f the development of relativistic 

electron be.:ims, has been applied to create pulsed multikilo;:impere ion bea.ms 

at energies ranging from 0 .1 - 2 . O MeV by Humphries et al. ( l ] . Tn a 

diod e in which both cathode and a node arc capilble of emitting electrons and 

ions the electrons carry away a lmost a ll of the po.,er delivered to t he 

;:inode and the plain diode i s quite inefficient for ion-beam pro duc tion. 

A simple device alleviates t h i s prob lem . 1'.'o c :i t hodes are l ocated 

symmetrically on each side of a n anode made of o. high ly transparent mesh . 

A frac tion r of the electrons arriving at t he anode pass through and are 

reflected by the opposite cathode . Thus, a large fraction of the eoitted 

electrons circulate in the device a nd only a fraction 2( l - T) /( l + T) of 

the equ iva lent current for a solid a node cons titutes the drain on the ex-

t ernal power supply . The fraction of the electrons tha t actually collide 

with the anod e deposit t heir energy to produce a plasma for ion emission . 

Successful results have been obtained from ( i) coating me tal anode meshes 

with hydrocarbons , (ii) nonconducting nylon meshes a nd ( iii) alur.iinized 

ruylar shee t s of appropriate t hickness for high energy ;<: 1 MeV . El ec t rons 

produced at the cathode edge .:1.re affected s trongl y by t he f ringing electric 

field a:nd follow an orbit that quickly takes them to the opaque anode 

holder. A magnetic field of sufficie n t s trength parallel to the tr i ode 

axis he lps to prevent t hese electrons fro:n drifting outwards and improves 

the device performa nce significantly . If one of the cathodes is removed to 

inf inity the r eflecting e lectrons f o rm a virtual cuthodc at approximately 

the same distance as the actual cathode a node gap . Eliminating one of t he 

c.:i thodes allows for easy i on extraction . At the high achieved i on-current 

densities ....., 10 A/cm2 the propagation of unneutr.:'.1.lized ion beams over a ny 

distance i s not possible because of strong space charge repulsion. How-

everJ the ion beams in this device emerge automntically neutralized because 

they pick up an equal number of electrons from the surfeit of electrons 

around the cathode . Thes e e l ectrons need only a small fraction ( m/m1 ) of 

t he i on energy to follow t he beam. Thus , the beam is able to propagate in 

a good vacuum, unlike £-beams, with divergence properties determined by t he 

initial emittance. Proton currents in excess of 3 kA at current densi ty 

..... 10 A/cm~ , and total protons per pulse in excess of lol "" have been 

achieved . The bes t device efficiency, at 100 keV, achieved is 112~ which ir.i 

pretty close to t he max imum possible of 5~. 'l11 e current density is also 

c l ose to the space charge limit . Tab l e I su!ID13rizes the experimental data . 

PUl.SED PROTON-tAYER--The earliest application of relativistic electrons to 

a fusion device was suggested by Chrlstofilos [ 2 ] . This 11Astron11 concept 

ran into two difficulties: (i) prohibitive energy loss by synchrotron 

radiation and ( ii ) inability of the E-layer current density to reach field 

r ever sa l by stacking of successive injection of pulses . For tunately 

Machine 100 kV 500 kV, 7 0 150 kV 5 MV 

Marx Dl um lein Blumleln CREB 

Ion Energy ....., 100 keV )00 keV 1)0 keV 2 NcV 

Ion Current 2 x 250 A 2 X '.? ,050 A 2 x 3 ,300 A - 5 , 000 A 

Pulse Width ..... 50 nsec ....., 50 nsec ..... 50 nsec ~ 50 nscc 

Current Densi t y ....... 10 A/cm2 8 .) A/cm2 - 20 A/cm< ..... 30 A/cm'2. 

Efficiency 1l 9% 42% 

Type of Ions proton proton proton pro t o n & 

Al++ 

TABLE I - T) "" Pro ton Ene r gy/Total Ene r gy Input f v1d t 

Fleischmilnn and coworkers ( 3 ] were st1ccessful i n p r oducing fie ld reversa l in 

single pulse i njection using a 500 kV J ...., l~O kA , :l'\ 100 nscc £-beam . 

Christofilos suggested the us e of ...... GeV pr otons to overcome the fir s t 

difficulty , 

P- IAYER cmtPRESSION--Since the proton ener gy req uired fo r a "b r ea kevcn" 

s ituation i s still very much in excess of what is possible from diode 

technology , Sudan a nd Ott ~~] suggested t h e adiabatic ma gnet ic compression 

of a P-layer, formed by single pulse injection, to the requ i r ed energy . 

Let the proton l ayer be of thickness 6 J mean radius R and length L such 

that 6/L << l and 6/R << 1 with L >>R and neutralized elec trostatica lly . 

The compression t ime is a s s umed much smalle r tha n t he t ime take n by the 

flux to diffuse through the layer lmo62 /c2
, I n t h is limit bo th the axia l 

flux O a through the l<l.yer and t he pol oida l flux trapped within the layer 

<!i p arc conserved i.e., ~a. .. nR2( Bex + 4nl/L) ""' const ., ~p "" 2rrR(2TT I 6/L) .. 

can s t . J where I • 1
8 

+ le i s the net azimutha l Clll"rent composed of the 

beam current r
8 

a nd t he elect r on c urrent le and Bex i s the external mag­

netic field . From the conservation of can onical angul.:ir momentum 3nd 9a· 

we obtain Ru "" canst . , where u i s the mean azimuthal beam veloci t y , Thus 

" "' 
t he beam c u rrent 1

8 
=i Neu~/2rrR scales as R2t

13 
• const ., where N the total 

number of be<1:m i ons is assumed to be cons erved. The variation of A with 

compression i s obta ined from the constnncy of t he radial invariant 

J ~ u'a/r,n,., where w :::: n (l + cu IDllJ1'° '2 is t he betatron f req ue ncy and the 
r l. P P qi 

tra.nsverse b eam pressure ~ "bmiu~ ; ' .. 4nI/LBex is the f i eld reversal 

factor, O "' eBe/m1c is t he c y clotron frequency in the external field . 

fur the rmore, it is easy to establish the constancy of IR2 J BcxR2
, /j,/R, ' . 

Defining C to be ratio of final to initial e x t e rnal magnetic field, t he ion 

''2 energy increases as C, t
5 

inc r eases as C and the curren t density as C . 

It is, in principle , possible to achieve breakevcn conditions by cam-

press ion to high cagnetic fields of a few hundred kilogauss. Fo r f i e l d 

rcvers.:'.1.l the number of injected ions required is;<: l ol 7 ; a nd the i njec t ed 

energy ...... l MeV , Such a la.yer can b e formed by injection through a ma gnetic 

cusp [5] or by a lternativ e techniq ues . I nitial experiments alre ady indic.:'.lte 

t hat such injection is feasible [ 6] . The t opology of the magneti c fi eld 

creates a natura l divcrtor for t he impu r ities f r om the walls wh i ch 

swept a long the open 1 ines of fo r ce. 

:;: Peroanent Address: Labor atory of Plasma Studies, Cornell University , 

I thaca, N.Y. , u.s .A. 
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THE MEASUREMENT OF IONISATION RATES IN ION SOURCES 
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Abingdon, Oxfordshire OX14 3DB, UK. 

A neY diagnostic experiment for the evaluation of the perfonnance 

of ion sources is described in this report . Comparisons of the measured 

rate of ion production with a s imple theory of i onisation leads to estimates 

of the containment time of the ionising electrons. 

l . Introduction : High current ion sources, for application to 

neutt'al particle injection into the next generation of fusion experiments, 

JaJSt meet more stringent requirements on performance than heretofore. In 

particular, che problems of uniformity, stabil ity , gas utilisation, component 

lifetime and species control are such as to necessitate. a better understanding 

of the princip l es of source operation . 

To this end we have investigated the factors i;..•hich determine the rate of 

ion production in a source. Using a new diagnostic experiment we have 

been able to evaluate the ionisation efficiency of the current carrying 

electrons and, its dependence on the electron containment time . 

2. Experimental Arrangement : The studies to be d iscussed have been 

carried out on a development prototype for a 20 amp source. The sourc e has 

a basic rectangular format (figure 1) 

built to allow flexibility in varying 

cathode, anode and magnetic field geomet-

ries . Six directly heated c athodes 

(1. 5 n:m +, 12 ems long tantalum wire) 

oounted in two rows of three 1 on nn inter-

changeable back plate. The water cooled 

anodes are introduced through insulators 

in the source body, and 

their number and location can be altered easily. The magnetic fiel d coi l s 

can be slid over the source body. (The results in this paper, however , are 

r es tricted to cases of zero magnetic f i eld). 

3. Measurement and Control of the Ion Production Rate : By utilis-

ing a source with the body isolated from anode and cathode, we can bias the 

body to collect ions only and thus measure the ion flux to the body, This 

measurement enables us to estimate the total ion procluction rate (in amps 

equivalent) to an accuracy of ..:!:. 10% by correcting for ions which impinge on 

the anode and cathode and so arc not recorded. 

It hos been known, since the early studies of sources carried out in the 

Manhat ten Project(l), that the ratio of the ion production rate (I_.) to the 

electron current (le) in an arc discharge source with a directly heated fila­

ment cathode is determined by the boundary conditions at the cathode . As a 

consequence., in source operation with space.charge limited electron current 

l+/le has a unique value for a given cathode area and source geometry. How­

e:ver, in the emission limited regime, I/le may be varied at will by varying 

the heater current, and operating in a narrow range near the emission 

limit (figure 2), When this happens the arc voltage, U , also varies to 

mtch the required changing ionisation race. By measuring this variation of 

1 +11e and U at different gas d'msities in the source we can determine the 
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Pit.l : Variation of ion production 
per dect·ron (l+/le) vith electron 

current le near emission limit. 

Fig. 3 : Variation of le/I+ with gas 
flow rate at different arc voltages . 

variation of l+/Ie with gas density for a range of values of arc voltage . 

4. Model of Ionisation in the Source : The rate of producti on of 

ions in the source volume (in amp s equivalent) is given by the equation 

I+ .. e n
0 

ne <a v>ION V 

where n
0 

is the neutral gas density, "e is the average electron density , 

(1) 

<c v >ION the average ionisation rate coefficient , and V the source volulllC . 

The value of n is related to the elect ron current :­
c 

I = e n [n <a v> + ...!... J . V e e o IN t 
e 

(2) 

where <o v> IN is the ave.rage rate coefficient for inelastic scattering of 

electrons to energies below the ionisation threshold, and t e is the average 

electron containment time. (rhis expression is only approximate. in that i t 

negl ects the effect of inel as t ic scattering on the energy spect r um of the 

electrons and also s l owing down by cool thermal plasm.a electrons . 

Further it is only stric tly applicable to monatomic gases, t hough it can be 

used for hydrogen at low arc currents where ionisation following dissociation 

can be neglected . These approximations will be considered in a more detailed 

discussion] . From equations 1 and 2 we derive the relation 

~ • <ov> IN + ---'--- -
1+ <ov> ION no <ov>ION ' e 

5 . Comparison of Experimental Data with Theoretical Predictions : 

The first prediction of equn.t ion 3 which is amenable to experimental test is 

~lJ '. 
·.~ 
00 ~ \00 

ut•~in) 

I I 

" '° 4·• ( cm~•lit10'J 
' 
" 

Fi g .4 : Variation of intercep t 
( le/l+)o with arc voltage, 
prototype 20A source. (o) and 
cylindrical source (+). 

Fig.5: Variation of estim:1ted 
electron conta inment time, Te• 
with anode area, A. 

that measured values of I e/l+ should vary linearly with the inverse of gas 

density. In thes e exper i ments we measure and control not the density, but 

t he gas flow rate Q
0

; ho\o/ever the two are proportional at low arc currents . 

fhus to test the valid i ty of equation 3 we have plotted le/I+ versus Q
0

- l 

for vari ous arc voltages (figure 3) . The data fit t he linear plots well 

indicating that the density scaling is correct. 

Havi ng established this we can now test the second prediction, namely 

that t he intercept (te/1)
0 

depends on arc voltage only and not on details 

of the source design . For this we determined (le/l+)o (U) for the. source 

described a bove and for a source of cylindrical geometry wi th a single 

cathode and anode ring. Data are shown in figure 4 : they show excellent 

agreement between the values of (le/I+) 
0 

from the two sources. 

Finally, the theory indicates that the s lopes of the l ines in figure 3 

vary as the inverse of t he electron containment time . To test thi s pre-

diction we varied the a r ea A of the anodes by varying their number , since 

in a magnet i c f i e l d free source t he contairunent time is given by 4V/A.ve 

(ve is the electron veloci ty) . The data in figure 5 show that te derived 

from t he slope of the l ine varies approximately linearly with the inverse 

of the anode area , i n agreement with t he theoret i cal prediction. 

6. ~: The diagnostic experiment we have deve loped to s t udy 

ion production rates in ion sources has allowed us to test a model for 

ionisation in a source in the simpl e case of a CLO.gnctic field free source. 

The model predicts, in agreement with exper iment , that there is an u l timate 

eff i ciency of ionisation (I+/Ie) which depends on atomic cross-sections 

only : the degree to which one appr oaches this limi t in a given source 

depends on the gas dens i ty and the containment time of electrons . This 

experiment provides a method for measuri ng the contai nment time for a given 

source and thus of evnluating the comparative performance of differ ent 

sources, and the influence of magnetic f i elds . 

Reference: (1) , GUTHRIE, A. and WAKERLING, R. K. , Characteristics of Elect­
rical Discharges in !1agnetic Fields (McGraw-Hill New York) 1949. 
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NON CIRCULAR CROSS-SECTION TOKAMAKS : 

EXACT SOLUTIONS OF MHD EQUILIBRIUM ANO STABILITY LIMIT NEAR THE AXIS. 
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Abstract : A method of deriving solutions~ expressed in closed f orm of 

toroidal MHD equil ibrium is presented . The method is applied to t he stabi l ­

ity anal ysis of a fat torus with non circular cross-section in the case of 

a peaked current distribution . 

Fat tori with non circular cross- section are increasing1y bei ng 

considered in Tokamak r e search programmes . This tendancy has induced a 

search for new classes of ideal MHO equilibr ia. Exact solutions, in the 

peaked current case , have been reported to treat deviation from circular 

shape (1) or the effects of finite inverse aspect ratios ( 2 _7. The 

methods used involve a linea r superposition of a finite number of exact 

solutions expressed in t erm of hypergeometric functions. We show her e t hat 

an integral representation with simpl e kernel may be used to generalize the 

preceeding results to fat non circular geometry. 

Treating the 11 parabolic 11 case with no pressure (P) and no current 

at t he plasma boundary {surface y = 0 ) \Je assume (cylindrical coordi nates) 

that P = (J'f!'2r~ and r2B~ = r~ B~, •f''f'ir~ ; the partial differential 

equation resulting from ideal !·1HO becomes : 

if:+ n _ .!_.o'r + f"( -i q"r')'f" o 
or1 oz' r cir 

All sol utions of this equation which a r e syrrmetric with respect to the 

equatorial plane may be written as : 

f= i .. [t<( R.)R_, (r. ~)+~(llJR'l.(r,k)] coqk7.)dR (I) 

R1 and R2 are two independant solutions of the r 3dial differential equat ion. 

They can be expressed in terms of a combination of the 2 Coulor:ib i,.iave 

functions (1) but in order to perform analytical integration of (1) they 

may r.iore convenientl y be wri tten as polynomial s of x s (r - r
0

)/r
0 

: 

R1=x+a12x2+ . .. +a lnxn+ ~R2=l+a22x2+ +a2nx4+ 

\~here the a-\n are !]iven by the recurrent relation 

l'H, J 1 

(ntt)(n +1Ja. = {t.'-rcr •0i1a. _ i""l'<!. _ "'r~ + ~ (-'! +(n+1 • i) a. "·"•l. ~ ... ,n I ...,n-1 I ~f'l-2. L O .... , ri "'i.. -~ 
j~• 

At this point we are left with the problem of f i nding the functions 

if. and {3 corresponding to a prescribed 'f'= 0 surfaC£ - The condition that 

t he line z = x = 0 is a magnetic axis il'lposes Jex dk = 0. Single l'lagnetic 

axis Tokamak correspond to jp~k2dk > 0 (opposite s i gne for double;J,· 

Furthermore I' fixes the ellipticity near the axis : (£2+1) : f {I +'{Jj(3k2dk 

(•,.1here Ei s the ratio of the vertical and horizontal axis) and oc is Connec­

ted to the triangular deformation of the surfaces. Consequently "Horsetrack" 

or elliptic f= 0 surfaces are produced t~ith ex: = 0 and P'> O ; "0 11 or 
11 kidney 11 shapes correspond to both ex and (3 =faO. The rapid divergence of R1 
and R2 with k (Fig . 1.2) and the requirement that a closed 1f = 0 surface 

exists limit the r ange of k w~1e{e ex:: and ~ are different from 0 to 

approxima tely o,,: k -6~(1 •ol 
A large variety of aspect rat io and shape has been obtained with 

the same simple forn1s : [3 (k)C( kn e -ak H(k1 - k) (where H is the Heavis i de 

f unction) (Fig . 3) and c<( k) is the algebraic sum of a positive and a negative 

half period of 2 cos ine functions each adjustable in position and width 

(Fig . 4) . In pa rticular these functions can generate the cases of a fat torus 

l'l'ith non ci rcular cross- section {Fig . 5 and 6). The sr:iall difference between 

cases I and 2 (Fig. 5) despite the large change of shape of~(Fig. 3) 

illustrates the fac t that the integral representation is not very sensitive 

to the detailed shape of the Kernel. This suggests that even more eleMentary 

forms of oc and~ could have been choosen in ordu to simplify analytical 

integration of (I). 

This method has specific advantages over purely numer ical treatment 

already existing (s). For instance high order partial derivation y(i} 

which are needed t o cal culate various quantities in t he vicinity of the 

magnetic axis are not, in general. accurately cal culat ed by numerical methQd . 

In our case these quantit i es are directly expressed in terms of oc and ~ . 

Consequently polo1dal field (involving yl) and the ~ lercier stability 

criteria (involving YII and y1I1) can be accura t ely detenn!ned. Fa~ inst­

ance t he l·lercier stability limit takes the form : q~ = f(fo:k
2
dk, J rk2dk)' 

where f is an algebraic function. 0 
o 

In the limit of l arge aspect ratio, it has been shown (3) that 

vertical elongation of the plasma had a def avourable effect on the limiting 

safety factor ( qc) fo r stability aga i nst l oca 1 i zed modes near the magne t i c 

axis (4). However t ri angular defonnat ion in the proper direct ion could 

overcome this effect and even dec rease qc well below 1. Unfortunately our 

calculations show that the triangular effect i s much l ess effective i n the 

case of small R/a. For instance in case 3, l, 4 (Fig . 6) qc takes respect­

ively the values 1.5, 1.25, 1.17 . Most of the decrease in qc occurs when 

the shape changes from t he e 11 i pse to the D shape . Further tri angu 1 a r 

deforraation to a kidney shape (case 4) only produces a modest im!Jrovement 

of qc. Ultimately if oc(k) is made too large a singularity appears on the 

plasma boundary which becomes a separat i x . 
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RESISTIVE TOROIDAL fBUILIBRIA 
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(Euratom. UKAEA Association for Fusion Research, Culham Laboratory, 

Oxfordshir e , England) 

•nepartment of Mathema tics, University of Oxfor d 

,\B5TRACT 
~ starting point is a given toroidal plasma equilibrill'I of the to~ 
type. Then assuming a steady state a.:1d apecitying the plasma resistivity on 

the magnetic axis the corresponding selt- conaiatent dis t ributions of particle 

sources , electron density , temperature , and plaama convective velocity are 

calculated . Problems a t the boundary are discuaaad but not r eaolved. 

INTRODUCTION 
Ve study resistive toroidal equilibria in order to understand toroidal 

ef!eota which are ir:asked when "toroidal tranaport " equation& are uaed in 

cylindrical g eometry. A one- fluid resistive model for the pla1Sm11 is used , 

Similar work has a eteady atat e ie asBUmed and inertial terms a.re c~)glected . 

been reported by Green, von Hagenow and Zehrfeld . 

BASIC 18UA'l'IONS 

The s tarting point is a given infinite conductivity toroidal equi1ibrium, 

that is a solution of t he equation (
2

) 

Ra f.! 2!) + ~ = - r r•(>!tl -R' g ' (>!IJ 
aR \R aR az-

wh•r• !(>It) = M and g (>lt) = ~ 
0 0 0 

using R, q> and z ae cylindrica1 cordinates baaed on the axis of symmetry, 

t i• the poloidaJ. flux, r and g are arbitrary functions of '11, p is the 

pla.saa pressure , 8
0 

a reference magnetic field and R
0 

the radius of the 

magnetic axis . 

Next we spe cify the plasma resistivity on the magnetic axis 1\
0 

i we 

then know the applied e l ectric field everywhere since 

and 

(Ecp)o • ~o (Jq,Jo 

E _(~ 
cp - R 

aeauming a per fect tranatomer with no leakage nux. Then using a aeries 

of inhgra.1 re1AtionA 2'i VAn fnr example by Haschke (3) we can calculate the 

various plasma parameters corresponding to this finite reo: i stivity equili­

brium 

~(>It) . "" l~I R ! . .!!P 

f>!tl~ R!1_ • ..1 
The temperature varia tion ia then calculated assuming TI o:: T-i , 

T(>lt) = (~(>lt))t 
and then since the pressure is known 1 

n(>lt) = g(>!t)/T(>lt) 

The volume integr al ot the particle s ource function S i s 

J dTS = n J 1~1 (.f~ - j . E ) 
v(g) 9g cp 

then aaewning S is only a fWlction of '11 1 

S(>lt) = h; J dTS/ dV 
v(>lt) ~ 

where V is the volume of a magnetic surface, 

The componen t of plasma velocity normal to the magnetic surface is cal­

culated aa a function of position 
1 

vn • Jvij Bj• [llJvsl•- IBI" (Fq>;lpl •<!-!HllpFcpl • l•sl{~)<ecpEcp-11 ! ·!ll 

REStrurs 

Cases have been computed for the following forms for g and f 
1 

g(>lt) = ~ (1-.V ) 

!(>It) = (Ii' + CA(l-'li' ))t 

vhere A, B a.nd Care constants and 'it = 1 on the boundary. 

Figures l-4 show the reaulte for the particular case A =B:~, C=O. Since 

C.O the toroidal field ia a vacuum field so there are no poloidal components 

ot Pluma. current . The results sho.,,. tha t there is a re l atively small vari­

•tion ot plasma temperature from the axis to the wall and that a combination 

at i>a.rticle sources near the axis &!Id eink.8 (S-ve) in t he outer regiona i s 

necessary to maintain the equilibrium. Beoause of the boundary condition 

P=O the net particle nux from the plasma ia zero since the d.iffu.eion co­

•!ticient being proportional to p also vanishes on the boundary, Since 

particle Sinka (recombination) are not eicpected on any eca.le in tokamak 

Plaamae, it Would be more realistic to move the boWldary t o a radius euch 

that 
8 S: 0 every>.there. There is then the problem tha t the normal velocity 

change._ sign round the eurrace and thil!ll is not realistic if the .,,,a.11 is 

.. SUzll•d to absorb but not to e-~t pl··-·. Th ~ 0 hu QU. ~--. at is the co!:lstraint v n ::iii 

to be applied at the boundary. It would s eem that the satching o! an 

1.ahti.or 9 olution to euch a constraint is onl.y poaoible if an additional. 

physical e f fect ie included near the bounda.ry i for example t he plas11a 

inertia, since the convective velocities increase towards the boundary while 

the s ound speed decreases . We have not ye t carried out this matching o.nd 

can only aeisumo that merely a thin boundary layer will be o.ffec ted. 

It is interesting t o note that in the case of a vacuum toroidal field 

and a scal.ar reeistivity the plasma lose rate is unaffected by the toroidll.l 

field . The convective motion r equired to match the current distribution 

and the applied electric field is such a e to l ead to a net plasma flow cor­

responding to a diffueion coefficient D - (r/R)il ~ T\ , i.e . the Pfire:ch­

Schluter correction applies equally to a toroidal pinch with no toroidal 

magnetic field . 

Ano t her aspect of the ao.me point is that due to the convec t ive plasma 

100tion there ie no correspondence between the current density and the plasma 

conductivity, contrary to what is often assueed in tho interpretati on of 

experiments. The difference ie usuall.y saa.11 but can be extreme in the 

cas e of tight aspect r a t io . 

The variations of ll(\11) and S('1') have been calculated for a variety 

'Of cases with A :: B :: 5 1 C j O, corresponding to a range of poloidal beta 

values and to non- vacuum toroidal. fielde . In Gome cases the plasma is 

required to be hotter at the vall than on the axis (lower ll) and a 

compiex system of sources and sinks is also needed . This ia the result 

of taking arbitrary g and t ao that it i& not surprising t hat we find 

the corresponding ll(W) and S('lt) non-physical. Green et al (
1

) specify 

S and 1l and then calculate the corresponding g and f . Thi s i s more 

difficult but also clearly more satisfactory. However few results have 

been presented. I t i s also desirable to extend t he prosent calculations 

to include the energy equation. 

.!!!!!!2. 
In the diagrams all the paramoters are presented in dimensionless uni tis . 

To convert to real uni t o: uee the following 

Lengt h = R
0 

• radius o f magnetic axis j Resi stivity = 'T1
0 

11 resistivity on 

magnetic axis i Veloc i ty = 11
0

/ 4nRo i Density ::1 n
0 

:: density on axis; 

Tem.pe1-ature :: T :: temperature on ax:ia; lo'.agnetic field Bo = (l\p)0 /f('i'))
0

; 

0 (" 1lo \ Pressure= Bo3 /4n ; Current Density:: Bo/'mRo i Source S:: ~) 
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AbetrA.ct: Stationary convective aol.utio ne of the MHD eq,uatione 

with roeiati vi ty, heat conduct! vi ty , and viecoe i ty are studied 

for a pl.e.emo. el.ab i n n ehearod magnetic fiel.d . 

Convootive mo t ion of plasmn across a magnetic fiel.d has 

been proposed by several. u.uthora ao a poesibl.e mechanism for 

anomalous tro.noport /1,2/. In contraet t o ref. 1,2, where the 

resistivity leads to instabi1ity, we conside r convective motion 

in ei t-uations where the p1aama i a e1ightl.y unstable in ideal. 

f.'iHD theory and the dissipative mechanieme pl.ay a etabil.iaing 

role. For a plane s1ab without maanetic shear in the preeenoe 

of ,gravity or weak curvature of the :tiel.d lines , the inol.uoion 

of reaiati vi ty and v i scosi 'ty [ ', 4 J l.eade to t he exiatenco 

of a ma;.ginal. state (w • 0), characterieed by n critical. "'Ray­

leigh number" 1l. = J{ cri t , which in 1inear theory separates 

damped and exponentd..al.l.y growing modes, Non1inen.r nnal.ysis, 

o...nal.ogoue to the theory of B6ne.rd. convection, shows that even 

for val.uee of Jl. beyond the cri tica1 Rayl.eigh number, sta'tion­

ary convective states exist resulting from the ba1o..noe between 

the driving forces and d i seipn tion { 3, 4 j, 
In the present paper we limit our discua13ion to the l.inear 

theory of n pl.an c p l.aema. el.ab, which is interchange unstable in 

t h e ideal. MHD l.imit, and consider the i n fl.u enco of dissipative 

mechanisms and magnetic shee.r on tho onoet of conveo'tion. 

We use the MHD equntione with con stant resistivity '7 ' heat 

conductivity ~ , and viscosity CO•f:£icients t"o(parallel.) , 

f L (dinmagnotic) , f'.1. (perpendicu1ar) . We write these equations 

in dimenaion1oso form: 

-V<f + vxB = l 
~'V'T 
,,.di ff 

(l) 

(') 

(4) 

:here w: have norme.l.ieed as follows: r/f0 "i> r , p/(n0 T0 )....., p, 

B/Bo -+ B, x/L ...., x with L the slab thickne.es; i'urthermore 1 intr­

oducina the clnoeica.l. di:ffueion coefficient D
0 

= noT0/B~ and 

defining V~iff = D0 /L, Vi.t s ~/(n0L) , Vvi>t = L/rvi1t• f./(f,L ) 

we ~ve put tft·. ;., ->t. ?l/(B0 vdiff) ~ ;. f/(LB0 vd;ff)-+ f, 
'L/vtb--> ~ with v~h = T0 /m1 • A1eo 

1' = ~ f : L/v6 , Q, ~ _ L' B! _ " • L' ("'•ie' )''• 
D t" . T t" I - - -+=-; ~ )>1 

\Ju t ~.·u. ""·ff v",'•t. t'i "1 l'-J. a, ni.t Ti· 
For cl.a.ssica.1 recd~ti vi ty and viscoai ty we h ave ~ >> l. , 1';_ >> l.. 

I f the perturbo.tione vary eufficientl.y a1owl.y al.ong the magnet­_. ..., 
io field and if v . B is emal.l, the viscosity term is 

~; .. =(fr,• l} V {V. ~ +- ~[v(ii.v.v')-BxV(V.v)j-Vx(V•v) 
Qui ta geneZ.al.l.y we write 

~= ~ - Vl/" u= BxV! 11'.it = O (5) 

If the diffusion l.E: pure1 y claeeica1 , ueing Q >> l. we find from 

eqe . (1) , (2) that 1r = p; if i't ie anomal.ouo due to some micro­

turbu1enco one mas put Tf..,. f and replace the cl.aeeical. D0 by an 

tulomal.oue coefficient D. 

L et us i'irat con sider a magnetic field with won.le curvature 

1 /R0 without ehoar and ' "" 0 . Fol.lowing the p r oceduro of ref, 3 

we find that onl.y the perpendicular vieooeity appears in the 

final. 1in en.riead equatione which are 

2•k1a1~.Jr'" + v•r o 

a i <r'"J' + v1 Tr'", o; l ik!(T'''l' + v'p''' =- "•• v'r''' -.r.i.,, 
Impoaina the boundary oondi tions f • i'i/)x11:1. ~"f /;xl.t= O at x • .:!: + 
we find ,,oneet o/ convection for 1l • fl. ori t with R. cri t • 21n"/'+ 
for k'tJ< rit: • 1t/2 where ~ io t h e Rayleigh n umber defined by 

"' - { (i1~.) Q[ (,l•>1• (v~, /\T,1 ;ff ) +{l/iHT'''J'J , 1( ~ I l if 7r=r 
J1 - + ht "''ff 

(21~.)Q(r'")' if 7r =r (6) 

For "lit /vtf.i{f-+ oo bo th expreaai one for 1t become identical. 

Wo now oonei der a eemi .. inf'ini to plane el.e.b bounded betw8011 

x • ±t , wi tb gravity simulating curvature and 6 ehen.red mag­

n etic £iol.d B10'= e':. + a;cx) 'ly ' B;(x) .. Box/Le • The shear ie 

produood by a uniform voak current :tl.owing in the z-direotion 

ouch that B;•>...., F...''- , ~h·{"' iky"'Eo and '1>1.~ ikz"""" (:2. with t<<l.. 

Wo aeaumo n uni:form T'-1a.nd t.hat '111, /'V'd.iff ">) J so that tomperat.ure 

perturbations may be nealected o.nd Tr • r in eqe . ( 5), ( 6) , The 

equilibrium denei ty prof'ile ie dif'fueiona1 of the .torm {f'0
' )

2 = 
1 - A( x+i) where A ie a poe i ti ve constant <...<. l, We n o te that 

since i i s assumed uniform and (k.B10~ I i s const ant ripplina o.nd 

teu.rin " modoo a.re exc1 uded. 

Linearieing eqe. (1)-(') and oetting perturbed q_uantitiee 

proportiona1 to exp(ikyY + ik~z +wt) ..,e obtain the approximate 

marginal eyetem (CJ = 0) 

v~! T a[(f.a1• 1J1 .p - u,~r"'~ ] -= o v1r1
'' ... •k,!(r''1'=0 

in which it is seen thnt the ehear term is multiplied by the 

ParlliLMeter Q. So.lving for i wo find 

V'! -t Q k; f V1 F'f + G f] ~ o , 
whioh admi te of the foll.owing vo.rie;tional. principl.e for the 

previous boundary condi tione I ,h 
k1

2 R = - J':.' "'['V'.J. -tGk~V1Fi~ ]~• f rH~ 
-11 1 r ·''2 

whore 'l • QG i s the Rayl.eiah number and 't' ie the adjoint ot 

(7) 

~ 
eatia:tyina the ea.me boundary conditions u.e -j nnd being a eolut-

ion of the adjoi.nt dif:£erential equation 

v'r + ak:(F·~ v1 -r +(;yJ = o (8) 

An eotimation of the Re.yl.ei8'h number may be obtnined by c onsid­

eri ng the trial. f'unctione 'I' • 'f • cos mJrx where m ie an odd 

in tegar . Prom eq , ( 7) we then £ind 1t p.9 a function of m nnd 

k; • ~·or m :::: 1 , t he minimum vu.l.uo of 1l wi. th respect to k 2 ie 

1l . : !:I rr ~ + Qf3k' +(~IF'1} . ki = "1' ' + ll [~• -1•'-'J ~· •J t,.i. t * l B J > l< rit g"' a. z. \ 'tg 

when t~/rr't ie ama.11 wbereao for Q-+ea
1

, k 2 •t_-+ (~)'12j~lindep-
yc.Y',, tt i.., F' 

e ndent of Q whil.e 1l"' Q , Sinoe Q is very l.nrg e tor hot plasmas 

it is eeen the.t even weak sheo.r (F..., ,.1) has a very a'trong etab­

l1lt:tl.11g e££elJt upon th.i.e type or convec't1on . 

Por a strong uniform equil.ibrium current j~J (B~J"' l, kz"" E. ; 

F "V l. ) eolution o f our eyetem (1.) - (~) for iaotherma..l. perturbo.t­

i ons becomee poseible onl.y if" thore exi s ts a point x • x 8 in 

the slnb where F(x
0

) • 0, In this 11 etrons shenr 11 caee we re­

dei'ino our equilibrium to include the pinching term BO that r(o} 

ie now parabol.ic . The perturbed velocity includes a pinching: 

term ~11~ U·Vr"'+j'~B11~ The problem ie more ee.ail.y formule.ted in 

terme of the perturbed deneity to yiel.d approxima'tely 

v'r'11 + k'ClFi[v'r''' ... r''' GfriJ = o 
We a.re interested in situations where the plasma is weakly r1HD 

unetnble; that is , where x 8 fa1l.e in the upper hal.f of 'the e la.b 

and where the Suydam criterion ie viol.ated , G/F'~> * , We dis­

tinguish two regions ; the 11 sinaul.ar" region about x
8 

and the 

outer region. Viacoei ty now becomos imu ortant onl.y in tho a ins­

ul.ar region of width 6 o:::::. { ,. kaQ ( f 101
) 

1 J · V6 , We o b tain the extorno.l. 

eol.ution in terms of Whittaker t unotiono and t he sol.ution ot 

the eix'th order boundary l.ayer equation in terms of general.ieed 

h.ypera:eomotric functions . Mo.tching of this boundary layer aol.­

u'tion to the external. sol.utions t:hen yields the eigenvalue 1l 
as a £unction of k:

2
• The minimum of R with respect to k 2 yie1de 

the critioa.J. Rayl.eigh number which, in the present l.inear theo­

ry, ie equivnl.ont t o a modi.tication of the Su.yde..m criterion. 
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ASYNPTOTIC SOLUTIONS OF THE MAC;~ETOSTATIC EQU/\TIONS 

I/ITH TENSOlt PRESSUP.E AHO GEilERALIZED PllliSSURE SUP.FACES 

c . Lo Surdo 

Associazione EURATOM- CNEN sulla Fusione, Centro Gas Ionizzati 

c.¥. 65, 00044 Frascati (Rome) Ital y 

Abstract: Asymptotic solutions of the magnetostatic equations 

with tensor pressure and generalized magnetic surfaces are con­

structed to all orders for a quasi- axisymmetric, quasi- toroidal 

field configurotion with a vacuum dominant .U 

Non axisymmetric asymptotic solutions of the magnetohydrostatic 

(~D5) equations have been recently obtained to all ordP.rs /1,2/ 

under assumptions which appear appropriate t o deal with a Toka­

mok discharge. Preci sely, su.:h DiS asymrtotic equilibria were 

sought in a toroidal axisyrametric dorn.::iin T in the limit wh.2rc: 

II i) scalar and vector fields a r e quasi-axisymmetric, cr'F,,,. C(<~ 
whereY""' 1 - the azimuth-overaging operator , and e is small ; ii) 

the axisymmetric vect o r fields are quasi - toroidal, or .il(,1- r ),,.l'(t)• 

where~~~ the meridian-projection operator; iii) a vaC\..'U1i .U. do­

minates, oo th'1t \x~=O(i), with ~ =O(C) . Furthermore, iv) the 

normal cc::tponent of}l on the T- boundary C!T, B,1 , as well as the 

B - circulation along a prescribed non- reducibl e cycle.(_ of T , we­

;e assumed as given under the condition ~~CITB!i=O //. Still with 

iv) , the asymptotic scheme i)~iii) has been also extended t o ma­

gnetohydrodyna~ic stationary regimes with infi nite conductivity 

and constant temperat ure along :~ /3/ . Aim of the present paper 

i s to illustrate a different generalization of the MliS asymptotic 

fonnnlism: nmnely, we shall be concerned with magnctostacic equ.i ­

libria wi t h ~ pressure , in the framework of the (lowest- or­

der) guidi ng-center (GC) model of the plu~ma . The concerned e­

quations are well known: 

(l); V'·!}=C 

These equations can be put in the equivalent form 14/ : 

(4) ; (p11 -pJ.)/IBI'= 2£ (5) , 

where (« ,p)?!! the Eul er potentials of ~ ; (f,3,.J:) c shorthand no­

tations for (~f>n •3'.Pii ;<)111 ,Jl) ;~=.\,q; and:J;;=_[l-(ph-p.J/1B'J§~c-I} 
Due to the definition of p// and pl. i n terms of a GC distribution 

function , the parallel - equilibrium eq . (5) is automatically ful ­

filled, so that , if p11 is thought as a (macroscopically) given 

function of o.. , 
1
3 andJ~/', eq. (5) can be used to determine P.L (or 

0-) . In addition to ihiv), we shall assume that // v) f'i and ~ 
have join t (" generalized" ) flux surfaces , namely that such d. and 

(3 exist fo r which j· (say) is identically zero (t1e remembe r that 

«and,~ arc determined only up t o an incompressible mapping); 

and vi) t hn.t these surfaces (hence the surfaces ci.. = t(\h!lt ) arc 

c l osed , i. e. toroidal surfaces nested into each o t her/ /. Eq . (4) 

is thus written as : !!;'r;"-=0 (6) , ~,ii',3• f- (7) . These equations 

provide us with the contravariant components 1c""'-, Jc·1 of±; in a re­

ference system having ol c: "°"'"!>t , "3~ (..('\""!>t as coordinat e surf.aces. 

This i s enough to determine~ ( through '°·!.,<- = 0 ) up to a n arbitra­

ry summand (depending on cl ) in the third contravariant compone­

nt, say k"¥::::~ · 'V,,. (where ;,=t ... :"1 .. ;t are surfaces transverse to ~ ). 

The vect or I; is then computed in a s t andard way as the sum of 

three (linear, weakl y s i ngular) integral tran sforms , r especti­

vel y of!;- , of ~et'./:.~~: i7~ , and of (-t-:Z.l-J5.,, plus a sol enoidal, 

irrotational tenn with no nonnai component on iJT, whi ch contri­

butes a (given) T - circul ation along the non- reducible cycle .l in 

T • In concl usi:n , we end up wi t h "'td.= 0 and "l:''~= 0 as coupl ed 

equations for c< and j3 . The solution procedure is made possibl e 

by expl oiting the asymptotic assumptions i}+iii). t·le shall limit 

oursel ves to a condensed outline. :·le take t:t-
1(superscri pt figures 

denote t he asymptot ic order) equal to~ times the poloidal flux 
.,,. A-' :z.rr: I .. R . of~ (say<;') , where cis the ~(R)'!f · v'f «rand are the 

usual cylindrical coordinates with r espect to the symmetry axis) , 

so that i;'.'f "vC~ ~1~ ~ 13:,, :i. . . As a consequence. it can be shown 
I '/"1 (/l)' 

t hat l«'J= 0 and K1l
1
'31 j;.Z,r. , with L j denoting increments t he l oni; 

way around . Hence fa'=fo: .... '-f/A-' , with Lf>~J=O . Eacha.'''<>-1 and /tt>?'l 
can b e assu'lled to be single- valued along 'f - cycles without loss 

of generality . All t he (single- valued along 'f - cycles) fields 

are then projected into the orthogonal (functional) subspaces of 

the axi s)'!\tlletric (bar) fields and of the zero- '{ - average (tilde) 

fields. The (solenoidal) ,S a nd iG are put in t he form: 
7 ~ 

~ = ~c; ><\''f ;-T'\'f (8) i{ = ~L><V'f +A fl'f (9) 

where G , T , L , /\ are axisymmetric scalars . To the lowest orders, 

one easily finds : r-~A-';T''=O ; L:'=O ;/\ 0: -!C 0
, where ol'a 

=~~-)R'?!R. and ~~("La!Jlace operator in the meridian plane . By use 

A-" L' ~ -o of eq. (6) - bar, order O, we find also that <',!" =l. (6 ); thus 

L1 is an arbitrary function of l'.; 0
, sayc'(4') . Eq . (7)-bar, o-:-­

der 1 , then gives : .f~1A- 1+C 1 ..-(R)\{"'= 0 (71
) , where a 

dot means ollcl<j'._ If one puts p1,(o1.,/B/')•p=(<l/A-;/Bl'j_A-~}:;.f1~(:<,~h it 
A-1(1 d ' is clear that 'I J- is the unperturbed value of xPrt • By sol ving 

t he elliptic semilinear eq . (71
) with the prescribed C."on ~T 

(from B~ =Bv> one finally se ts the whole solution to the order 0 

(included) since 'jf is t he gradient of a harmonic function (in T ) 
-, -

with prescribed normal derivative 73~on iJT . Going to higher or-

ders is more complicated . Ue shall illustrate the order- 1- calcu­

lations . From eq. (6)- tilde , order O, and eq . (7)-tilde , order 1, 
~, A-'""• Pr• B-. o l we have (since{. :C) : !;.ll= -o1....., ';..ti. (6 ,7 ) , where o~L means 

meridian component . The whole ~I is then cor.iputcd from "'"·k':C . 
~ • /1 l -1 "7 

Eq . (6)-bar, order 1 , gives : L = c. ' y +C...,_+)"- (6 ), where 

4.-1 2 f l ·( · 11'• - ·) 17."'• 2 ' )'- = < 'l. C. ±; - ';- • c<- and c: is an arbitrary functi~n of C, • 
~. • A-•;,i ~, R.1'r _, 13' Here Cl is computed by integration of 'fat. = -1" 1 « · ~ (lO<i). 

The requirement Ll•t'JJ=Oshould be observed (where lL 11 d enotes in-, 
crement s the short way around), because U(j JJ=O. Finally, we get 

from e q . (7)-lmr , un!er 2:fC,/A-1+ <:; 1c'+ (RJ1f'"~ -C.L-(R.)~ 
(
,, ~ ,.) ) r-7<°·1 R i.-, 9~· - ·L - 2 ;r1 • c B"-?f' , v>~,, +() V'f>- , "' · ''/'" (7 ), where : >. is corn- _ 

.-, - t '0-1 m"Lr''""" 
puted from the companion equation o f eq . (lOat): A ~}.,.= -("-J 1 > •:; 

( l Oj'!>) . By solving eq . (f) for~' , withC,'=O onoT; one eventual ­

l y gets the whole solution to order 1 (included). In fact , {: Land 

(i'l(we need U.lto compute T'--== L'-A-1il) are knm·m quanti ties , i.e. 

A_!.{:,_= c..r+1
)
0 

;;;:• (since 1?· ~'f"" o > and er.!.= -2.£/. , with -f' being 

defined in terr.ts of x and •:J similarly to r7, ; /, means unperturbed 

value . Not e that f* ;md -f. are formally of order l and 2 respecti­

vely . /\s regards;;-• , it is seen that '27f(c;'- <l."/A-~ is the po­

loidal flux o f the solenoidal axisymmetric field 1,.\<<'><~1°! )"'l 

Finally, ~' is com!)utcd as a weakly singular integral transform 

of /C1 from iC',,, II xTI 1 
, because ii''.=0 . It can be proved that t he 

-, -J _, ); 

arbitrary sunmand depending on I'.; 0 wich is enbodied in. '!>" does not 

affect the overal l results o?tained so far ; in particular , Cl.~does 

not depend on the above su:nr.iand . The full stabilization of the 

asymptotic routine is reached onl y to the next order , which we 

do no t describe here for brevit y. Yet , the overall resu l ts to 

t he order 2 are not affected by the a r bi trary summands enbodled 

in fa0 and in J: . The asympt otic procedure can be continued to 

any desired order, though more and more laborious ly , with a new 

arbi trary functioncct. ~0 and a. new single- valucdness requirement 

(the short uay around) for each order . These singlc- valuedness 

requir ements can be shown to be identically f ulfilled by elemen­

tary means , in particular, in the so- called 11favourable s ymmetry" 

configurations described in /l/, Sect. 4. 
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STABILITY OF GENERAL MHD EQUILIBRIA 
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Abstract: Exact expreaaions for the magnetic well evaluated on themagnetic 

axis are calcul ated in terms of prescribable quantit i es with 1imple 

geometrical meaning for helically sycnetric equilibria with ohmic heat ing 

current and for .l. • 2 to roidal ste llarators without ohmic heating current. 

Introduction. Various stability analyses [1 -6] have borne out the 

hypothesis that Mercier 1 s c riterion is a valuable tool for the stability 

aueume.nt of MHD equilibria with a conducting wall a t the plasma boundary 

(internal modes) . A prerequisite of such an ana lysis for general equilibria 

ii the evalua t i on of t1~ on the magnetic axis ( 4> is the longitudinal 

flux ins ide a magnetic s u r face of volume V, • • d/dV). Although thia has in 

principle been accomplished by Mercier (t] , his treatu:ent is not 

satisfactory since it does not lead to explicit results in t erms of 

geometrically aimple quantities occurring in thl! description of the 

ncighbor hood o f the magnetic axis to third order in the distance from it . 

This is however essential. because only then a 8- eatimate becomes possible 

in connect i on wi t h a ditcusaion of the poaition o f separ atricea (3,4) . 

Furthermore , t here are phys i cally interea ting cases• e . g . helically 

symmetric equi libria with ohmic heating current , £•2 t oroidal stellarators 

with and without ohmic heating current, fo r which the equilibrium 

relationship between third order quantities occurring in ~/~ can be 

obtained explicitly , so that it i s possible to calculate exact expressions 

for if)!~ in terms of independent parameters in these cases. 

Notation and formal expreasion for ¥ttb Let the aagnetic axis be 

described by i ts curvature 1( and i t s torsion 't"and the nonorthogonal 

coordina te system q, 'J' •t linked to it by 1'i'•y(l - ie~coslj') , 

ds'2. • d~l. + <;> 1 d'fJ. -2-rql.d'fdt + [(l-l(9cos'1)2+ t: 1 q1]dL 2 . Let the 

contravariant coq>onenu Bf , a'f , s.l of the. magnetic field be given 

by sf• a,~ + a1~ 1 + O ( ~l), s 1 • b0 + b,y.o ( y1>. s'• c0+c,y +c,~l+o 
( ~l) and V be the volume inside a magnetic aurface, v. • v2 ~1 + v1 y3 
+ 0 ( f''t) . Then a aia:ple cal culation 1how1 that on the magnetic axis 

<Pt~ - f - 1- )1 V1 (c2 -1ec,cos 'f) - Vlc,]d1d.f . 
Co V'i l 

(I) 

Deacription of magnetic surf aces and second order results. 

Let the volume intide a magnetic surface be de.scribed by 

V•c0§~ {TT[ ~1(e co11 u+isin1 u)-2~ tJ1(6cos u sin~ u+C..cos 2u sin u) J J (2) 

whe r e u • tt ... oc. • y cos u • x cos o<. - y ain«, 

~sin u • x sinac.. + y cos et. , and 

y cos 'f ... X~ ~2 (e cos
2 

u ... .; ain
2 

u) 

Y • ~sin '1 +-..; ~2 (e cos
2 

u + .; sin
2 

u). 

Then e( > 1) is the half-axes ratio b/a of the (in second order) 

elliptical cross- section of the magnetic t urfaces where is the half-

axis at 'f • Tf/2 - ot.. and a the half- axis at 'f • - c<. 1 so that o<. is the 

angle of rotation of t he e llipse s v ith respect to the binormal of the 

magnetic axis. The nondimensional third order quantities 6 and 6 describe 

1yaaetric and antisymmetric triangula r deformations of the surface, whe r e 

th• sym:metry holds wi t h re1pect to u • 0. The quanti t ies S and 

detc ribe shifts of the magneti c s urfaces with respect to the magnetic 

axis in the directions normal and binormal to the magnetic axis . Al t hough 

the representation (2) of V may l ook complicated , the quanti ties 

e . «. , d, 6, S , shave simple meaningt . Note that the curly bracket in (2) 

is the area of the crou-section o f t he magnetic surface.a normal to the 

magnetic axis . In addition to v
2

and v
3

, which are obtained from (2) , the 

following f i rst and second order equilibrium results have to be employed 

in the evaluation of (I): 

c 1 • 2 1t c 
0 

• cos'! 

b 0 • b00 + b 0 u sin U + b
09 

co.S u 

b00 • j/2 +'tc 0 , b
0

u. • (c
0
e' )/(2e) , b

0
g • (b

00 
+ c

0
r:<.1) 

· (e 1-J)/(e'+! ) 

c 0 (c1-~c 1 coa'f) • c 0 (2"tb0 + c0 ~
2cos1.~ - c 0 ,;

1) -b 00 b
0 

- tc.< o1 bo n.,d l +c."> -p . v, 

Hero , is the current density on t he. magnetic axis , p the pressure , 

and the prime indicates the deri vative with res pect to 1. . Denotins 

q
0

• .t.. ~ , we obtain 
'f 0 l 1 "] 

".f./i. -~1#., {<•+1) [<z.r - b)h. + .,!1: _ 't - ..£..... 
't' 1' 2wq0 '" 'j'c0 e C0 Co l. It Co 

- (e-') [ (2't' -h).2.,. + ~ co12 ... - ....L(b '-2.,'b ~ 
e '• '• 2 2 Co ou. o9 'J 

-2v-t p - 2 ><i~s -(" sin"' + [, cos oe. ) ] } (3) 

He r e , the three third order coefficients 6, 0, , and S occur . Since the 

equilibrium equations connect 6 , b. ,S, and 1 , eq. (3) 

does not describe~/~ in terms of preacribable parametera. 

Description o f thi r d o r der equilibrium calculation. To obta in the r elation 

between J , t::.. 1 and t he following third orde r equations are used : 

(A) 0( ~l) of ~·! • O, {B) 0 { ~ l ) of ! ·VV• O, {C) 0 { ~l) of pif 
• Ci x B) . l..r. 1 (D) 0 ( nl) of P .lY.. • <ix B).k , where the latter two 

- )q T l'J - Ti 
equations are used t o eliminate c 3 • The procedure is algebraically quite 

tediou.1; to obtain correct resultt we have found that it is essential to 

check the calculation s tep by step with the help of the algebraic 

prograuming sys tem REDUCE [ 7} . Details of the calculation will be 

published e l sewhere . 

Results fo r special cases. We first checke d the result obtained in the 

axisyametric case (eq. 9c of [ 3] ) 

~ • ~ "te - Q{e + i > + s (Je + t) (4) 

whe r e A , a • 0 (syuuoetcy of the magnetic surfaces wi t h respec t to the 

equatorial plane) is assumed ond Q is related to P by f> • - j X ( l - Q) . 

In the cue of a helically aytnetric equilibrium "''ith magnetic s urfaces 

which are aymnetric wi th respect to the osculating plane (b. 1 s • b) 

obtain 

S • (3e + .L)5 +..e. - l!.h.. - _ L_i_ -h 
e l l! 21t'L! 1 C0 

(5) 

Here, Lis the periodici ty lensch of the magnetic axis , 't'h L't'/2Tr , 

and 
'• : .k_ - •-('t + -d-) = L ! 1 - rr el.+1 lc0 

whe re 1. is the rotational transform per period and!. refers to a le fthanded 

and a righthanded helical magnetic axis respectively ('t:' >0 for a le f thanded 

helix). Note that eq. (4) is obtained from eq . (5) with t he s ubstitution 

L! ~ l. and taking the limit t" ~ O. 

In the case of an ,t• 2 toroidal stellara to r with oe. • canst the 

situation is more complicated because for the choice s • 0 , S • const 

which appears physically reasonable , J and O. are no longer constant. The 

third orde.r equations can be solved with J • Oc cos 0t. , A .. ~ 5 sin oc. 
We have used the additional aiq>lifying assumption j • 0 (no ohmic 

hooting current). The result is 

~-•As - - l(e • 1) + {e1 -111 5_ 4- (3e'+1l{e1.J)(e1+1)
1 .:rr.1_~ (6) 

._ 2 e el (ei.- 1)*" r.<. ' 2 c.4 

From Eqs. (5) , (6) we obtain the results for 

ciW- 2L~[6,.~(e-~)s- 2~1 (1.1".~) + 1nhl~(1 - ~~) 
lfc.. t! :_ 

+ (I- L ! l. -2 T~ )(e + ~>] (helical equilibria) (7) 

where J(h. • L'lil'i2ir , and 1~ ,_ .. ,1 * ~ ;,1,. _ - •-{-( ! ) _ R.' ,1 .l!L=.1)__ t e -10e + 1 S '+',.. - +ui~l e+e ot e(e1+1) eJ 
_ i,.ir

1 R'p [1 + 2. 1 C3e1 •1!Cc 1 tlX<1 + 1>1] J 
<0

1 ~ {<1 -1)' 
(toroidal l• 2 stellarator with j • 0) (8) 

where R is the radius of the magnetic axis . 

Status und programm . Currently we are calculating t he generaliz ation of 

eq. (6) fo r j ; O. We will t hen discuss the parameter dependencies of the 

c ritical ohmic heat ing c urrents on the magnetic axil (analogous to the 

treatment of the axi syamet ric case in [3] ) . Finally we will obtain 

B- eatiutes (from equilib r ium and stability) in connection vith a 

separatrix discussion (analogous to Sec . V of [4] ), Resul ts will be 

presented at the conference. 
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ON LOCAL STABILITY OF A PLAB!.IA \VITH CLOSED MAGNETIC 

FIELD LINES 

V.D. Shafranov, A.V. Frolenkov 
r.V .Kurchatov Institute of Atomic Energy ,Uoscow ,USSR 

Abstract. The "radial" type of displacement is consider­
ed fo~ with t he closed magnetic field lines . A new 
criteri on of pl asma stability is derived. 

Introduction . The l ocal criterion of plasma stability 
for cl osed line equilibria differ s in t wo respects from that 
for syst ems with ergodic field lines . 1) The constancy of 

0/,iv f on a magnetic f i el d l i ne which follows~ from a sta­
bility analysis gives rise automatically to ,/,-.,. "f • o Jor 
local displacements i n the ergodic systems , while J.·rr j,< o 
for the closed line systems . 2) The local criterion is identi­
cal over the whole magnetic surf ace in the er godic case whi­
l e it depends on a choosen field l ine (for f i nite plasma 
pressure gradient) i n the closed line systems, that is it de­
pends on the radial and azimuthal coordinate as well . 

The first difference leads t o a less stringent criteri on 
of the form ii(/> '+ r f'.I' )-< 0 ' wher e .;f-ol<v i for the closed 
line systems /1 / instead of ii /' '< o for t he ergodic ones . 

The second difference is associated essentially with a 
different character of the most dangerous displacements i n 
both types of the systems under consideration. In the systems 
with shear the most dangerous di spl acements are "azimuthal" 
ones which are strongl y localized in the radial direction and 
have mai nly an azimuthal component . The corresponding crite-

rion der ived by Mercier /2/ and specified by Green and John­

son /J/ bei ng appli ed to zero rotation transform angle sys­
tomo l eodc to paradoxical result /4/: it does not restrict 

pl asma pressure gradient for t hose magnetic field lines 
which are in the plane of magneti c axes( I) We have solved 
that paradox using the Mikhailovskij resul ts /5/ for a 
general type of local displaceme nts . '.Che 11radial11 displace­

ments r at her than azimuthal are found most dangerous fo r the 
equatorial plane magnetic field lines. These displacements 
have mainly the radial component, and they are strongly loca­
lized i n the azimuthal direction (Fig.1) . 

a) 

Q 

b) 

..m . 

Fig.1 . Region of localization 
a)" azimuthal" 1 b) 11radial" mo­
des . Das hed displncements "sen­
sitive" t o the curvature of the 
magnetic field l ines and res­
trict ing the plasma pr essure . 

Hence , i t follows t hat 
t he consi der ations of 
magnetohydrodynamic s ta­
bility with closed mag­
netic fie l d lines made 
recently by Spies /6/ are 
not comprehensive because 
they do not take into ac­
count radial displacement • 
The aim of our paper i s 
to make up a gap in the 
magnetohydrodynamic sta­
bility theory with clos-
ed magnet ic field lines . 

Stabi lity conditi ons . 
In deri ving the stabil ity 
criterions we use the 
solvabili ty conditions 
for linearized equations 

The di spl acement 
of motion . r may be wri tten as 

"'I Bx vV B ..._ -----..-,--- +I ' -ff3/ ' /BI ' 

Where e: vex l'"J i s the covari ant basis vector of the Hama­
da coordi nates v. IJ, r /7' 8 ' 9/ ' y is the vol ume of the pres­
sure surface ]' (V) . 

For the azimuthal modes , we assume as usually /2 , J ,6/, 
that X ; (lf-V.) fl: , l « j 

.1 ~ J. 1 . 
'1 \r E. •.r , 

In this case it turns out that ii 11J. = B v }', = O • We assume 
for radial displacement 

§x vV·v t • 
~ i -.-u /: }0 t-e~,,. ... ; .1, cJ,+··- (3) 

Here ft" ]'.* o , thus f.•<£.> +- f. . It i s possible to 
derive t he general stability criterion for 11:,1 </<F.• / .Let 
us denote the quantities relating to the cases of azimuthal 
and radial displacements by A and 'R. r espectively. In 
both cases, after some algebra, t he criterion of stability 
(necessary and sufficient for a given type of l ocal displace­
ments) can be written as { <F> -" f Fcll/Bj<fJlfp,) 

9 (D'+ Yf <c/_i.,:;) ) < 0 (4) 
A,R I a <'!> A,R 

llere 

( 
t )' ' (' 2 

<JA,R. = 2 f' + <"/3 ) + f d A,11-
(5) 

(6) 

•rhe~ coefficien1'._ &~,R results from the balooning ef-
fect ( BP'J;;o; E P}'.-;o ) . Inthe case of ? ' <o, 
!J,..t< > o is suffi cient for stability . However , there is a 
stable r egion even for ~"·"- < o when the expression in ro­
und brackets in (4) is negative. Substituting (5) , (6) into(4) 
one can see that the sign of this expression does not depend 

on ~~R 
(<B'> ,. 2.p)' 

~u { p'- Yf <8'> + rP ) (4 ' ) 

This result was derived by Spies /6/ for the azimuthal modes . 
'1.'he explicit express ions for J';~ll. are as follows ~ 

2 f.J. '8' ., .• t_ = <'/J'l <i >-t +<B'> (~ } _ <cl. B ffY/ L J (7) 
A 'fl' !vVI' ( .8'/ fvYI' > 

where ,,LA is a solution -of equation 

and 

Bx vV-vB' 
/Bf' 

(ll) 

(9) 

aL 8 e r ' .':lJ__ .8 "'', = <8'>'~-/;,) - -;;-. ) c10> 
I! = /ffi• - <'13'>' ,, ( ',, ·~ 

(Note that Be= 'd.,,nv, where llvr = /131'- <13'> ) . 
It follows for ckt/ f'=o tbat criter ion 9,.p'<o de­

rived from /4/ is t he same criterion obtained by Mercier, 
Green , Johnson for systems without shear, while criterion 

f}R_f1 < o with of,._• iie//131' is similar to that derived by 
Mikhailovskij /5/ for r adial displacements . 
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Abstract ; The stability cri terion of the internal kink mode is given for a 

circular toroidal plasma . In contrast with the known cyl i ndrical approxim­

ation, this mode may be stabl e if the pressure gradient is sufficient ly low. 

Recent experiments have shown that an m = 1, n = 1 unstabl e mode 

occur s in a Tokamak when t he safety factor q f alls below unity on the axi s. 

This mode has been described as an internal kink mode in the frame of the 

ideal MHD approximation. Up till now . analytica l calculations have employed 

t he cylindri cal approximation
1
:
2

However, numerical simulations have shown 

that the to r oidal geometry affects this mode very significantly·~,1.i In fac t 1 

in contrast with t he usual kink . t he energy reservoir is here of the same 

order as the toroidal terms . 

The s t ability criterion and the linear growth rate are given here 

for a toroidal plasma with a circular cross-section and a large aspect ratio . 

We consider an equilibrium depending on a small paramaterE = n· 
with f; V\ E. 2. To study the stability of the internal perturbation, m =0 1, 

arbitrary n, we use the energy principle, calculated with the equilibrium 

defined up to order£2. The guideline of the method is the rema rk that the 

perturbed toroidal magnetic f i eld i s of order E compared to the perturbed 

poloidal field .5 

To order C. • the mode contains an m = 2 component which comes from 

the coupl i ng of the main t erm 'llith the f i eld modulation. 

After minimization, we find 

- p - f· ~'~~ r~ + ~ - 3) 
0 ~.· .h'q' '1 

f b(1-<)+f(Hh-o) -}be (P+s)-(Hl.)c{f+>)' 
-1 ... b- c. 

c 

where r 0 is the radius of the surface no(r
0

) = l , u1(r) and u
2
(r) are 

r espectively the regular solutions of : 

within 

J-;:T is 

n ~ 2 

~ ~'I. <.\u _ 't'!. + 2 ~ { ~ - .!!. ) = 0 
'?.do.. K 'l.L <'.< AA. '>. 

(o , r 0 ) and (r0 , r 1) with Q = ~ - i , Q(r1) = 0 . 

For n oo , we ~cover the cylindrical approximation; since in general 

smaller than S Wc• it appears that this approximation is val id for 

; but for n = l, the exact result is different at all . 

'"V 
~ w1 i s a compl i cated function of q(r) i n terms of s , b, c , but 

depends on the pressure only through P. For f i xed q(r) , ~WT is a decreasing 

function of P, positive for P = 0 i n the realistic cases. Therefore, the 

toroidal inter nal kink is stable, for sufficient ly low P. For instance , 

for small .Llq = l - q(O), and a parabol i c current profile, we obtain 

~-w"' .,, 3 61 [i:~ - r1 J 

then the st ability condition is P < 0,30 . 

In the figure t he criti cal val ue of P i s plot t ed as a function of 

r
0 

fo r different shapes of the current prof i l e. 

The growth rate \ of the mode may be calcul ated by an extens i on 

of the met hod used in t he cylindrical case . We find : 
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STABILITY OF TOKAHAKS WITH RESPECT TO 1 SLIP' MJTIONS 

E. Rebhnn, A. Salat 

Max- Planck-In11titut fUr Plasmaphyaik, 8046 Garching bei ~fi.inchen, 

Federal Republic of Carmany 

Abstract: Using the energy principle the stability of s urface-current 

tokam.1ks is investigated with respect t o perturbations which may not be 

s tabilized by the to roidal lnllin field . Wall effects are not included. 

For given pressure profile and poloidal current distribution tokamak 

stability in genera l i s a function of the external toroidal vacuum f ield 

1.
0 

ve (coordinates are R, 9,z), the energy variation 62w .. .swp1+6W5+0Wvac 

depends linearly and quadratically on /\
0

, The quad ratic contribution in 

6Wpl : A~ / curl2 (1 x VO)dt is positive definite and hence rost plasma 

motions u:ay be stabili:r:ed (if unstable) by aaking A
0 

large enough. 

However, if cu rl (!, x ve) • 0 or 

i - a2 (ve x v+) + 1.1 ve, (I) 

~ (R,z) and 1J (R , 9,z) being arbitrary function&, all teTillS in 62 W become 

independent of A
0

• Percurbtttions given by (1) let the plasma 's lip' 

through the main field without any i n fluence on i t and may therefore 

not be stabilized by it. Minimizat ion with r espect to u yields u • 0, 

Furthe r minimization with respect to 41 is especially simple for the surface 

current mode l consider ed here . 

Us i ng dimensionless qunntities we deal with equilibrium plasma surfaces 

given by 

( 2) 

(A• aspect ratio, e • e longation in z-di rection, TJ 1 T1t • paraceter for 

triangular, rectanguhr deformation.) Inside the p lasma _.e have constant 

pressur e p • J BP and vanishing poloidal aagnetic field BP. 

With BP •i. (l+Bp (R2-I) ) l /2 on the surface and K • curvature of the 

plasc.a boundary vc get 

6W • .!_ I t 2 ( ~ .J!.._ - < B2J dT 
2 n RJ VF P 

(3) 

It is useful to spli t the normal component tn of the displaceoent vector 

into symr.etric and antir:ietric contributions with respect to the z • 0 

plane : Cn • E~ + t~ . The minimizing per turbations inside the plasma 

corresponding to C~ and f.~ have the form 

£9 
"' f(R)!z 1 i' • & (R) .!R - R Cf)' z ~ 

After t ransformation of 6Wpl into a surface integr:il 62W is minimized 

nu:oerically, the perturba.tional vacuum field 6!_ being calculated frota an 

integral equation, /I/. The numerical method clos ely follows /2/. 

In Figs. 1-5 numerical ruulu are shovn. In Fig. 2 , the marginal boundary 

6
2
W • 0 is shown inane, T ) •nd e, T1t plane for(~ (curve W

5 
) , fort~ (W

3
) 

and , for coq>arison. for rigid vertical displacer.ll!nts (Wr). Below the 

""s and above the curves \la and Wr vc have instability . Thus, only a 

9 call region i n the neighbourhood of circularity is stable, this region 

widing up for decreasing A. As A + • this r egion s hrinks to the po i n t 

e • I , T3 • Tio • 0 , in a&reemen~ with analytical cnlculat i ons for straight 

cylindrical plastnas/J,4/ . Fig. 3 ah ovs these region s of stability in 

dependence of the aspect rat i o . In Fi g. I t he minimi zin g pe r turbations (4) 

are shown fo r several unstable s i tuations . Fig. 4 shoTJs t he dependence of 

the stabil ity regions on BP. The maximum values of BP which may be 

reached a re shown i n Fig. S as a function of the aspect ratio, toge t her 

vich the limiting values of BP from equilibriU111 considerations. 
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STABILITY OF AN AXISYllHETIUC TOROlOAL PIAS~.A 
Wl TII PRESSURE ANISOTROPY 

J W Connor and R J Hastie 

Euratom-UKAF.A Association f o r Fusion Research 
Culham Labotatory, Abingdon, Oxon, OX14 308, UK 

Abstract: The s tability of a general axiaym:netr ic toroidal pla1ma to 

loca lised perturbation• is analysed vhen the pressure h anisotropic, Two 

limiting cases, corresponding to parallel and perpendicular injectlon of a 

neuttal beam, are examined in detail for a large aspect ratlo ( £ « 1) 

(3 - £ 1 equilibrium vlth clrcular magnetic surfaces . 

I. Introduction 

The application of neutral inj ection heating to Tokamak plasmas will 

inevitably introduce some pressure anisotropy, and in the TCT scheme with 

r - 1 (where r is the ratio (beam energy density)/(.plasma energy dens ity)) 

thil effect may be strong. In addition sufficiently high fluxes of high 

energy runaway electrons also produce •isnlficant preuure anisotropy. In 

this paper we examine the effect of unequal preasure component• (p
11

,pJ.) 

on the localised Lntercha nge modes(l-4) in Tokamak plasmas. The starting 

point la the Kinetic Energy Principle{S-6 ) 1 suitably modified to take 

account of trapped partlcles(7), 

We use the 1'. x. l.P coordinates, 

a l:i._ a ~a 
1:7 • .!.j. RBX ~ + JBX al+ R ~ (1) 

u1ed by Mercier{l) for the original axisyn99:tric ideal HHD calcuhtlon, and 

by Mercier and Cotsaftia ( 8 ) in their anisotropic calculation using the CGL 

equations. 

We avoid the CGL equations here because the collisionless k i netic 

equations provide a more correct description of Tokamak plaamas , and permit 

a deactiption including trapped partlcle. effect1 . In additlon they are 

aimpler to use and in fact all the minimisations vhich appear in the general 

iaotropic case can be performed in the Kinetic Energy Principle, ao tha t t he 

ftnal criteri on obtained below is a n analoaue of the Herder criterion and 

reduces to it (apa tt from a trapped particle correction) in the isotropic 

limit. 

ln practice two exttemes of pressur e anisotropy a re likely to be 

encountered: 

( 1) An excess of longitudinal pressure p11 , due either co parallel 

injectlon of a neutral beaa, or to runaway e lectrons. 

(2) An excess of petpendicular p r esure p.i , resul ting f r om perpendlcular 

lnjection. 

ln case ( l) the addi tion4l pressu re wil.l be almost constant along magnetic 

field lines, and will not weigh in favour of e ither good or bad curvature. 

In this case we would expect the Merc i er-Shafranov criterion (q 1 > l) to 

be little modified. 

In caee (2), injection of a aufficiently narrow {in angle) beam into the 

trapped region of ve locity apace can create a p.i component vhich ls 

likely to weigh in favour of weak field regions , and therefore bad 

curvature. More detailed ca l culations confirm these intuitive 

conclus ions . 

11. Method and General Ruult 

The method adopted la that first described by Greene and John1on(4 ), 

in vhich a small parameter. 6 , is introduced to describe the degree of 

localisation of the perturbations , so that 

( v * ) l"i ~.x,o 

and expanding .t, in power• of 6 , a sy1tenatic expansion of 6W 

a complete minimisation to be performed. 

Omitting all details "'e g ive the final .ttability criterion below. 

[ 
j JB -J z l , 2 .t n d 

f; q + 'it'il' X j Z(l - a-) 

JB2dx x - ~ II Rie 2 Jdx -

sl R 'Bi' (l - a- ) x 

J ( 1 - o-) 
6 v'-'-' - 8- - dx 

(2) 

permits 

a { ap" PJ. - P11 ae 
- p a"f P, + \ 8 2) T; + - 8- at + 

Op J. 2p J. + c 38 llli + yi > 0 
1if - --.- 3* J 9 1 

l - a- l + aJ. (J) 

where the magnetic field l • given by 

~ • Bx ~x + ~ !., , 
lJ {P11 - P.t.) o • (2p.L + c) 

v • RT , a- • --8-,-- i 8 z 

c • ~· //1~! (µB)' ~ dµd< . Prime denote• di.ffarentiation vith reapecc 

to • , and TZ is a complicated expression involvlng only the trapped 

particles. 

III. Application to a large aspect tatio Tokamak 

In thla section we examine the fonn taken by ctitedon (3) for a. 

Tok.amak equilibtium with circular magnetic surfaces and /3 - € 1 , where E' 

i8 the Lnvene aspect ratio. Expanding the equllibriua quantitiea in c 

ve find that the shift .O.(r) of the magnetic surhcu can be shown to 

satisfy the equation 

.i. ( re :~) + ~ B 1 - !-2 ~(p + p ) • o dr e dr I\ 9 I\ dr u .1. 

while the stability criterion becomes : 

1 ( ,'! 2 - ( 3 ) 1 c' - g ' +-p l-- q1 - -::;-)_q1 > 0 
4 q rBO 2 2 rBO 

where P • t<Pu + pJ.) and the prime no-J denotes differentiation with 

respect to r , 

{a) Lonsitudinal Inj ection 

(4) 

(5) 

To simulate the effect of longitudinal injection or runaways we cake 

p.1 • p
0
(r), c • - 2p

0
, P,. • p

0 
+ p:

11 
, so that p

0 
la the scalar background 

preuure and p
11 

the additional longitudinal component. Inequality (~) 

now become• 

(6) 

{b) Perpendicular Injection 

To •imulate the effect of perpendicular injection we choose a diatri­

butlon of the form, 

v z 
where y • ~ , and F 

0 
repreaents the background plasma distribution 

function. With this choice 

~ • + p .1 
P.i • P0 + PJ.. P

11 
p

0 
(nTI) c • - 2p

0 
- (n + 2) p.1 

and criterion { 5) becOt11es 

Conclusion• 

(8) 

It ia clur from equatio n (6) that, provided the denaity gradient of 

the injected beam is in the same sense as that of the plaama , longitudinal 

injection has a stabilising influence for q ?: 0 . 6. However for perpendl· 

cular injectlon, assuming r. l I and ea lnP.L) /(3 lnpo) - 1 the preuute 

gradient tenia in (8) are only stabilising if 

qt [ 12 + 4n - ~ n 1 ] > 7n + 12 (9) 

which requires q ~ 3 for n • 4, and is impossib le to satisfy fot La eger 

values of n . 

Recalling that the effect of resistivity i s to remove the shear 

stabilisation of intercha nge modes, we conclude that perpendicular injection 

might make a tok.amak plasma prone to the resistive interchange mode. 
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~nm TURBln.ENCE TIIEORY AND ITS IMPLICATIONS FOR 

THE REVERSED FIELD PINCH 
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Abstract . Developments in Y.UID turbulence theory have identified two prim-

ary phenomena (1). First, an electromotive force a ligned with the mean 

magnetic field can be produced; second , a turbulent diffusivity is created. 

We apply 3 model of these effects co the 'sclf- revet"sal' of magnetic field 

observed in a number of plnsma pinch experiments ( 2 ). 

l. Derivation of the Mean Field Model. If the magnetic , ~. and velocity, 

y, fields are expressed as t he sum of a mean and fluctuating component, 

derive eqs.0) from Faraday 1 s induction equation coupled with a simple 

Ohm's l aw 

~= 'Vx(VxB)+'\lx(v'xb')+llV"'B, ~-~ '"'0 
Ot - - - - - - - -

(la) 

~ ...- 'V x (~ x b') + 1\lx(v'x B> +'Vx(v'x b') - l\lx(y'x b
1

) +ll l\7 2 g1 
, l\7.b

1

"' 0 
Ot - - - - - - - - - - - - - -

(lb) 

An overbar represents en ensemble ave r age (3]. We assume the plasmn to be 

incompressible ('V, v "'0) wi t h zero mean velocity, Y •Q, and the magnetic 

Reynolds ntUTiber :f - the turbulence to be large (R; "" lf l. >> 1, where 11 is 

the magnetic diffusivity and J. is. a leng th charac teristic of the turbu­

lence) . We integrate (lb) with respect to time and form an expression for 

1.::'.'x ~· . This expression simplifies if we assume that ~(~,t) does not 

change significnntly over the correlation time of the turbulence, and that 

third o r der correlations between fluctua ting components may be neglected. 

We obtain 

(2a) 

where 

ail • c
1 

,rR v • (x,t) 8 v
1 

(x,t-T)dT biJ"k 
pmJ p- ~m -

o J 

cijp f' vp(~,t)vk(~,t-T)dT . 

0 

(Zb , 2c) 

For isotropic turbulence the correlation tensors appearing in cqs.(2b, 

2c) must be isotropic with the r esult that the eq . ( l a) may be expressed as 

(Ja,)b,Jc) 

where 

QI "" -~ f0 

1::'.' (~ 1b).?xy' (!,t- T)dT 
0 

l ,m ~-~~~-= 
i) "'+ i j ~·(~ 1 t). '.!'. '(~,t-T)dT 

0 

(Jc , Jd) 

A schematic illustration of the 1a effect 1 is given in Fig. (l). The 

above derivation follows an account g iven by P 11 Roberts [4). 

2 , Application of the Model to the Reversed Field Pinch. We solve eqs. 

(3a,3b) in an infinitely long circular cylinder in which the magnetic field 

is represented by ~(r,t): (0,8
0
(r,t), Bz(r , t)) and satisfies : 

(i) ~(r,o) :e (O,I
0

r , B
0
); (ii) 80 constant at plasma s urface, r .. a ; 

(iii) Bz flux conse rved. The solutions required are 

9J (sx ) cio 

_ l _{_)_ + L; C - Jl(y x) 
Jl s n'"l n n 

where 

(4a) 

(4b) 

(4c) 

J
0

, J
1 

are reepectively the zero and fiut-order Bessel functions of t he 

firet kind and yn satisfies J
1 

(yn) • O, n • 1,2 1 3 , • • , We h ave introduced the 

norma ll.r.ed variables, x and T, the 'pinch ratio' 9 [5) , a nd the 'structure 

parameter 1 , s, defined as 

(5a,b , 
c,d) 

1f f! >> ll, eqs . (3c,3d, 5d ) show that s ia a measure of the inverse 

correlation length, s _, a/l.c . If 

s<:y
1 

.. J . 83 (6) 

the field relaxes to a steady state configuration on the timescale alil 11\-. 
Pig . 2 illustrates the temporal development of the mean magnetic field. The 

value chosen for gives a final configurat i on in which the 1 field 

reversal' parameter , Fco=Bz(l,m)/8
0

, can be negative. 

The case 20"' s gives the force - free Bessel function model (6). If 

we assume that the fina l states satisfy the pressure balance equations: 

~ x ~ .. ? j) , j)(a) "' O, a meas ure of t he deviation *of the configuration from 

the force-free state may be represented by the !!0 value defined as 

• 4µ Ja - 2 Jz {s) (za-s) 
aa"" a4 Iao rpdr =v.r- -;9 

0 

(7) 

In Fig , J, states in regime I violate eq. ( 6), -while those in regillle II 

correspond to PCr> < 0, 0 :s:: r ~ a. States in regime !It exhibit field 

reversal, while those in regime IV do not. We note t hat a steady- state, 

* reversed- field configuration can exist for 8 ~ 1.2, s < 3.83 . As a
9 

increases , so docs the value of 0 at which reversal can first occur. 

Fig.4 shows loci of a; and total mean magnetic energy in t h e (Fm,0) plane , 

3 . SUlllllnry. The kinematic effe ct of turbulence which is isotropic but 

lacks mirror symmetry is to modify t he Ohm' s law applicable in a plasma . 

The total power input to the plasma is modified as a result of both the 

iOCrC8$e in the effective resistivity (the 1 a - effect I ) 80d the generation 

of an electric field aligned with the mean ma gnetic field (the ' a - effect') . 

Application of this model to the reversed field p inch indicates that a 

steady- state solution can exist and is represented uniquely by the pinch 

ratio, 0 , and the structure parame ter, s . I n the case of inf i nite conduc­

tivity and zero a; 1 the pinch ratio may be linked to the structure Of 

the turbulence through 9 .... a/2tc 

a 
, ,~, 111 ll:v'' " }vu. 

~· A schematic illustration of 
the •a- effect' . Fluid motions with 
v' and w' • l\lx v' correlated (that 
is, with helicity [7 )) deform a s l a b 
of magnetic fie l d t o produce a loop 
with an associa.ted current a l i gned 
with the mean magnetic field (after 
E.N.Pa rker (8]) . 
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THE EFFECT OF F . L.R. ON A ROTATING DIFFUSE PINCH 

R. J . Wright, D.F.R . Pott , M.G. Hain es 

Imper ial College, London , U. K. 

~: This ar t icl e summari s es a s t abil i t y analys is based 

upon a dispersion equat ion derived initially from the Vl asov 

equa t i on . Numerical solution of the equation indicates the 

i n f luences of F. L . R. an isotropic pressures, sheared axial velocity , 

heat flow and rotation . 

The Disper sion Equation: Defin i n g c as the ratio of t he ion Larmer 

radius to plasma r adius , the flu i d mo des which arise i n the s tability 

of a diffuse pinch in whi ch s
0

"' cls B
2 

(l) can be shown (Z) to obey the 

equation : 

d JLfil + G( - 0 where : dr dr 

+ mB6) 
2 B2 

F a 
3 2 + r 3 (k (t (P 11 - IJ.) - 2-) pr wl 

rBZ species "o 

G - (m2-l ) F + r2 !!a. (.,1 - mus) 
r2 dr r 

The Case of Anisotropic Pr essure : It can be s hown f r om t he 

dispersion equation with only anisotropic pressure unsuppressed 

that the Suydam criterion at a resonant surface be comes: 

. d u/dr) 
2 

d ( . ( Pg + 11_)) 
+ .!... dr seecies 0 

l " r B2 
....= - r CPrt - P.J.) 
"o species 

wher e µ • rxB/rBz with rx conveniently be ing the wall radius . 

In Fig. the influence of P. L.R . on the growth rate spectrum 

of modes now incl uding m = l, is shown for a n isotropic pressure 

driven instabilitie s with ~1 t:t_ = 10 and 8 = . 5 . 

. 3 

. 2 ,,.-- ...... 

/ ' I \ m=J 
QJ 

I \ 
I \ 1! I I 

.i::; I \ 
~ I I 
~.1 I \ 

I I 
I I 
I 

m=21 
I I 
I I 

0 
-.01 -.02 - .OJ -.04 -.os 

krx/m 
E.!.s..:.l.:. Growt h rate versu s axi al wa venumber with temperature 
anisot ropy dominant. 
Solid Lines; Ti = O. Broken Li nes : KT1/(e Br2) • . o 3 . 

\ x 
nKr T• • . 5 ' Kl: (T.,- T.J..) 2 

2 i 2 = 1 5 , n = e x p (- . 5 (r/ . 3rx) ) 
B /2\.10 M r x 

"• .Ol/(.25 + (r/ rx)
2
J, r elative to B!(.~r) • 10. 

~ x ~ Rotation on Suydam Modes : In Fig . 2 we show the 

influence of varying F . L . R. on the growth rate for a p l asma 

rotating parall el and anti- paral lel to the diamagnetic rotation. 

We not e in the former case t hat there is a maximum growth r a t e 

due to the incr ease i n tot a l r o t ation, b u t l a r ger F . L. R. 

stabilies both cases. I n t his, k was chosen s o as to 

approximately roax.lmise the g r owth rate . 
./, 

.1 

0 

WE= .5 

m=J 

.04 
WF 

m=2 

.oa 
WF 

~ F' . L . R. stabilisation with sli g h t Ex]! rotation . krx/rn=-.028 . 

nxK !T~/CB2/2 "0) = .5, n • exp(- . 5(r/ rx) 2 )," • .Ol/(.25+( r / r x)2), 

relative to B/(rx~) • 10 . 

Radial Dependence of Eigenfuncti ons : I n the con text of anal ytic 

results , it is pertinent to investigate the radial structure of 

Suydam modes. Fig. 3 illustrate s the progressive l ocalisation 

of the eigenfunctions with i ncreasing m. The real and i maginary 

parts are shown f or a case with small F.L.R. present. Evi dently 

the important m = 1 mode violates loca l ised approximations()) 

thus requi ring complet e i ntegrat ion between t he boundaries . 

IMAGINARY PART 

radius -­
complex Suydam Eigenfunctions with 

(~~,r.;;;) ~ . OOO> . 
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CllllRENr FILAMENTAnON IN TllE DIFFUSE PIHCH 

M.G . Baines and A. Tom.imura 

Physics Dep11rtment , Imperial College, London, England 

Abstract : Humerica.l solutions of the momentua and energy equilibria in 

a two temperat ure diffuse pinch sbov that it ia possible for the electron 

temperature to have a radially oscillating component wi th a wavelength of 

the order of ae(mi/me ) I where ae is the electron Larmor radius. The 

neceHary condition io that Te> l.32Ti vbicb ie al.so the condition for 

the onset of an e lectrotbermal instability in a spatially homogeneous 

plasaa with the sane opti.mUlll wavelength for grovtb . 

Energy and Momentum Equilibria : W'e consider a stead\}' state cylindrical 

equilibrium of a mu.gnetica.lly confined plasma with only radial dependence 

of parameters, Most or the cnlculations have been carri ed out with 

clusical t ransport coetticients, but some have been made with neoclassical 

coerticients . The tonaer may be written aa tollovs: 

'2 Jn2c2K(T - T . ) 13 r<.3Te/ar 
(1) Electron energy: L = - - e i - - - (----) + R 

a mf r a r 1-41 ;t ~e 
(2) 

(3) 

(~) Ampere's Lav' ~fr (r\) = P jz 

(5) 

(6) 

Ohm's Lall : 

a"• 
Farad.e,y ' s Lav: aT ,. 0 

• - j,lj, 
c 

vbere z.ero diff'Usion occurs due to t he absolute stea~ state in which J8 is 

The claaaic&l temp• r atur• depend,..neo~ nr " • ~e • "i are assumed. 

By prescribing Ei., Bi., and values at r • 0 of Te , Ti and n the equations 

can be i ntegrated nuoeric&l..ly by a Runga Kutta technique vi th the ( i nitial) 

boWtdary condition at r • 0 ot zero gradient s of Te ' Ti and n . Depending 

on the relative values ot these parameters f'our types of radial variation 

ot Te' Ti and n are obtained and are illustrated in figures 1 to ~ . We 

employ dimensionless variable11 ff :::: n/ n
0

, te • Te/Teo ' t i "" T/Teo and 

x • r/r
0

, the subscript 
0 

referring t o values at r = o . except for r
0 

vhich 

is an arbi tary scale length . The integration proceeds until one ot the 

parameters t e or ti go to zero . Iteration methods failed to fi nd solutions 

for which t e, ti and n became i.ero at some radius vhich vould define the 

plasma-vall boundary. Indeed it is found both computat ionally , and 

analytically by expansion in this region , that the equations only perai.t 

tvo types of solution 1 vii. . , 

(i) t e + 0 with ti;. 0 , n; 0 as in figs 3 and 4. 

(ii) ti -+ 0 with te;. 0 1 n '1 0 as in Ciga 1 and 2 . 

I t could be that inclusion of some further pb,ysical processes might r elax 

these conditions , but, as ca.n be seen in the figures , the parameter s t hat 

remain tini te are not small at the vall and imply the tendancy tor the 

plasm.a to have a finite prenure at the vall, i.e. the plasm.a ia not con.fined. 

If the equipartition and radiation term.a are together larger than 

the Ohmic dissipation at r • O then a2T/ar2 is positive , resulting i n curves 

characterized by figs l and 4 . If these terms are s maller t han Ohmic 

dissipation at r "' O, then a2Te/ar2 is negative a nd curves of fig1 2 and 3 

pertain. 

Whilst one might ques tion the conclusions ot the val.1-boundacy 

solutions because ot the anwn:ption ot steady •tate and the neglect of 

other physical processes that might arise say 1 due to the presence or 

neutral particles , the interesting spati al variations of Te and n o.re of 

more general validity . These spatial oscillations are probably the non­

linear steady amplitude of an electrotbermal instability , and thoir vo.ve­

length is approximately 2wae(mi/me )} vbere ae is the el ect ron Larmor 

radius . The Ohmic beating ia dominant in tbe temperature peaks vbilat 

t he equipartition is large in the troughs &nd gives a much enha.nced electron 

energy lon to the ions, perhaps being a n explanation for the enhanced 

electron energy loss in Tokamo.ks . 

Electrothenaal. instabili ty vith !:_perpendicular to ! and .1· By considering 

the stability t o electrothermal modes t o r adial vavenumbers ~ we modif'y tbo 

earlier theory of Haines which was for~ parallel to !· The obvious 

modification is t hat the electron thermal conductivity is r educed by 

(l + O~t~e) so that if i on motioc as veil as ion temperatw-e variations 

(unlikely on thi s sea.le length) are neglected, the optimum wavelength tor 

growth is nov approximately 2wa (11./m )J vith an additional fac tor or 

(1.2s1-11~ ror S « i. e 
2 

e 

Solutions of the quintic dispersion equation vb.ich arises v ben ion 

motion is included show a similar optimum v avel ength r or g rovth . The 

equilibrium for the model is o.esumed t lat with io x ~ • 0 because t he 

expected v avelengths are much s horter than characteristic equilibr iU?D scale 

lengths. The instability occurs vben Te > L32Ti and has a grovth rate 

of order v ei •e/mi vhere v ei is the e.lectro n-ion collision frequency. 

Related vork . Furth et al have considered equilibrium profiles neglecting 

electron thormal conduction and pressure balance . In f act n(r) va s 

specified to be proportional to Te(r) . For flat profiles they included 

electron thermal conduction but in a s imilar vay the boundary condition 

on the perturbed electron temperature f ailed at the vall . They noted 

however that in this ca s e the highest order oodes had the fastest growth 

rate . MacMabon and Wa re employed neo-classical tranep0rt coefficients 

to obtain equilibria, but did not identify the problem of the vall boundary 

condition . 

(1) 

(2) 

(3) 

One of us (A.T. ) is on leave from t he I nstitute Militar de 
Engenharia and partially financed by CAPiS 1 Rio. 

Furth , H.P., Rosenbluth , M. N., Ruther ford , P .M. and St odiek , N. 

1970 Phys . Fluids, !11 3020 . 

Hainee , M.G., 1974 J . Plasma Plcysics , ~, 1. 

MacMabon , A.B. and Ware , A. A., 1973 tluclear Fuaion _!11 !il3 . 
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MAGNETO-VISCOUS RESISTIVE TEARING HODES IN CYLINDRICAL CEOHE!RY 

by 

R. J . Hosking 

University 0£ Waikato, Hamilton, New Zealandt 

Abstract : The direct use of moment equations to formulate plasm transport 

theory has led to a general fora for the Sl["e&s tensor . "Paral lel" viscosity 

(ion-ion collisions) is likely t o be most i mportant a t the high tempcra turce 

in t hermonuclear devices, and it has been found that the resist i ve tearing 

mode in compressible plasma is considerably modified. 

In troduc::tion: Grad(! ) first considered the direct use of 110aent equatlons 

in transport theory for go.Ges, and Herdan and Liley <2> extended this 

appr ooch t o pl3Sll8& . There has been 3 tendency to overlook the generality 

o f results obtained by this moment method , which 18 independent of 

assumptions such a s no col l isions or no magnetic field curvature comu>n 

elsewhere in the literature . 

St r ess tensor : Hosking and f'.a.rinoff()) have shown that a result due to 

Liley for the non-hydrostatic part of the stress t en so r in n magneto-plasma 

aay be expanded in teras of small parameter (OJcT) - 1, where •c is the 

cycl otron frequency and T is the collision tirec, to yield c::ontributions 

due to 0 parallel" viscosity , FLR and "perpcndicula r 11 viscosity as respective 

leading t erms : i.e., when bi T >> 1 the s tress tensor i s 
c 

t.•!(1 +q,+.!i_+ .. . 
Hence the cost important contribution i s usually the "parallel" component 

whc.ra 

D • ~ : !?..£ 

t Pre5ently attached to Culham Laboratory, Abingdon, Oxon. OX.14 , )Otl, UK . 

and IJ denotes the viscosity cocCficienl, £. - lj !~I the magnetic field 

direc t ion , and !l the deformation tensor . The other contributions 'kt and 

!...... are given in Ref . ) . 

Assuming t he simple deformat i on tensor (ion-ion collisions) 

¥,. i~~+dJ - t!:~! 
one has 

B • (/(. ·.~C.e-//.) -~· </l. ·.'lJil. -t .l! ·l/, 
J ohnson et al. <4L (S) have s hown tha t all the various tcr111s in the resultant 

vi scosity aay be significant Ln toro i da l ConCinemcnt, and it has been 

emphasized that generally 

"parallel" viscosity should 

be most important in plasma 

stability theory()), (6 ). I n 

part i cular, note thot tho 

viscosity depend• on magnetic 

field curvature. 

Re11istivo tearlns modes: The 

resistive tearing aode in 

cylindricsl geoa:.etry has been 

considered. For characteristic 

pinch parameters , nucerical 

result• \lere obtained for the 

increcient in the logarithmic 

derivative /1 (Q) of che 

perturbed radial magnetic fie ld 

over the (resistive) shock 

region a s a function of t hia 

dimensionless growth rate Q. 

<7> A representative graph oi 
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6(Q) for compressible plasma is ahovn in the accompanying Figure, and i t 
11 

notable. that the viscosity introduces branch point behaviour . If Qcrit 

denot es the singular point, instabilities with relatively small growth 

(Q < Qcrit) may occur even when 6 < 0, but larger potentia l growt h rates 

(Q > Qcric) a r e reduced. The value o f Qcrit appears to decrease with 

tempera ture. 

A c losed solution for .6(Q) has sinc::e been obtained from Equations (33) _ 

(35) of Rd . 7 : t he solution is 

2• q
1;"i I r. rc1;">D I(< , 

•(Q) • - -- QS ' - (HJ)/2 
rc-f > 2 t• 

vherc 

" • -(a • i> 
. •12 

c2 . ~ 
3V 

a • (3~6 - i> t«2 - 2t) 

T • 2Q3/2t6 
9y6 

the factor I (E, T) 0 acco r ding as Q ~ Qcrit "' ~ 
(except in the iaaediat e neighbourhood of Qcrit where c 2 - 2T • 0). and 

t he other notation is the some . It is implicit that the pressure grad ien t 

and inverse shear paraceters (viz., D and S r e spec t ively) are sma ll, 

and that t he tempera t ure i& £airly high (T <E t 2 « l ) . 

'!'he term proportion:il to Q
51

i. is that given by inviscid, incompressible 

theor y when v • -t, but there ii; an addit ional viscous contribution 

(even in the incompressible limit T -. 0) proportional to Q- l/ '4. The 

closed solution reproduce• the main features of t he results repor t ed in 

Ref , 7, and in particu lar the identification of the singula r point 

(Qcrit • ~,..., IJ- l n- 3
/S , where n is the resi stivity ) confir1as that i t 

should decrease with temperature. 

Conc::lusion: Plasm.'.J "parallel" viscosity depends on magnetic field curvature 

and therefor e c an be most i mportan t in plasll'l4 stabilit y theory . 
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cm!PUTATIONS OF THE HAGNETOllYDRODYNAMIC SPECTRUM IN GENERAL AXISYMMETRIC 

TOROIDAL CONFINEl!EllT SYSTEMS* 

J. L. Johnson,t M. S . Chance, J . M. Greene, R. C. Grimm, and W. Kerner 

Prince ton University Plasma Physics Laboratory, Prince ton, N ,J . 08540 USA 

Abstract : A numerical program for studying the equilibrium and stabili ty 

of general axisymnetric toroidal configurations is described end spectra 

are presented · 

Equilibria are dete rmined by solving the usual partial differential 

equation 

...!.l~ +U . _ 2 XJ _ _ 4 22~+--o~ 2 ~ R
2

e
2 

2 ) 
x ax x ax az2 • + 11 x dT 2 dY (1) 

with the appropriate boundary condition that the poloidal flux f vanishes 

along the maj or axis a nd far from the plasma . Here 

(2) 

p(f), g(f), and J + describe respectively the plasaa pressure and the 

poloidal and toroidal current di stributions, and X, ~. Z are the usual 

cylindrical coordinates. A typical configuration of interest consists of 

a toroidal plasma column surrounded by a vacuum region and supported by 

specified currents flowing in external conductors. 

Knowing the poloido.l flulli s urfaces f(X,Z) , we construct a natural 

coordinote system +. G, + in which the ignorable variable is used as one 

coordinate, the second l ies on magneric surfacea, and the third is chosen 

ao that the field l ines are straight. This is acco•plished n1.1111erically by 

fitting the T(X , Z) with two-di mensional cubic splines and r educing the 

problem to t he integration of ordinary differential equations around the 

constant '9 surfaces. Such equations can be derived from the identities 

For numerical convenience , we introduce a t hird r, 6 , coordinate syste• 

centered on the aiagnetic axis and find 
2-B fr 

att/au1, • - uX(n/ax cos e 
0

- 3'/az sin e) (4) 

from which e can b e determined. Here f : (df/d~)/21180 with 8
0 

the exter­

nal ly imposed toroidal field at the magnetic axis R and 

u : (R/2•) / dT./X2 • 2wRJ/X
2 

with ] the Jacobian . The condition that 
p 

e ( 2•) • 2• is used to determine f /u . Sim.Har equations for X(t,0), 

Z(* 1 9), and a function T(e) that satisfies +CY) • T(2• ) complete the prob­

lem of transforming to t he operational syste•. 

We introduce the Lagrangian to represent lineorized mo t ion about the 

equilibrium and use the Calerkin method to construct a matrix eigenvalue 

problem 

where 4W is the change in potential energy and 1112x is the kinetic energy 

associated with a displacement .S. • E m a
11

!m . In order to separate the 

modes as much as possible, t hus keeping the matrix diagonally dominant, we 

project the displacement vector into components along and perpendiculnr to 

the: field to isolate the sound modes and then further deco11pose the perpen­

dicular parts t o separate the fast magnetosonic vaves from the shear-Alfv~n 

llOdea. Thus 

104 

102 

. . . 

1.4 16 

- 1.0'-----------~ 

c.,, • cS - 2'RUt/ae 

(6) 

defines the co11pone.nts 6. '· and T . With this decomposition we have been 

able to determine spectra accurately with eigenvalues varying over eight 

or ders of magnitude . As expansion functions . we utilize a truncated 

Fourier series in O and +, noting that ouly one term !n + need be kept since 

the modes decouple . Finite elements are used to represent the ~ behavior. 

We treat the vacuum region by using Green 's theorem to evaluate a scalar 

tl<lgnetic potent i al by integr ating ovl!!r the plasma-vacuum interface and the 

surface of a conducting wall (if it is present) . A generalization of the 

global test-function approach for a particular class of equilibria Cl) i& 

being pursued in a complementary program. 

As an application, we show in the figure the spectrw:i associated with 

a zero-pressure circular cylinder with constant current showing the wall 

stabilizat i on of the kink mode. Jt is clear from the left-hand figure that 

the vall is ineffective unless it is very close to the plal!laa. We see thia 

mode pau through the shear- Alfv4!:n continuua and then join the fast aagne­

tosonic branch. A small density spread is introduced for the central 

figure where we show t he interaction with the continuous spectrum. Note 

that this spectrum has been discre.tized by the finite mesh . To show how 

the discrete modes can be identified, we plot the radial eigenfunction c, 
as a function o( 1> fo r several modes. Note that the continuous spectru• is 

characterized by the logarithmic behavior of this function near the 

singular surface. We have s hown that when the coefficient of the logarith­

mic teni vani•hes, the associated eigenfuncti on has finite kinetic energy. 

Thus. it has the character of a discrete mode. 

One of the grea.test advantages of our method is that it can generate 

the whole spectrum of eigenvalues and eigenfunctions; this gives us a 

rather panora.aic view o f the properties of magnetohydrodynmnics under 

different equilibriua conditions. this is of great use in integrating the 

existing analytical t heories vhich are usually restricted to separate 

reRions of the parameter space of the equilibrium. For elliample , it pro­

vides an understanding of how discrete modes can internet with the 

continua, how the uns table kink can become an integr al pnr t of the 

magnetosonic wave branch and how the interchange modes ore intimately 

related to the continua . 
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A GENERAL PURPOSE 2D CODE FOR THE cm1PUTATION OF THE 1-IllD SPECTRtn-1 
OF AN AXtSYMMETRIC UNIAXED TOROllJAL CONFIGURATION 

R. Gruber, K. Appert, D. Berger, F. Debonnevi 1 le, F . Troyan 

Ecole Polytechnique Federale de Lausanne - Switzerland 
Centre de Recherches en Physique des Plasmas 

Abs tract : A full 2D code, which computes the ideal ?>lllD spectrum of an axisym­

mecric toroidal plasma is described . It utilizes a f ini t e element approach, 

genera l izing a successful! LD version . The numerical results are compared 

with exact analytical calculations in a straight elliptical configuration . 

l . Introduction : 

The computation o f the ideal ?-DID spectrum of a straight cylindrical geometry 

of circular cross-section can be done either by direct integration of the 

ordinary s econd- order differential equation of Hain and LUst or by v.1.riation 

of the Lagrangian .f_ - 6W-w
2
K, where OW is the usual potential energy and 

w
2

K i:he kinetiy energy . A finite element appro:tch to the variational problem 

which is non-polluting and .:illows a good r epresentation of the continuum as 

well as of the discrete part of the s pec trum has been .::i.lready described [l], 

We have extended this method to toroida l axisymmetric equilibria having only 

one m:'lgnetic axis . Using the expression of OW given by Mercie r [2] the 

Lagrangian may be written as: 

J.-ff d~dx ;1k[rcxJ j 2.~[o -~F(Y)+r2D(~)(+ B '[ D-J F(Z)+JO(~)+~j' + 

where : F _ 2-_ ! + . T 

ax J 
111 ~ D ICl * + inY + '* 

o "' x !... + z2-aiP ax 

X, Y and Z are related to the displacement f,; through X - JBrf,;
11
,, Y • ~ 

- 't' r .f. 
Z -~ /B, x is the azimuthal coordinate orthogonal to ip nnd t he ifl variation 

has been taken as exp(in 4i ), J is the Jacobian, B and T/r the poloidal and 

toroidal fields, j the current density and p t he pressure . The vacuum con­

tribution to the potential energy OtiVAC can be expressed in ter1Us of X on 

the surfoce by solving Maxwell's equations in the vacuum region . 

2 . Discretization: 

We discrctize the variational problem using the finite element appr u.Jch . ,\s 

in the lD case gre:'lt care has to be exercized in the choice of finite ele­

ments if the low frequency part of the spectrum is to be \<.'ell represl.'nte J . 

I n the Tokomak reg ime where rp%/T...,,rB/T'l..a/R (a-radius of t h e plasma column) 

the low frequency modes .::i.re almost incompressible which means D'\:O and they 

are localized in the region where F;t:O. For a general choice of elements it 

will not be possible to have D•O identically over a cell. OW will then re­

ceive from each cell a positive contribution from the second term which is 

mu l tiplied with the large coefficient T
2
Jr

2
, This leads to a strong coupling 

of the low frequency modes with the fast modes resulting in a large positive 

frequency shift (stabilizatio n) and spectral pollution . To i mpr ove the ac­

curacy would require an impractical small mesh size, scaling as a (Br/T). 

We have chosen the following solution for the the eletnents: 

For X a product of linear functions of 1(1 and X• for Y piecewise constant 

functi ons in lj,I and 1 incar dependency in x. and for Z a product of a piece­

wi se cons tant function of .p and a quadratic function of X· l.'ith this choice 

of elements on each cell D is piecewise constant in ~ and linear in X· tn 

any mesh cell D•O implies then two linc:'lr relations between the X, Y and 

Z coefficients. 

F i s a n algebraic operator in the lD case. In the 2D cnse, with our choice 

of elements, F cannot vanish identically on a mesh cell. This may lead to 

so1t1e spectral pollution bu t contrary to the IJJ pollution of t he 10 case i.t 

has not led to any problems·. 

To test the usefulness and the efficiency of the code we have solved some 

problems for which there are e xact analytical results to compare with . 

~: 

We consider a straight (r-.;; k) cylindrica l plasma column of elliptical 

cross-section imbedded in a uniform axial f i eld Bz:OT/r with 3 uniform current 

density j, and a constant density p , The plasma column is surrouded by n 

confoca 1 e 11 ipt ica 1 conducting she 11 characterized by its shor l axis Ra . The 

plasma surface is characterized by the small axis a 31ld by the large ;:ixis ea. 

The o rthogonal system (.P , x) in the plasma i s chosen as (n.1): 

• 2 
s 2 y 

rp 7 (x + 2) 

2 2 
i._"' (rnsinx)s: 

acosx 

In the vacuum we use an o r thogonal system ii , x defined by 

x=ia(E 2- l)l/ 2sinhµ cosx Y'"a(c: 2 -1) 1 / 2cosh~J s inx · 

The vacuum contribution is evaluated by a Green function technique .The Green 

funct i on is computed by a fini t e element represe11tation.l'o test the validity 

of the basic concept we comp.ire the numcric3 l results with .1nalytic res\1l ts 

in various limits. 

R•oo,j::O: 

Analytic nnd numerical calculat i on s have been performed by Dewar et al. (3] 

using the standard low- be ta expansion , keeping only the lm:est order 

(kink ordering) . In cur nota tion this corresponds to R-+1»,kR+O , j-+O. 

Fig. l shows a comparison of the g r owthrates o( the "m•l" external kink 

between the calculated values wi th j - .05 , R .. 20 and the analyl ic results,for 

a c ircle and for an ellipse wi th t: •l.5.Nij.t• l4 intervals in the rp d i rection, 

j =.05 

.5 
E=1.5 

.25 

£ =1 

0 

N •16 az imuthal 
x 

intervals in hat f the 

circumference and 

N • 10 intervals in the 

" vacuum r egion has been 

u sed in these runs . The 

small d i s crepancy in 

the c ircular case for 

l ow k is due to the 

residual wall stabil i­

zation effect.Since, 

1 n-q for a givc.n R, 

this stabilizing 

effect inc reases with the elliptic i ty , it may also account Car the increased 

disc repancy, The fact that the ag r eement improves as nq approaches l s trongly 

sugges ts that the difference is due to the vacuum contribution . 

E•l,R"'l: 

For this circubr case with a rigid boundary t h e results can be compared 

...,ith the llJ calculations[lJ.The unstable modes which ex is t around q• m provide 

a stringent test of the ability of the code to r epresent t he internal kinks 

whic h arise with diffuse prof11es . The growthrates of these modes are one 

order higher in the Tokamak expansion and arc difficul t to reproduce . To t e st 

the feasibility of representing such modes ~' i th a reasonable number of 

points we have looked at t he modes ro-1 at q•l. This is the worst case since 

F- 0 over the whole plasma . Fig . 2 shows a quadratic convergence of the eigen-

r210""~-----
4 ___ ].::g ____ _ 

2-D 

2 

0 5 10 

va l ue of the mo s t uns t able mode as a func tion 

of NX keeping Nip fi x ed . With this number N.P 

the 10 res ult i s already converged.Comparing 

with the external kink we see that more 

points are indeed needed for these modes bu t 

that the convergence is still good .Looking 

at the ful 1 spectrum we h3 ve observed a 

pollu tion of the l owest fast modes by higher 

m Alfven modes but the " polluters" are 

easily i dentified by their azimutha l structure 

and they do not seem to interf ere with the fast modes . 

This case can be solved exactly . I n ellipt ic coordinates the eigenfunct ions 

are p roducts of Mathieu fun ctions . Specia l features are an infinitely 

degenerate Alfven spectrum and a narrow slow wave spect r um with an accumula­

tion point;both features .1.re reproduced by the code ,a crucial test of the 

choice of the f inite e l ements. 

This w·ork was supported by t he Swiss National Science Foundation . 
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MHD Instabilities of Diffuse He lical I = I Equilibria as an lnitiol-Boundory- Volue 

Problem 

f. Herrnegger and W. Schneider 

Mox-Plandc-lnstitut fUr Plosmophysik, Gorching, Germany, Eurotom Association. 

Abstract: The gross MHD Instabi l ities of stra ight he lical I : 1 diffuse high-B plasma 

equilibria ore investigated by solving the lineorized MHD equations as on initial 

bovndary-volueproblem.The method is applied to find the fixed-boundary instabilities 

of equilibrio with at present squore cross-section rotating around the symmetry axis of 

the helical equilibrium . 

1, Introduction 

The theoretical invest igation of the stability properties of hel ically symmetric high-0 

equilibria with arbitrary pressure profiles and vanishing longitudinal current on every 

flux surface is of great interest for the High-Beto Stellorotor experiment HBS 11 / 1/. 

Marder /2/ has tackled this problem by meons of a JW analysis, where the expression 

for the energy integral is expanded in the small parameter ( = o h (o is the plasma 

radius , h = 2 tr/l where L is the wavelength of the equili brium). In this paper another 

method is described, which dlould yield the e igenfunctions and the eigenvalues for 

arbitrary£ without expansions. The method used for the instability calc:ulotion is 

enentially the some as described in /3/: The idea l MHD equations ore linearized about 

a given equi librium and ore Fourier-onalyzed in the ignorable coordinate of the equi-

librium . The boundary of the domain in whic:h the colcuolation is performed coincides 

with the outermost flux surface of the equilibrium. The boundary conditions are such 

that the instabil ities con be classified as fixed- boundary modes. 

To adopt this method to the he lical problem, a couple of difficult ies hove to be over-

come: First, the general mechonismsfor the instability dynamics are different for equi-

lib' io wi th vanishing longitudinal current; secondly, screw-pinch type equi libria 

hove muc:h higher growth rates, whichorethereforeeosier to calculate; and, fina lly, the 

coordinate system which is non-orthogonal, imposes addi t ional complications. 

2. Model ond Method of Solution 

The ideal MHO equations ore used as the basic model for describing the gross mot ion of 

a plasma; i.e. equation.s for the velocity~' the plasma pressure p, ond the magnetic 

fi eld 8; the current density 1 and the e lectric fie ld fore determined from Ampere·s law 

and Ohm"s low. These equations are lineorized about o given static equilibdum c:harac­

terized by(~• =O), p• and B.• The ~uilibrium is formally defined by: 

(2), v.6° = 0 (3) . 

The perturbed state is represented by the variab les V .. , p"', 8" which satisfy the equations: 

p'
0
'1{1 + flp1 -1'•B0

- f0
• it'. o (4), ,i p' + fl{i'~') + (1C- 1) p

0 (v.v') = o (5) 

is·+ v)CE1 ·0 (6), i 1

=vx e· <n, E"'+V""x 6°=0 (8). 

We consider one Fourier harmonic of the perturbation with wove lengthj\olong the ignor­

ab le coordinate, z, of the equi librium : U.., (x, y, z) =- Re (U1' (x ,y) o ik.~) where 

k = 2D/A. The perturbation vector UI (x,y) must be complex since its individual corn-

ponents may hove different phases a long z. Lineori zotion and Fourier onalysis reduce 

the initially posed 30 problem to two dimensions . 

The boundary values were chosen to conserve energy and to isolate the system: 

( '"" ~· ) = 0 

( ;; unit normal vector to the boundary). 

The initial conditions ore arbitrary distributions of the perturbed velocity field, which 

ressemble roughly the motion of a particular azimu tha l m-mode or a mixture of m-modes. 

This initial boundary- value-problem is solved by on explicit difference method in an 

(x,y)- coordinote system rotating around the z -axis wi th a periodicity number h. 

3. Numerica l Test of the Model 

The 20 equilibria used in this model are numerica l solution.s of on equilibrium code by 

Marder /2/. The five parameters for these equilibrioarethecompressionratiob/0
1
6

1 
(the 

helic;ol di splacement of the plasma), the longitudinal current J 2c , and f3. 

The first application of the model described above, was the straight screw pinch equi li-

brium. The square cross sect ion of the equilibrium roto tes around the z-oxis. In contrast 

to the hel ical equilibrium with vanish ing current, this screw pinch configurat ion is 

characterized by o longitudinol current density which has a Govss- like radial profile. 

For this equi librium the m = I mode is unstable within o certain range of k. The eigen­

functions described in terms of C; B,';iore shown in Fig. I. The growth rote of this mode 

is determined by calculat ing f.Jdx dy p cos 'I = r (f:). The time behaviour of this 

quanti ty is shown in Fig. 2. For the stable region of k this function f clearly showsoscil-

latory behaviour (Fig.2). 

The first important test of the accuracy of the results was the variation of the grid size. 

I ncreosing the number of mesh points from (8 x 8) to (32 x 32) should clearl y show a con-

vergence to a specific f - volue. The dependence of r on the grid- size is plotted in 

Fig. 3.The-numericol results converge with decreasing grid size. That the convergence 

of the m = 2 mode is worse h quolitotively unde rstandable by the finer spctial st ructure. 

The essential point of th is investigation is the shift or the eigenvalues towards stability . 

This property of the numerica l model hos on even stronger effec:t for the 9 - pinc:h equi-

librium, which should show marginal behaviour fork= 0, But as is shown in Fig. 4, the 

numerical result gives clearly stable osci llations. Since the he lical equilibria with 

mod::trote valves for J ... and h con be thought of as small devia t ions of the 9-pinch, these 

hel ical equilibria will be shifted towards stability in the some woy as the 8-pinch. Be-

cause the growth rates are very small, this shift - which is not yet understood - may con-

ceal the unstable charocrer of rhese modes. 

4. Conclusions : It is demonstrated that for he lical equilibria wi th strong longi tud inal 

current the method yie lds the e igenfunct ions and the eigenvolue5 of different modes 

with sufficient accuracy. The application to helical equilibrio without longih.dinal 

current and the marginal theta-pinch suffers - mainly because of the numerical sh ift in-

to the stable regime - From numerica lly inadequate difference approx imations. These 

problems are further investigated. 
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NONLINEAR EVOWTION OF ~llD INSTABILITIES* 

Glenn Bate•an, ll. R. Hicks, J. W. Wooten, R. A. Dor y 

Oak Ridge Nat ional Laboratory, Oak Ridge , Tennessee USA 

Abstrnct: We have used a 3-D nonline:n MHD computer code to study t he 

tiSrC evolution of interna l instabilities. Velocity vort.cx cells are ob-

served to pers ist into the non linear evolution. Pressure and density 

profiles convect around t hese cells for a weak localized instability, or 

convect into the wall for a strong instability. 

We have developed a series of cooputer codes [ l, 2 , 31 which t r eat ,.I-ID 

instabili t ies as an initial value prob le•. Like Sykes and Wesson [4] we 

u se a Cartesian grid and an ex1>licit difference schei.e - but since we 

use t he primitive MHO equa tions (variables .~, ! • p , p) we have been ab le 

to write our nonlineo'.lr code as a direct extension of our linear code. 

Brackbil I's code {S] is 11<>re sophisticated and flexib le than ours but it 

takes 11Uch longer to run (our nonlinear results shown in Fig. I required 

l ess than 8 ainutes on an IBM 360/91) . The inethod of Rosenbluth, et al 

(61 uses an e xpansion in low B or large a spect ratio • since we use no 

expansion we can r eliably work in the r egime 8 ;;i. 10% where reactor 

toka•aks s hou ld operate, especially if they have elongated cross section. 

A typical weak 11 • 1 instabi lity is present ed in illustrations below. 

Here the equilibrium plas11n co11pletely fills a straight cylinder with 

square cross section . The central q-value is 0.9 and periodic end con-

ditions are used so that k · a • 1. The prcss\1re profi le, p' (IV) '\. ,, is 

described in [3]. 

A 11ild density profile s uch as the one used here (pedgc • O. S Pccnter) 

seems to have little effect on the nonlincar evolution of all variables 

other than the density; its effect on the evolution of density is to en-

hancc convection over compression. As r eported be fore [ 2,3] this fixed-

boundary instability is char3cteriz.ed by a pair of vortex cel l s which 

are helica lly twisted down t he tube. The vortex cells persist, essenti-

ally unchanged, t h roughout t he non linear evolution . However, sitable 

ve l ocities are exci t ed along the axis of the cylinde r as the peak pres· 

s ure profj le, s hown in time-sequence be low, convects around t he vortex 

pattern so that the central region of high pressure i s pu t l ed up and 

llround to form an annulus surrounding a regi on of lower pressure. The 

effects of compression :ind expansion arc also observed bel ow and above 

(resp.) the centcr of the cylinder. The vortex velocity satura tes at a 

few tenths of the Al fVen velocity (after the pressure has moved off center 

and bent around) but the kinetic energy integrated over the cross section 

continues to grow a t a slightly diainished rate. The continued growth of 

the kinetic energy is attributed to the onset of ve locity al ong the axis 

of the cyl i nder . Fina lly, it is observed that the 8-field at t he end of 

the nonl inear evolution hos the snme form as t he equilibrium H·fie l<l. The 

longitudinal field is sontewhat compressed in the cent cr and reduced near 

the aode-rational surface. The profile of the pol oidal field ls flattened 

at the 11<>de-rational surface. There is very littl e shear near the center 

of t he plasma for this equ i 1 ibrium. 

We observe that a stronger m = l mode ( l ower q-va l ue , larger growth 

rate , broader spatia l extent) drives the pressure pro file atainst the wall' 

where it appears to splash. For an 11 = 2 mode there are four vortex eel ls; 

t he pressure profi le is pulled out and around these. The sane basic 

phcnomen3 persist when t he cross section o f the pt 3.Sma i s elongnted, 
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NON-LINEAR DEVELOPMENT or THE KINK 1NSTA31LITY 

A. Sykes and J .A. Wesaon 

Cu l ham Laboratory, Abingdon, Oxon, UK 

(Eurotom/UKAEA Fusion Association) 

Abs tract: The hydroaagnetic equations have been solved numerically to obtain 

che three dimensional , non·linear, time development o f a kink ins tability. 

Introduction There has been an ~tensive study of the linear hydromagnetic 

stability theor y of tokamaks and pinches but i t seems chat a theory of the 

non-linear behaviour is necessa r y for a satisfactory integration of theory 

with experiment . The present work represents a preliminary non-linear study 

of one par ticular instability - the kink mode. Our approach follows that of 

Wooten ot al. (l) but a different nUD.erical method ia used. 

we take a straight syateo having a square cro•s·sect i on, the plascaa 

c.arrying an axial current and having an axial magnetic field. 11\e time 

dependent, non-linear, hydromagnet i c equations are then s olved numerically 

to follow the growth of the in t ernal kink instability. The code uses a 

finite difference Lax-Wendroff technique based on a 16 >c 16 >c 10 point grid. 

~ We shall describe here a typical calculation in which the resistivity 

has been put to zero but in which a small viscosity ls included. The initi al 

axial .agnetic field, B
2

, is constant in space. Tile initial current is 

chosen to g ive a c entral value of q jus t less than unity, q
0 

• 0.94. The 

current dhtribution is jz • .)zo cos (nx/2a} cos (11y/2al where a i9 t he half­

length of the s ides of the square . The periodicity length i n z Ls 2na and 

the calculated va lues of q us e this length. The shear is sr.iall in the 

interior of the plasma but increases rapidly at the edge. We shall now des ­

cribe the time developmen t vhich fo llows the introduction of a small velocity 

perturbation at t ""0. The unit of tiae is T • a/(B
2
/P

0
%). The viscosi t y 

used is v • 0.01 p
0

a 2/T wh er e p
0 

is the initial dens i ty . 

Non·linear Development Two of the key variablel'I are p lo t t ed as o function 

of time in figur e l. Theae are the value of q on the magnetic axis, q
0

, 

and the total kinetic energy of the plasma 1 the latter being an indicator of 

t he growth of instability. At early times the grosa properties of the plasma 

are unchanged but after t • 8 the instability grows rapid l y. The azimuthal 

flow pattern of the plasma La shown in figure 2 and it is clear Crom this 

tha t the instability ls an m • l kink mode ( 2 ). Thh instab ility causes the 

high pressure plasma to be displaced away froru the magnetic ax is into a 

helical form which persists throughout the rest of the run . The resulting 

11~--------------------,_, 

20 }0 

Figure l Graphs of the s afety factor on the magnetic axis, q0 , 

and the kinetic energy (as a pe rcentage of the t otal energy) 
plotte:d against time (meuured in units or a/(S

2
/P

0
%. l. 

fall in kinetic pressure is compensated by an increase in a z , which in turn 

produces the obse r ved increase in q
0

• 

After q
0 

has increued to un i ty the growth of the instability s l ws and 

the growth stops at t • 19. the va l ue of q
0 

now fa lls back to i ts o rigina l 

value below unity and this is fo llowed by a small g rowth i n kinetic energy 

between t • 25 a nd t • 30. Howeve r 1 t he configuration is no l onger simple 

•nd q 0 • l no longer has its origina l significance. 

Contours of kinetic pressure and the axial magnetic fie ld are shown in 

figures 3 •nd 4 for a given z p lane a t time c • 21. The kinetic preuure 

hu fallen into a horse-shoe con figurati on and la only prevented from reach­

ing the wa ll by the shear near the s urface. The contours of B show an 

inc r eased magnetic field in the inner region. This behaviour ~s very aimi­

la r t o that suggested by Kadomtsev(3) except that the "magnetic bubble" 

&rises here , not through a penetration of magnetic flux from the outer vac­

u1.1r1 region(4) but rather by a rearrangement oC t he magnet ic Udd in the 

cocaparatively •hea r free centra l region. There has -110 been a con1iderab l e 

redis tr ibution of the axial current, its di rection a ctually being reversed 

in the h i t: h pressure region of the he lix whereas it haa increased by 50'1. in 

the region of enha nced B
2

• Another interesting feature i s the reduction of 

I , - ' 1 r ~ - ' ' 
J ' ' i i ' ' ~ ' l ! 1 i i r l J 

' \ I i1' ' ' J J 

' \ - ~ r 1 ' - , I 

I ' 

Figure 2 the azimuthal velocity 

fi eld at t • 16, shoving the 
m • l instability 

Figure 3 Contours of constant 
pressure across t he minor 
c ross-section at t • 27. (Equa l 
spacing between contours, the 
lowest value of p being zero) 

I I 

J ' J J . \ 

J. j 

' J I 

- I/,/ I 

Figure S The azi111uthal velocity 

H e l d at c • 46, showing t he 
m• 2 i nstability 

.£..!gure 4 Contours of constant 
82 a cross the minor c r oss ­
s ection at C • 27. (The con­
tours are equally spaced 
between 0. 70 and l. 20 of the 
initial constant value) 

the axial magnetic fie l d in the outer regions. The resulting va lue of a
2 

is 

onl y one ha lf of that at the centre. Th.is is very s i milar to the behaviour 

obserYed in high·IJ pinches (S}. 

Followin& the r ear rangement of the plasma as described above the va lue 

of q
0 

fal h to 0. 8 at t ~ 40 . However the p lasma pressure is no l onger con· 

centrated around the magnetic axis and no 111 • l i nstabili ty r esul ts. Up to 

this tinie the kinetic energy has been !a ll ing, but now an m • 2 ins t a bility 

becomes appa r ent in the region of hi&her q. This results in o small growth 

in the kinetic cnerHY bu t saturat ion is soon reached . The azimuthal flow 

corre sponding to this instability LI shown in figure S. 

Conclusion• In the calcula tion described above the kink instability grows 

until the value of q on the axil ii greater than unity. The plasma forms a 

he lical confif;uration 1o1hlch persllts throuchout the calculation. These two 

phenomena are related in tha t when the re is a fall in the k i netic pressure on 

the ma gnetic axis there is a compensating increase in the axiftl ma3netic fle ld 

and thi s in tu r n leads to the increase in q. In the final configura t ion the 

high pressure plasma ls 111.uch c loser to the wall than in the i nit ial state 

and in a coll hional plasma this vou l d r esult in a greatly enhanced diffusion. 

The ca lculation is one of a numbe r whi ch have been carried out and 

which , it is hoped, 'Wi ll give some i ns i ght into the actual behaviour of 

tokamaks and pinches. 
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TllE DEVELOPMENT AND EQUILIBRIUM STRUCTURE 

OP MAGNETIC ISLANDS, 

David Potter* and T. Kamimura+ 

: Imperial Coll ege, London SW7 , England 
University of California at LOs Angeles, u.s .A. 

~: A simple heuristic model for the non-linear develop­
ment of magnetic islands is developed. The model describes a 
change of equilibrium in the Tohamak, subject to a sequence of 
integral constraints, to a new three-dimensional helical structure . 

We describe the development of magne t ic islands through a 

sequency of equilibrium states satisfying : 

v2
• ~ - J(t)' (1) 

where V is the magnetic flux in the helical plane containing the 

instability and J is the normal current density defined by a 

set of integral adiabatic constraints on each magnetic surface ~ 

0. (2) 

By employing a variational procedure (Sec. ~' the non-linear 

path of the instability is followed through a succession of 

equilibrium states to the final (minimwu energy) island state. 

Such a model may be applied to the Tohamak and suggests the 

early change of the equilibrium from an initial axisymrnetric 

configurati on to a three-dimensional helical equilibrium. 

A. Application of the Model to the Tokanak . The qeometry 

of the Tohamak is simplified by employing a doubly periodic 

slab model, topalc:qlcally equivalent to the torus (Fig. l). 

Assuming a low-beta plasma, the 0 Ql'..1.cL1. condition for the 

linear growth of t he instability is: 

~ ·.!!o = O, (3) 

where 1 is the initial wavenumber of the instability and ~o 
is the initial equilibriwn field. By considering the plane 

which contains both the initial 1 and x (the co-ordinate 

describing the initial equilibrium), the non-linear development 

of the instability remains two- dimensional . 

The occurrence of a neutral line in the field (Eq . 3) 

suggests the possible growth of an island by the mechanism 

of the tearing mode. C'?>ns i stent with linear theory (1) in the 

To>amak, it is assumed that the growth time o f the instability 

is short compared t o the resistive diffusion time tR' but 

long compared to the time of flight of Alfv9n waves and sound 

waves tH ' 

(4) 

The second inequality suggests that the plasma always 

remains in equilibrium with the field during the development 

of the island . Thus the equilibrium equa tion f or the flux 

in the plane of the instability may be applied throughout 

the evolution of the system ; 

with t he pressure 

p • p(~) and axial 

flux f = f(o) . 

Since ht, the length 

scale normal to the 

plane (Fig. 1), is 

constant in the slab: 

o2 t - - JCo> (6) 

where J is the current 

normal to the plane. 

On the other 

hand, according to 

the first inequality 

(Eq. 4), t he island 

develops adiabatically, 

so that significant 

(5) 

Pdg.l Slab model with periodic 'toroidal ' 
(z) and 1 poloidal ' (y ' ) directions. Wi th 
a rational surface, the field vanishes in 
one of the p l anes containing a wave- number. 

diffusion of the surfaces does not occur. 

flux co-ordinates (V,x) with metric : 

In terms of the 

+ 

the absence of diffusion suggests that the area of each 

magnetic surface in low-beta is preserved (l.): 

6 I h.h. dx = o 

• 

(7 ) 

(8) 

namely Eq . (2) . Unlike the ideal local MHD equations, this 

model, while adiabatic, still permits a change of topology and 

the development of an island by a changing separat rix. 

B. Variational Procedure. The potential energy of the 

system is : 

(9) 

The equilibrium is varied, 6~, over a succession of ste ps, or 

iterations, while keeping the flux at the non-periodic 

boundaries constant. Introducing Lagrange multipliers g(•) 

for each surface+ to satisfy the constraint equations (8), the 

resultant change of energy is : 

(10) 

A variety of variational procedures may now be defined which 

ensure a dimunition of the energy at each step .. 

procedure is: 

with, 

One such 

g(+) - ~ I o2 ~ h+hxdx , 

• 

(11) 

(12) 

where A' ( t) ls the differential area of each surface and c is a 

small positive constant. 

~ The non- linear evolution of an island state (left to 
right) for a symmetric Gaussian distribution . The final 
equilibrium state (6E•O) is illustrated on the right. 

C. Example of Solutions . The non-linear development of 

the instability, with the final island state (6E = O) is 

illustrated in Fig . 2 . 

Solutions with this model demonstrate the fall o f the 

current density at the centre of t he island. The separatrix 

acts like a shock, with a discontinuity of the current density 

across the separatrix and dissipation necessarily occurring in 

an inf initesimal layer on the separatrix. Dependence of the 

solutions on mode numbers and c urrent radius will be presented. 
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RESISTIVE INSTABILIT I ES IN A TOKAMAK* 

A. H. Glasaer 

Pr incet on Universi ty Pl asma Physics Laboratory . Prince ton , N .J. 08540 USA 

Ab•tract: Application of r esistive instabil i t y theory sh<Y""s t hat tor oidal 

effects con stabilize the t earing mode in devices like the Pr inceton Large 

Torus . Contraction of t he current channel is destabilizing. Fin ite fluid 

that this device is much more stable. Thi s is because of its smaller 

aspect ratio R/a, and its higher te.mperaturt>: and correspondingly lower 

resistivity. Figure 2 shows AC vs . sat t he q • 2 surface in ST and PLT. 

compressibility is crucial to this phenomenon. ST 

The Mirnov oscillation s with pol oidal mode number m ~ 2 which pr eced e 

disruptions in tokamak dischar ges (1) a r c usually int e rpreted as tearing 

.odes, with the analysis done for a cylindrical model tokamak (2), We have 

s tudied resistive instnbili t ies in an arbitrarily shaped torus [J]. and 

found that fovorable aver age curvature c:an stabilize the t earing mode as 

vell as the resistive interchange. Application of this theory to a tokruaak 

shows that the effect is large enough to s tabilize these modes in devices 

such as PLt. 

The cent r al result of Ref. 3 is the dispersion relation , 

~ S/4( • DR ) 
0 = 2 . l XO Q l - /; Q3/2 . (1) 

Here A is the jump in the logarithmic derivative of the noraal component of 

t he perturbed magnet i c: field across the narrow s ingula r l ayer where resis ­

tive e ff ects a re importa nt. I t is ob t a i ned by so l vi ng the ideal MHD equn­

t i ons in the region s outside the singular layer . It car ries t he 

deatabilizlna influence of the Ohmic heating current. The ratio V /X of a 
• 0 

macroscopic length to t he r esi stive layer thickness is large since 1 t varies 

vit h resistivity as ri-l/J . The dimen sionless quantity Q is the complex 

growth rate divided by a scale factor which varies as ril/J . The essential 

effects of toroidal curvature ar c carri ed by DR . For DR• 0 , Eq. (1) 

reduces to the usual equation for the t earing mode, which i s unstable for 

6 > 0 • For DR > 0 , the approximate vanishing o f the quantity i n paren­

theses gives t he resistiv;
1
!nterchange . For DR < 0 , all values of 

6 </J.C .. 1. 54 (V/X
0

) IDRI are stable. The region 0 < 6 <Ac represents 

curvature stabilization of the teari ng mode . 

The q uantity DR 1s given ln (3) as a sum of Cteld llm: average5 on 

the singu lar surf ace. It is closely rel ated to n
1 1 t he quantity involved 

in the Mercier c r iterion fo r ideal interchange s t abil ity, and t o the well-

known stability concept of minimum average 8 or negative v11 
• A large 

aspect ratio expans i on for a circular t okamak yields 

D • l.!C. l~(-L-) 2 [ l - ..!.. 
R 82 r dr dq/dr 2 

0 q 

i
r '3 2 

+ .S. .!!.<l dr'( .!._ - 2 !'c.. 1 4 )] (2 ) 
r l dr o q2 s! ~ dr 

where the safety factor q and the pressure p ar e a rbitrary function s of the 

minor r ad ius 2. /or parabolic profiles, p • p
0 

(1 - r 2 /a2
) , 

q • q
0 

Cl + er /a ) • this reduces to 

e a
4 

224 [( 22) 
0 • _ ___E._ ( 1 + sr /a ) l + ~ r ~a ln(l + sr2 /a2) 

R s
2
R

2
r

2 
(1 + s) 2 ar /a 

1 ~ 2 2 
2 1 - 2 2 2 2 + 2 (1 + sr fa ) .'!£._ 

q ( 1 + sr fa ) (1 + s) 0 2 
0 

(3) 

with BP; (2q(a)R/8 a 2] 2 (a p(r)rdr • Note chat D < O if q > 1 . 
o Jo R o 

The solid curves in Fi g. l show the values of /J.C vs . minor radius fo r 

fl,111T ........ -~-~-~,"-~-~-~~~~ 

S•30/ 
y , 

p~!/ 
' ... _ ............ 

. 5 ,,. 1.0 

Fig. 1. i\C vs. r/a in the ST and PLT t okamaks, with q0 • 1.1 and BP • 0.8. 

thi s model of the ST tokamak , with q
0 

• 1.1 and SP • 0.8 . The m • 2 mode 

is stable until the q • 2 surface drops below the line 62 , calculated 

in (2). Increasing the. value of a , r epresenting contraction of the curren t 

channel, is des t abilizing . The dashed curve, fo r PLT with e • 3, shows 

flc 

10 

0 

Fig. 2. AC vs. s a t the q • 2 surface in the ST and PLt tokaumks . 

Furth .£.L.!!!·, (2] s t ate that curvatur e cannot s tabilhe t he tearing 

node. They base this conclusion on a dis persion r elation which represents 

a part icular l aw-a limit of a core gener a l d i spersion relation, g iven 

i n the Appendix of [31 . There a r e two reasons why this limit is inappro­

priate to 0 t okamak. Fir st> a affects be through the ratio IS/DR J. Since 

DR is propor tional to B, the ratio is not necessarily small, and does not 

vanish a s a goes to ze r o . Second , its effect on /J.C is ver y weak. As 

shown in Fig. 3, •c falls off as the 1/6 power of IBIDRI as IDR/BI gets 

lar ge. Earlier indications that t oroidal curva ture does not affect the 

t earing mode were based on t he limit where /J.C vanishes. Our s t udy indicat­

ing s trong s tabilization utilizes t he opposit e l imit, denoted here by 6
0 

• 

In ST and PLT, 6c/6
0 

: O. 8 • The frequently made assumpt ion that t he fluid 

is incompressible, or the use of a fictional gravitational fo r ce to 

simulate curvature, leads to the same inappropriate limit of vanishing fie , 
.:ind thus misses the c rucial cCfect. 

.2s.~---~---~----'-----' 

.1 I() jo,l tP ioo IOOO 

Fig. 3. Log-log plo t of he vs. IDRllB . 
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EFFECTS OF EQUILIBRJIL.'l.FLOW, 11~1AT10N AND RESISTIVE 
WALLS ON MHD AND TEARlNG }'ODES IN A PlNCH 

A.S. Furzer , D.C. Robinson 

Royal Hollow:ay College, London , U.K . 
EuratorUKAEA Association f or Fus i on Pesear ch, Culham LAboratory, 

Abingdon 1 Oxon. U.K. 

~ The effects of radial equilibriuip flow on gross l-fHD and resistive 

modes are investigated. The influence of three types o( radiation l oss, 

Bremsstrahlung, recomb ination and line radiation on the growth or ki nk and 

tearing mod es has been studied, The consequences of a resistive w;'ll arc 

considered. 

In t roduction The i;cability of a varie ty o( cylindrical pinch equilibria 

to gross resistive modes has been coni;idered in sonic detail (l, 2 , J). The 

stabilising effects of ion viscosi t y , particularly on localised s hort wave­

length Suydam modes for t he reversed Field pinch, at relatively low "'"'.l!'necic 

Pcynolds numbers (S ~ 1000) hu been dclr'onstrated(t1 ) . ~'easurel1'cncs on t he 

HBTX experimen t are in good agreement with t heory for jlrOSS 1't-lf'l .odes and 

gross resis tive modes if the more complete t heory is used(~) . 
Radial Flow In studying the Stabil ity of a configur.:ition at irodest va h1es 

of S the ques tion aris es as to the sifmificance of instabilities whose 

growth time is not very different from the r esistive diffusion t:irte. As the 

tea r ing rnode gr o1ot t h r a te varies as s215 it is deduced from ex.::unples 

stud i ed that diffusion effects can be considered insiRnificant when S 

exceeds 10
6 . Fr om mor e basic considera t ions Taylor (S) h:ts indicated that 

diffusive e ffec ts in the r esistive layer can have a sip,nif;cant effect on 

the s tabil icy of the tearing mode. 

Previously~(!.) has been taken to be conscan L i n t ime. For V • 0 th is 

y ields Ja• 0 and n(r) Jz( r ) • cans t (where n is t he resistivity). This 

case has been used to study tearins- mode effects in a Tokaiaak. If V F O, 

.1.nd ve take T) (r) • constant to avoid rippling modes .1.nd Vp • 0 we obta i n the 

force-free par3.magnetic model wi th vr • -Ez 85/8
2

. 

Outside a s ingular surface (k.8) • 0 the systell' i s poten t ially ' 'HO 

unst11ble (g < 0) (
6

) but is tJlOre u:s~ablc to a Lenring moc!e because of the 

connection through t he s ur face. The radia l field pertu rbation which is 

peaked ou t s i de is now caTried inwards by the flow thus raking the situation 

more unstable . 

Fig.I shows the resultant growth (or decay) with ze r o di f fusion velocity 
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Fig. l Growth rate as function of wall r adi us and wave number for the 
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for the for-cc-free para­

m.1rnc Lic !T'Odel fo r m • L 

:is a function o f che tr()de 

number K for 3 variety 

cif normal i sed wnll radii 

( iou viscos i ty nnd 

Lherm.11 conducLivity are 

included here), The 

arrows i nd icate the ~nlD 

naqt in;i l s t abi l icy K 

numbers fo r Pw • 4.Q. 

The curve AVISC • O. l 

indicales the enhanced 

~rol<·th assoc iated with 

artificially reducing 

t he viscosity to a small 

value. For P w • 4 .0 the 

pure Lea ring ll'Ode 1 i es 

to the left of K = - o.6 . 

Fig.2 sho1ots th<' effect 

4-0 (R) of the f low on Lhe tear­

ing mode f or two va lues 

of S. AVO • 1. 0 cor-

Fig.J Norma l isc d fie ld, velocity nnd t empera.­
Lure perturbations. 

responds to inward flow, 

AWi • 0 to no f l ow and 

AVO ... - 1.0 to an outw:i r d 

flow. The destabilising 

nature of the inward f low in th is case i s apnarenL. 

Fig.) shO\o'S the r esul tant perturb ations for a cypic.:i l C'i1Se, The singu­

lar surface is a t R = l.2S and che inward s hift of the radial (ield for the 

inward [low cnsc is apparent . 

Radiation effects To the per turbed energy equation we haiwe added a radiation 

where n
0

T
0 

arc the equilibrium values o{ density rintl te..i['IP.r:'lt\orr, n1, T1 

the perturbed vlllues, i:: the charge of the impurity , and 7. the effec t ive 

charge . The Bre•sstrahlune coefficient is a 1 • a 2 i s che r cconb in(ltion and 

n
3 

a line t"adiation tern. (The nuclear heat ine tern has been t re;1Led 

simil ar ly. ) l{ n
1 

:> +f. T1 then the te r ris can only d::irip t he ins t abil ity how­

ever a nega t ive corre l ation bet\o•een n1 and T1 appears LO be destabi li sing. 

We have investigated the effecls of these terms on unstable ''HI' an~ resLstive 

rTlOdes Co r power losses of up to 5C:J:. Both the !-'HO mode :mtl the resistive 

mode studied possess posidvely correla ted density and temperature pertur ba­

tions, in the Miit> case the individual perturb;1tions change s i r n . The eff e ct 

of all or any or t he radi ati on loss terms is to r educe the si: rowth race by 

"' 2% and lJ% for rad iation po"'-.?rs of 18% and SO% respectively o[ Lhe ohnic 

input power . If the power loss is larger than 50X the correlation of n 1 
and T

1 
becomes negative and the gro"'•th rate increnses considerably . 

Pcsiscive Wa lls A reversed field pinch requires a conducting "''all co give i.t 

stability to long wave l ength kink Bnd tearing modes. The fin i te conductivity 

of such a wa ll, o'" .. wi l l lead t o s l owly gr owing k i nk mod es. MllD calcula t ions 

for a th in walled vessel give instability g rowt h Limes close to the fie l d 

pene t raLion tiwe tht"ough the wall , Tw ;howevc r , closc to m.'.lr r.ina l sLnbility 

points !or a pedoct wa ll the growth rat• can vary as Tw-l/J. TA-2/J where 

TA is the Alfven transit time. A good conductinr wa l l yields values for 

Tw compa r ab le with the f ield d i ffusion t irrc o f t he p lasMa so t.h,'.lt cons idC!ra­

cions of t he first section are necessary in de t errining a fu l 1 solution to 

the problem. 

Conclus i ons A radi.:!l ve locity directed inwards destabilises t he Laaring 

mode whereas an outward velocity gives greater stabili t y. ttadiation losses 

a t t he leve l of a fe"" percent of the ohmic input power r educe t he p: r owth 

rate of both }rnD and r esistive i nSL,"lbilicies. A res i s t ive wa l l l e ads t o 

instability p_rowth in a f i eld pene tration tirre and Lhis can be JDodified by 

radial (lo'"' effects. 

~ 
(l) H P Furth ec al. Phys Fluids .!,!. 1054 , 1973. 

(2) J E Crow et al. 6 ch European Conference on Cont r olled Fusion an d Plastfla 
Phys i cs, Moscow, p .269, 1973. 

()) J A Dibinse., Universi t y or California, Lawrence l.iverf!K>re Laborator y 
UCR L->1591 , 1974. 

(4) E p Butt et al . 5th Confer ence on Pla.sma Phys i cs and Controlled Nuc l ear 
Fus ion , Tokyo , CN-33, E9-2 1974. 

(S) J B Taylor ., Phys . Pev. Letters,!!. 11)9, 1974 and priva t e 
co .. munic:acion. 

(6) D C Robinson ., Plasma Phys i cs , .!,!, 439, 197 1. 
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IMPURITY DRIVEN DISSIPATIVE FLUID MODES 

T .J. Schep 

Association Euratom-FOM, FOM-Instituut voor Plasmafysica 

Rijnhuizen, Jutphaas, The Netherlands 

B. Coppi and G. Rewoldt 

Massa chuset ts Inst i tute of Technology, Cambri dge, U. S . A. 

Abstract: Dissipative fluid modes d r iven by a small concentra­

tion of impurity ions are discussed . When collisions between 

the two ion species are dominant, these modes will tend to re­

distribute the i on populations so a s to make their radial den­

sity distributions nearly equal. 

we refer to a low-8 , one-dimensional e quili brium configu­

ration, in which all q uantities are x - depend ent. The confin ing 

magnetic field is in the z.-direction . The plas ma is assumed to 

consist of the species : e, electrons, 1, main ion population 

with charge number z1 • 1, and I, impurity ions with Z > 1 . 

Thus, assuming charge neutral ity, we have "e = ni+Zn1 • We con­

sider the high temperature limit where the average collision 

frequencies for each species are smaller than their gyrat ion 

frequencies. We neglect all finite gyr o-radius effects . There ­

fo r e , we can adopt a g uiding centre description for all speci es . 

We consider electrostatic modes~ = -v+, ~ • +(x}exp(-iwt+ikyy 
+ik

1
z) . When the ion mean free paths are s horter than the lon­

gitudinal wavelengths , the relevant modes are of fluid 
type11213 ) a nd can be described by moment Eqs . 4 1. They are as­

sociated with the finite t hermal conductivity, along the mag­

netic field, of the main ion population, the thermal electric 

effect and the f riction a r ising from i-I collisi ons. They are 

found in t h e f r equency rang e 

vtI < w/kl < vti < vte ( l ) 

The relevant range of mean free paths is such that 

klj v~rlvr < w ~ klj v~i/vi < krf v~e/ve ( 21 

vlj and vj representing the thermal velocity and the average 

collision frequency for each species , respectively . In particu­

lar , we have vi = v11+v11 , and we will consider the situation 

where ze = v1I/v11 • n1 Z2 /n1 is 0(1} . 

The e l ec tron s are in equilibrium along the magnetic fie ld , 

"' "' so that n
8 

= nee+/Te and the quasi-neutrality condition gives 

The l i nearized mai n ion and impurity ion mass conservation 
equations are 

(3) 

"'~j = -nj "'*j ei/Ti+k1 iijll (4) 

where j • i , I and "'*j : ky(cTi/eBI (dl n nj/dx) . The two ion 

momentum balance equations along t h e magnetic fie l d are 

o • [niev 11 i+TiVl~i + (l+a111nivl~i] - 8iiminiv iI<ii11 -iiill>' (5) 

3~rn ~ ~ ~ ~ ~ 
minI at • -[znIVll $+TiVll nI- a iiniVll Ti] + 8uminiv1I(uill - uill),(GI 

respectively, where the ail terms correspond to the thermal 

force resulting from collisions between t he two ion species, 

and the 811 terms correspond to the analogous f riction 

The main ion thermal e nergy balance equation is 

force . 

"'· V$•!!, 

(7) 

Here the xi ter m arises from the main ion t hermal conductivi ty 

along the field lines . Since we take n
1
/ n i < l, we may neglect 

the collisional energy transfer to the main ions . The coeffi ­

cients ail' Sil and xi are tabu l ated i n Ref .5 for a n umber of 
values of Ze. They are all of order uni ty, except for ail' 

which is proportional to ze for small values of ze. 

We consider the realistic limit in which main ion- impuri­

ty ion collisions a r e dominant , so that 

mini vii > 

mint w 

In this limit the two ion momentum balance equations (5) and 

( 6 ) reduce to 

"' "' nee4i + Ti ni + 

(8) 

(9) 

kg "' "' Oi" (uiD - uIO I = (101 

Eliminating ~I with t he aid of Eq . (3) and neglecting quanti­

ties of order , we obtain from Eqs. ( 9) and (1 O) 

nee~/niTi + ~i/ni + t'i /Ti = 0 (11) 

~ 'I. "' i kif Ti [A ~ ~] 
w (uill-uill) • ~ wv

11
mi ! Ti - aiI Ti <12 > 

where A = n1 z2/n1 + neT1 /n 1Te + T
1
/T

1 
• 

Subtracting the two ion particle conservations Eqs . (4) and 

eliminat ing ri'
1 

gives 

"' "1 e_! 0 1z w.I -(£1*1 el' "rz ku "' '\, n;: • >r; + ~ - -"'- ~ + r;:- Oi" <uu-uill> (13) 

Equation (7) can be written as 

2 "' 3 

[t + ixi kllTi]'.:! = - tl !"'Ti-"'* i 
wv 1mi Ti Ti w ( 141 

where "'Ti : ky (c/eB) (dT i/dx) • 

From t he set of Eqs . (10)-(13) we obt ain t h e following dimen-

sionless dispersion relati on 

w + (niz/ne) [A1 <oI - 1> + A2 (aiI/Xi> [~ncl]] 
• iwC [.;; + A2 !niz/ne> (o1-u - ~ A2 [~ni-1 ] - A3A;z 2.;;c 2J ( 1 51 

where 

aiI • aiivi/BiiviI' xi - <xi+a u «u >A2A; ' 

A3 • ~ A2xivi /xfs1Ivii 

Equation (15) may be solved for W : WR + i Y to yie ld 

w • - [<nIZ/nel{A1 <0I-1)+A2 !a11/xi> <tn1-1 > }-iA3A/z'c'] 

l+cy + C wR+A2 (Zn1 / ne) (oI-l)-iA2 <tni-1 ) 

(l+cy ) 2 + c>[wR+A2 ( zn1 /ne) (oI-l)-~A2 !~ni- l)]' 
so that the condition for instability is 

[ 
«u 3 J r nIZ 2 3 ] 

A1 (oI-l)+A2Ti("2ni-ll lwR+A2n;<oI-1)-5A2 (7ni- l) 

(16) 

(171 

We see t hat if the last term of Eq . (17) is dominant no insta­

b ility c·an occu r . 

We consider t he real istic case where nIZ 2 /ne < l a nd ni • O ( 1) . 

From equilibrium considerations one would expect t hat the im­

purities are concentrated in the centre of the plasma column 

and that a I • O(Z) . In that case we obtain from Eq, (16) for 

(18) 

the following expression for t he real part of the frequency 

(191 

so t hat the instability condition is 

[
3 niz[ niTi ] - 1 J 

(o I-1 1 !ni- 1-n; l+ neTe (oI-1) > o (20) 

In Eqs , (19) and (20) we have neglected terms of order z- 1
• 

In parti cular, we see from Eq . (20) that if o1 > l correspon­
ding to impurity ions being concentrated in the centre of the 

plas ma column , the relevant instabili ty can be excited if 

rii > t, and we ma y a r g ue that this will tend to redistribute 

the ion popu l ations so as t o make o1 :r 1 , 

The instability will tend to produce enhanced ion thermal 

energy conductivity, but will not be accompanied by a net elec­

tron transport across the fie l d lines , 

On the o t her hand, when o
1 

• 0(1) the instabil i ty condition ie 

<fni- 1> [A 1 <0I-11 + A2 !&11/xi><tnc 11J > o 121> 

In t h is l atter case the growth rate is a factor z- 1 
smaller 

than in t he previ ous ono, 
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STUDY Of PLASMA PROPERTIES IN THE TRAPPED ELECTRON 

REGIME IN THE FM-1 SPUERATOR 
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N. SAUTHOFF, J.A. SCHMIOT, S. SUCKEWER .:ind M. YAMADA 

Plasma Phys i cs Laboratory, Princeton University 

Princeton, Nev Jersey, United States of America 

Abs era.et : 

Recent experiments o n drift wave modo structure, current driven ins t a-

bilities. neutral beam injection and auxiliary heating near the lower hybrid 

f r equency arc described. 

Thi! next generation of lar ge tokamak devices such as PLT ond T-10 will 

opence in the trapped electron and possibly in the trapped ion regime . Ac-

cording to available theory in these regimes, the plasma transport properties 

will be s ignificantly affected. In fact, experiments in the FM-1 spherator 

on particle confinement (l J and electron thermal conductivity ( 21 have indi-

cated the presence of a new scaling law in the trapped electron re.gille dif-

fcrcnt from that in the pseudoclassical coll tsional regime. Recent FM-1 

spherntor experiments are devoted to the study of plasma properties in the 

trapped particle regime. Our mos t recent experiments include (1) the de-

tailed study of fluctuations in the trapped electron regime, (2) current 

driven effects in the trapped electron regime, ()) injection of a high power 

neutral beam (- 100 kW) to obtain a plnsmil of the trapped ion regime and al so 

to study the effect of a non-MaXY1ellian ion distribution function on plasma 

confine .. ent, and (4) the s tudy of auxiliary heating near the lower hybrid 

frequency . (At present ()) is under preparation). The typical plasma para-

meters (nc• Tc) in these experiments are shown in Fig. l, where the transi­

tion between the collisional reg i me and trapped electron regime i9 es timated 

from the observed transition 

between the pseudoclassical 

confinement scaling law and 

the Sohm type scaling law 

In order to study this 

range of plasna parameter 

we have b ull c several new 

di3gnost1cs for FM-1 includ-

ing: (1) laser scattering 

for Te and ne• (2) 8nvn micro­

wave scat tering for fluctua-

tion studies. (3) spatially 

resolved light intensity 

measurement, (4) Doppler 

.. ,1 .. bt ~1 

l . 1 1wt1o ~ I kit Ti •T,I 

Fig. 1. Paraaeter regiae in the FM- 1 
experi ments. Black poln t s are 
obtained from Ref. (l ]. 

broadening measurement for T
1 

and (5) magnetic pick up probes . 

1. Drift wave 1tOde structure in the tnpped electron regime 

Drift wave mode structure was studied to clarify the effect of s hear sea-

bilization on the anoulous transport in the tnpped e l ectron regiae. It is 

experimentally observed that fluctuations exist even when the shear is an 

order of magnitude greater than t he val ue predicted for stnbtlity . It has 

been proposed thilt the peaking of the diamagnetic frequency profile could ex-

plain the failure of shear sta.bilization ()), The 110de structure was s tudied 

by us ing two probes movable in the radial and the aziauthal directions. The 

toroidal wavelength is quantized by the poloidal rather than the toroidal 

periodicity . The mode structure a l ong the field line wos investigated by 

aligning two probes using an electron gun. A theory was developed to calcu-

late the amplitude and phase shift of the fluctuations at the magnetic field 

aaximu• and 1niniaU111 based on pcriodica.lly dependent driving tctlM. Experi-

mental result!!i show relatively s trong coupling between adjacent mirrors. 

2 . Current driven effects in the trapped electron regime 

There has been considerable interes t in whether the well known simple 

current driven drift waves or ion accoustic waves can be excited in the 

tC"apped electron reg i ae . In this regime, the -.:ljority of the current h 

caHicd by the circulating parttcles. Consequently a shifted electron 

Milxwellinn distribution may not be produced . To investigate microinstnbil-

ities in this regime , we applied inductively an oh11ic heat ing current in the 

poloidal dirccllon. The oh•ic heating current was 100~150 kA with one cycle 

at 500 Hz. Since the preionized plasma "c ~sxio11 ca-J and Te-SeV was not 

fully ionized, the plasma density and electron temperature change due to ion-

ization is illustrated in Fig . 1. 

The particle confinement time estimated from the observed plasma loss 

rate across the magnetic surfaces was Tp "" 5-lS msec, which was slightly low­

er than the t• 200-300 r 8 scaling. Doppler broadening measurement show that 

the ion tmperature was increased froa Ti • 3eV to lOeV at the end of the 

ohmic heating pulse. Micro inst3bilities associated with the high ohmic 

heati ng current (estimated par ticle drift vclocity~electron thermal velocity) 

were studied by Bmm microwave scattering (incident power of lW, sensitivity 

for scattered P<>'JCr is l0- 12w). The f r equency spectrum measurements showed 

strong fluctuations at low frequencies ( f<5MHz). Preliidnary resul ts indi-

date that relntively weak,. current driven ion acc:oustic waves may exist under 

certain conditions . 

3. Neutral Seaa Injection 

A high power neutnl beaa will be injected into a target plasaa produced 

by ohmic henting. The evolution of the plasma density and temperature will 

be significantly affected by the neutral density in the plasma which will be 

determined by the operation of the FH-1 poloidal divcrtor. This i s illus~ 

traced in Pig. l for a lSkeV. SA and 10 msec neutral bcar.1 pulse by assuming 

the captur e efficiency of the plasma loss by the dtvertor chani>er to be (1) 

0%, (2) 80% and (3) 90%. We expect to obtain high plas ma densities with 

Ti~ Te• so that t he trapped ion regime will be ilChieved . 

4 . Auxiliary heating near lower hybrid r esonance 

Auxiliary plasma hen.ting experiments at frequencies near the lower hy-

brid frequency have been carried out at modest powers ( . 05-2kW) . The an ten-

na structure operating at 68HHz was cooprised of two plates driven out of 

phase on the exterior of the pla sma. High electron heating efficiency ( >4 0%) 

in both Helium :1nd Argo n plasmas wns observed with only a weak density d e­

pendence. At low densities (ne S l xl011cm-3}, the heating wa.s unifor11 ac ross 

the plasna while at higher densities the heating was preferentially on the 

ex t erior portion of the plasma. The heating of exterior of the plasu:ut tJa.S 

found~ to correspond to absorption a t the lower hyb rid resonance layer . 

The electron heating efficiency was fo und to be a weak f unction of r f power 

when the incident rf power was varied from 10 to 200 times the experimental 

observed threshol d power for panaetric instabilities. The ion teaperature 

was deterflined by measuring the Doppler boradening of an Argon ion line using 

a Fabry-Perot interferometer. Low efficiency ion heating (l-3%) was observed . 

(l] J. Sinnis et al., Phys . Rev . Lett . 12_ 1214 (1972). 

(2] S. Ej i ma and H. Okabayashi , to be published in Phys. Fluids. 

[3] N. SauthofC et al.. to be published in Phys. Fluids. 
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BEATING AND THER!Jil, ISOL!TION OF CURRENT DISCHARGE PLAS14A 
IN A CLOSED MAGNETIC TRAP 

Volkov E,D., Latsko E,M., Rubtsov K,S,, Rudakov V,A, 
Pb;ysical-Tecbnical Institute of Acadenzy of Sciences of Ukr,SSR, 

Kllarkov, U,S,S,R, 

investigat ions of thermal isolation of current-caryying plas-

ma in tokemaks and stellarators at moderate current values con -

firm the empirical formula by L.A.Artsimovich [1] 
if 2 2 1 

.A e = C ,?,, veft (1), 

which connects a thermal conductivity mechaniSJll with anomalous 

resistance of a plasma, 

In this paper we present the experiwentaJ. results obtained in 

the "Sirius" etellarator which allow to make some conclusions 

about possible mechaniSJll of pseudoclassical thermal conductivi-

ty, 

It was shown earlier [2], that with electric field in a plas-

Draicer's field) the following 
-G 

dependence is obser -

ved: T:: C, E/Er, 
(2) 

Here Ge is the Coulomb conductivity, G is measured experimental­

ly.In this case the stabilization of current velocity was obtain­

ed l/=aLs V,•q,.;_& which in combination with measurement results of ,.,, 
oscillation spectrum and of noise level [3,4] allowed to inter -

pret the dependence (2) as a result of the ion-acoustic instabi­

lity development. However,in the region E/E,,< 10 the anomaly re­

sistivity behaviour is different [5] from that (2) and.Y: value 
v; 

changes with the changing of £/fc•In these conditions the assump-

tion about an ion-acoustic nature of the anomaly bas probably to 

be excepted.The latter conclusion is confirmed by theoretical 

consideration [6Jas well • 

It is of interest to compare the laws of energy losses in the­

se two regions with pseudoclassical one.If to suppose pseudoclas­

Bical losses in stellarators, then the relation l'1 T"'"' .11 i >:: :J 

must be fulfilled.Here II T is the unit-volume energy content in 

a plasma, and i z is the total rotational transormation angle 

from the plasma current and helical windings. 

Fig,1a and 1b show the dependences n.T{i;;.*or cases E/E,,.:. 10 

end f/£8 >10, respectively;It is easily seen that in lihe case 

"a 11 the energy losses COJ.'.L"espona well to pseudoclassical ones. 

The case "b" corresponds to the ion-acoustic instability excita­

tion and is not described by the equation (1), 

Notice that pseudoclassical energy losses are observed in the 

most of current heating toroidal experiments at a small value of 

anomaly: ~ ~ 10, E /Es ~ 1, At the same time in many of these 

experiments the condition lr ii: Lis valid where w* ~ e f:, T,,/eHG.. 
/<1t...1t.i- f ,, and U :(~/ ,that is,tbe current velocity is larger or of 

the order of a phase velocity of drift oscillations, 

The existence of such oscillations can essentially effect 

the rate of losses. In particular using the "Syrius" stellarator 

it was shown experimentally that the plasma diffusion is cample­

tely defined by drift fluctuations during the current flow stage 

[?J. 

If to assume that there is a limitation of a current velocity 
W" 

near the level of U:olk- at small values 13 / &e then by the 

use of -/:, c i/L. ~ lft1/zH
11 

it is easy to derive from the balance 

equation the expression which is similar to (1)1 

• v _ .i. c1.i.k./ 74 o'- v.h 
cA e - fl c; 2 F9 "IT-

I e£,., f(£ 
where Ve{(:~ y.,,7,, "'• is the electron plasma frequency. the 

~ Tc. Cl. '.l 11/ 
comparison of lr, "l'.t and w /-.{

11 
shows that in given e:s;periment 

*~ ~~ LI~ ols ~ < ""/J,, at E/ £ ,,, ;:::. 10 (l!'ig. 2) and U > -:r 
""" at E / ED <. 10 (Fig.}), It was found that expression (3) is 

w<f 
satisfied only in the case l/7 k- • 

II 

These data allow us to make following conclusions; 

1) the pseudoclassical thermal conductivity can be explain­

ed as a consequence of resistance canomaly appearance 

due to the curr ent limitation on dri:ft oscillations,i.e. 

as a result of interaction of current with these oscilla-

tions; 

2) an ion-acoustic anomaly of resistance is developed at 

high electric field and this leads t o the rates of los­

ses which differ from pseudoclassical one 
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ENHANCED TRANSPORT IN NON- AXISYltllETRIC TOROIDAL DEVICES DUE TO 
CONVERSION OF TRAPPED TO CIRCULATING PARTICLES BY FLUCTUATIONS 

J . L. Shohct 

The University of Wisconsin, Madison , Wisconsin 53706 (USA) 

Abstract: In non-axisymaetric devices that exhibit a St!paratrix such as 

&tt!llarators. enhanced transpor t can occur whenever trapped particles are 

converted to circulating particles outdde of the separatrix. Transit-time 

magnetic pumping produces such conversions and the change in confinement 

obtained from experiment& is in quantitative agreement with this mechanism . 

Non-axisymietric toroidal devices •uch as stellarators contain three 

classes of particles : 1) circulating, 2) particles trapped in mirrors of 

the helical field, and J) particles trapped in airrors of the toroidal 

field. Circulating particles t end to be contained inside magnetic surfaces , 

but trapped particles d rift across the magnetic surfaces and , instead, are 

confined on drift surfaces which are bounded by mod- B surfacea. (l] In a 

stellarator, the CK>d - B surfaces deviate considerably from the flux surfaces, 

(2) and in fact, pass acro•s the boundary between closed and open flux 

surfaces, i.e. , the aeparatrix. 

Hence, if SOiie process conver ts o trapped particle co a circulating 

particle while it is outside of the separatrix , that particle will be lost. 

Normally, as long as the action is an adiabatic invariant, this will not 

happen, even if there are tempor al and spatial variations in the fields. 

Furth and Rosenbluth (3) developed a theory of enhanced transport for 

non-axisyumetric devices in which low-frequency electr ostatic potentials 

caused eithe r trapping of circula ting particles , or additional trapping of 

trapped particles to produce the additional transport . It is proposed here 

that the inverse process, that is, 11untrapping" of trapped porticlee due to 

electrostatic or magnetic fluctuations may also produce enhanced transport 

in non-axisymmetric devices. The fluctuations must add energy to the 

trapped particles in the direction parallel to the d.c. magnetic field, so 

that they will be untrapped . One possible aethod to do this occurs when 

the fluctuation frequency is of the order of the trapped particle bounce 

frequency . If parallel energy i s added to chose particles, che accion is 

no longer an adiabatic invariant . 

As an example of this transport , a model in which a temporal and 

spatial modulation of the toroidal field is produced, eithe r de liberately, 

as in transi t ti•e magnetic pumping. (4) or spontaneously. be.cause of fluc­

tuations pr oduced in the plasma 1 is considered. The fluctuation exerts a 

force on the trapped particle of magnitude )J• VB in the direction parallel 

to the toroidal magnetic field . µm is the particle' s magnetic moment and 

VB is the field gradient produced by the fluctuation . The change in 

parallel velocity over a bounce period is obtained from eqn . (1). 

1
2 

mV11 
2 = 1

2 
mV11 

2 + (µ VB)2L 
2 1 .. 

(1) 

where L is the length of the trapped particle 's orbit, Vu
2 

is the velocity 

at t he end of the orbit, and v .. 
1 

is the velocity at the beginning of the 

orbit. In TntP it is usually true that the wavelength of the fluctuation 

i s approximately equal to the length of the trapped particle' s orbit 1 since 

vph:::: v th or 

fT'IMP ~Tnil' ; £bounce L 

The fluctuation induced gradient, VB, can be approximated by assuming a 

field modulation amplitude b , so that 

VB;¥-

Equation (1) thus becomes 

4µ b 
V 2 - Vu 2 • --5....... • 2Y .2 'E.,B 11

2 l II 
(2) 

From e.qn. (2) we may compute the change in velocity 6V11 by factoring the 

left hand side to give, for V11 -V11 • liV11 << 1 
2 1 2 b 

(V112 +v111XY112 -v111) a 2V1116V11 • 2VJ. i (3) 

The detenaina tion of whether a particle ii trapped o r c i rculating depends 

upon its pitch angle 9 with respect to the magnetic field . The change in 

pitch angle per bounce period is computed aa follows: 

Yi. Vi VJ. 
tan9

2 
- tan8

1 
• y -~" --2- AV11 (4) 

"1 "1 II V111 

Thus, the change in pitch angle per bounce period, 60 • is 

de , - Vi6Vu cos 0 • V J b m 
2v11 e/v}+v} 2v} 

As an cxa.ple. let v 11 =Vi., t•.01. Then 69• -. 005 radians/bounce period . 

For 9 to change by El:L r adians , the number of bounce periods is 

Ne • ±_! 6L ;t 100 bounce periods for ! radians. (6) 
L b 

This result i5 now appl ied to the enhanced tro.nsport observed in the 

Proto-Cleo etellarator under t'niP conditions . In order to obtain the 

enhanced transport, it can be ehown that it is sufficient to convert 

trapped particles into circulating particles oucaide the separatrix. These 

circulating particles are then free to drift out of the confinement r egion. 

In the Proto-Cleo experiment, with t • 2 windings, for which this 

analysis is developed, R
0

•0 . 4 m and r
5

;; 0,0Sm. R
0 

is the major radius 

and r
6 

is the average separatrix radius . Figure 1 shows both the sepsra­

trix and the mod-8 surfaces and thus the trapped particles can easily paas 

outside of the separatrix. 

In Proto-Cleo many of the trapped particles are trapped in mirrors of 

the toroidal field , rather than localized in the helical mirrors. These 

particles are mo r e ne.irly circulating than the localized particles . Also · 

it was observed that the difference in containment times with and without 

TIMP decreased as the current in the helical windings was decreased, which 

lowered the number of trapped particles. Thus , trapped particles do seem 

to play a significant role in the enhanced transport. The bounce period 

was approximately ,-B. 10-S sec . 100 bounce periods is about 1 msec. 

Figuro 2, taken from reference (4]. shows that with 1% modulation. 

(~ - . 01) the particle containment time is reduced to approximately 1 msoc. 

Equation (6) implies that the decrease in containment ti111e var i es linearly 

with modulation and shows no threshold effect, which is the result shown in 

Figure 2 . Thus, conversion of t r apped to circulating particles outside of 

the separatrix, [5] is consistent with the result•; both qualitatively and 

quantitatively . 

The helpful conversations with J , L. Johnson , II. Grad , D. J, Lees o.nd 

W. Millar ore gratefully ocknowledged. This work woe suppor t ed by the 

National Science Foundation under grant ENG-7203778 AO!. 
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Neoclassical Equilibrium and Transport Calcul.Ations 

for the Full Range of Collisionality-* 

c . o . Beasl.ey, J.E. McCune+, H.K. Meier, W.I. van Rij and J .D. Callen 

oak Ridge National Labor atory, P.O. Box Y, ()ak Ridge, Tenn. 378}0 U.S.A . 

Abstract : The new Collisional Plasma Model, used to obtain neoclassical 

equilibria and transport in tori, is described. Results over the fUll 

collisionality range (banana through Pfirsch-SchlUter) show the distribution 

function, rad ia l flux, bootstrap cw-rent and other important macroscopic 

quantities, and a~e compared with earlier, more approximate results. 

Introduction: The general approach to ca.J.cul.ating neoclassical transport 

is to approximate the Fokker- Planck collision operator by a model valid 

in some region of collisionality (1) . By uae of a drift- kinetic equation, 

one may obtain an equilibri'l.DD distribution fwiction1 ususl.ly divided into 

a part describing trapped particles, and a part describing untrapped 

particles . However, since the effective collisional.ity of the plnsma 

near tbe trapped- untrapped particl.e boundary pitch angle is greater than 

in other regions of velocity ope.ce, this region must be separately ane.J.yzed 

in an approximate way in prder to include the effects of the distribution 

function in that region. Having the resulting composite distribution 

function, one can then calculate the various transport coefficients, or, 

.ore correctly, the desired momenta of the distribution function, 

yielding currents , pressures, velocities, fluxes, etc. 

In this paper, we present the results of neoclassical co.lculAtions 

obtained f'rom an application of the Collisional Pl.asma Model (CPM). In 

the CPM, en exact trea t.ent of tbe Fokker- Planck collision operator and 

the drif't-kinetic equation through a particular choice of' an expansion 

of the distribution function in velocity space, using a set or t'unctions 

described below, permits us to calculate the distribution :function to 

arbitrary accuracy in the Fokker-Planck - drift-kinetic sense. It is 

important to note that this model permits all particles, trapped or un-

trapped, to be treated on the same footing, thus removing the difficulties 

associated with the boundary layer. !ok>reover it does not entail. an,y basic 

restriction on the range of collisional.ity to be considered. As in other 

neocl.assical. calculations, we have 80 far chosen to calcuJ..ate locally on 

a given (circular) flux surf ace. If we relax this restriction, and use 

the full set ot Maxvell' s equations to include finite- I} effects, in the 

Pfirsch-Scblliter regime, such calculations would be equival.ent to a 

three-dimensi onal non- ideal. MHD calculation except that aJ.l trnnsport 

coefficients, inertial effects, etc. / are calculated sell- consistently, 

and are, in fact, an inherent pa.rt of results of CPH calcul.atione. 

In this paper / we briefly describe the model., and bov we obtain our 

results . We then show the structure of t he distribution f'unction, radial. 

nwc:, bootstrap current, toroidal and pol oidAl drifts, pressure tensors 

and beat fluxes in the banana, plateau, and Pfirsch-Scbliiter regimes. 

The Collisional. Plasma Model. : By choosing a suitable representation to 

e~nd f( \; ) / it is possibl e to write down analytically the elements of 

the Pokker- Pl.anck collision operator. The expansion is useful it relative-

1.y few te:nns are needed to obtain convergence. One expansion ve have 

found to have these properties is a modified Lasuerre-Spherica.l. Harmonic 

expansion: 

/,,n,m 

where s refers to species, v the velocity, p • m8/kT s, a is tbc angle 

(in velocity space) between the magnetic field direction and;, and ~ 

the gyro-angle. (In a drit"t- k.inetic equation, only the m ::: 0 tenn will 

appear; we henceforth drop this subscript. ) Our drift-kinetic equation, 

in the absence of self-consistent el.ectric fields, is 

ar• 1 [ - ar• c sin e ar"l 1 [ 2 2 rt+ T ..JP v coa a ai" + 2(l+c cos e) JP v sin a a;;-J - T' 2pv (1+ cos a) 

s s 
X (Bin 9 r a:r + COG 0 a:e) J • I C~ f

8r' 
p 

We further assume an a.xisynaetric equilibrium. Then using the poloidal 

periodicity, we write 

Since our distribution fllllction is approximately a Maxwellian, we ray use 

the linearized form of the collision operator. In our representation, 

f is appr oxilnate:cy, ( to one part in lcY) 

f(;:,;;) - c (;:) e"flv2/2 L1/2(ov2) Y (<>,a) = i_ f (;:) . -pv/2 
00 0 00 2Jfr 00 

Then, symbolically, our drift -kinetic equation ay be written in t he form 
n:.' .::m+2 
J.' .s.t+2 

ars (r)n'-=n+2 

~ + ~ KU'M'l'\''(r) 
n •n-2 
t;-t -2 
JI •111.-2 

::: 

+ l (c~.(r) f~°".(r) r1,•µ-µ.(r)'Ck,.(r) r~,(r) r~oµJ..r•l)] 
p 

~: We calculate t he equ1.11briua by treating an initial val.ue prob-

1em, where the plasma begins as a homogeneous Maxwellian with imposed 

radial density and temperature gradients, with and without applied 

toroidal voltage. We then follOW' the tillle evolution of r(i=,;), witll 

it reacbes a quasi-equilibri\.11. In tbis time-dependent problem, the 

various time scales in be r ent to the problem become apparent. These 

ina1udQ the colliR1onA.l t.1ml'll, t.he bounce time, the various diffusivity 

timEA- the vel.ocity development times, and times associated with the flux. 

(The ordering of scue of these time scales will depend on the collisionaJ.ity 

regime.) The quasi- equilibrium of interes t is one in which f is no 

longer evolving on nny time scale except t he latter. 

~: Space does not pendt a detailed presentation or results . we 

do show two typical trapped-particle distribution f\mctions in t he 

banana, plateau and Pf"irsch-Sch.lllter regime6 {Figs . 1 and 2). These 

are actuall,y perturbations of f{a) lv-2ft?jii , and f(v) la . 600 and 

are proportional t o the number of particles at a given er (or v) , on the 

inside of the torus ( 9 "" J.Bo0 ). The egnitudes of these perturbations 

(in comparison 'With the Maxwellian, magnitude• l) are given by SF, 

the scale factor. 

_..., ...•. 
-MJ•• ,. .... "' .. . , 

Flg, 1: f(a) a t v • 2,fef'{m 
·-·· 

"'""··· ,,. ., . .,. . ,,,. ... 
MJ•· 1•• _ ...,,.,. . ... ...... , 

Fig. 2 : f(v) at a • 6o0 

.... 

It shoul.d be mentioned that we get good agreement for the radial 

particle flux, r( v*), in caapar1son with other work. 
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Neoclassical. Diffus i on and Dissipative Trapped-El.ec tron Instabilities in 

t he Tro.nsi tion from the :Bana na to Plateau Collisional.i ty Regime* 

J . D. Callen and K. T. Tsang 

08k Ridge tro.tional Laboratory, P. O. Box Y, Oe.k Ridge, Te nn. 37830 U. S .A. 

~: A phenon:enological. procedure of separating vel.ocity space into 

various regions of collisioMlity {banaro, plateau, boundazy l.Ayer) , ca.1-

culo.ting t he perturbed distribution fwlctions accordingly, and appropriately 

averaging over veloci ty space, is used to ano.l.ytically repr oduce neocl.o.ss ical 

diffusion cmd facilitate investigation of dissipative trapped- el ectron 

modes in thia important transition r egime . 

Introduction: Of the various types or lo'"' frequency drift and trapped­

particle instabilities [l.], the most relevant mode in present tokaao.ks is 

the drift-dissipative trapped-el ectron inGtability. This mode has pr e -

viousl,y been der ived only in tbe banann regime where the trapped-electrons 

are very collisionless. However, present CX):leriments tend to operate in 

the transition ( "* ..., l) between the bo.nnna { "* << 1) e.nd pl ateau ( 1 << "* 
<< E: - }/2) regimes. We investigat e this transition region with a phcno-

mcnological model based upon separating velocity space into the various 

regimes of collisionality. 

Partitioning of Velocity Space: Since the collision frequency and bOW'lce 

time for a given pa.rtic1e are dependent on its kinetic ener gy, we can 

separate velocity space into Pfirsch-SchlUter, plateau and be.nan& regimes, 

as shown in Figure L In the banana rcs imc t he effective collision fre­

quency for t rapped-particl.es [verr( E} • v
0
i (E) / e = 3.J2Tr (T./'21ne)3/

2
/2e" ei ' 

in e. Lorentz go.s ] is less t han t he trapped-particle bounce frequency (~ • 

J2Ci,/R
0
q) , and hence t his regi on is defined by E > Ee ~ o.cn Ji;, T.fm

8
, 

or v > 0.96:; v! /4 v'l'' '•thci·c "T • J2Te/llle !5 e.u ~l.t=cl..ivu l.ht=.t"llll!U Yd.oclty1 

and "* is t he r atio of e f fective collision frequency to bounce frequency 

for a t hermal, trapped- e lectron. In tbe bann.na regime particles can be 

distingu13hed aa t rapped or \Ultrapped according to their pi tcb-anglea in 

velocity apace. Between the trapped and untrapped regions, t her e is a 

collisional boundary layer in which the bounce time is longer than the time 

required for collisions to scatter particles out of this region. As we pro-

greas rran the banana r".!gime to lower energies in Fig. l, we first enc0W1ter 

the plateau regllie , and finally for sufficiently 1ov energies (v < 0.985 

E:}/8v!/4vT) reach the vezy collisiona1 Prirsch-Schl\iter regime. 

?leocl.aasical Diffusion: As o.n exnmple of the usefu.lness of thia partition-

ing of velocity space, we calculate the neoclassical particle .flux in 

equilibrium by solving for the distribution function i n the various colli-

sionality regimes and t hen appropriately adding up the varioUG velocity 

space contributions t o t he particl.e riux integral. r - (m/2nl•IB9) J de 

(1 + c: cos 9) J d3v v1 cei(fe) . For a Lor entz collis ion model and dens i ty 

gradient only, we obtain [2) 

r = - Ku l/2 P;e n~/T ei 

wbere Ku = o. 73 /XC [l. - 0 .89 .;v;. /c El. ( Xc}] 

+ (./2T./8v*) [e-Yc ( 2 + 2yc + y~) - .-xc (2 + 2x
0 

+ x~)] 

+ ne
3
/
2 

[ 75 erf .fi:. _ . -Ye ~(75 + 25 Y _ ~ .f_)J 
32 lb c j-;, 1f T c 2 c 

in which xc • o.gr J;;, ye ""' ,}/4xc . We can recognize t he first, aecond 

and third terms in square brackets i n Ku as t he contributions from tbe 

banana {including boundazy layer), plateau and Pfirsch-Schl.Uter regillles / 

respect ively. These ana.lytic resul.ts compare quite fnvorabl.y with the 

numerical formulae of Hazel tine and Hinton (3] ( cf. Ref. 2 ) . The r eason 

why t h is aepara tion of velocity space pr imo.ril,y by energy works so well 

is that energy scattering is weak in a neoclassical plasir.a; pitch-angle 

scattering is t he danine.nt collisional. process. 

Dissipative Trapped-Electron Instabili ties: For the tempero.ture- gro.dicnt -

driven version of these modes the dominant des tabilizing contribution car.ea 

fr~ the trapped-electrons in the banana regime -- r egion I in Fig. 1 . 

Taking accoWlt of our separation of velocity space, we find tbat o.s "* 
increases t his destabilizing integral does not change sign ; hovever, it 

does decr ease as exp{ - Fv;.) for lArge "*" I n the plat eau reg ion {II in 

Fig. 1) there is a collisional broadened Landau- type resonance, which, for 

w ~ w* in t he presence o f a termpcrature gradient, has a s to.bilizing 

effect similar to that i n collhionless drift modes [ 4]. The effective 

k1 here is s/R
0

q , wher e s is an integer, and not \.tq-m\/R
0

q << s/R
0

q because 

for "* ,.., l the pl.asr..a is sufficiently collisional that the pe.rallel varia-

tion or the pctential seen by a particle is that seen wi thin one bounce 

period and not the ave rage seen over many b0W1ce periods. F1Mlly, there 

are contributions from the boundo.ry lAycr between trapped and untropped 

i;articl cs depending upcn whether the wave frequency is larger (region III) 

or smalle r (region IV) tha n the effective trapped part i cle collision fl·e-

quency. The contribution from region rl i s small because collisions 

siml>ly f'urther Sl!lear out the already smn.ll perturbed distribution .function 

there. 'nle contribution fra::I region III , in which little dittusion takes 

place in the short period of the vave so that the diff'usion 1s local ized. 

to the boundary lnyer, is similar to that col.cul.ated by Rosenbluth et .al . 

[5) for ions in the dissipative trapped- ion instabi1ity. Magnetic shear 

haG a s t abil.izing effect on these modes that is found to be independent of 

the degree of collisionality. Stabilization of the temperature- gro.dient-

driven version of t he dissipative trapped el ectron instabil ities occurs 

when "* becomes large enough so that the destabilizing contribution fro:a 

r egion I beco::nes s~ller than t he stabilizing ones due to s hear and t he 

vave-pa.rticle resorumce t enn. Speci fic mm:erical ca1culations or these 

effects are being per.formed. 
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Hl!LTISPECIES DIFFUSION COEFFICIENTS IN TI!E PFIRSCH- SCHLUTER 
AND BA.~ANA REGIMES FOR ALL TEMPERATURE AND HASS RATIOS 
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ASSOCIATION EURATOM-CEA 
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ABSTRACt' : A general exp r ession for the parallel friction is s traight­

forwa rd l y derived by u sing only the fact tht1.t the Fokker-Planck operator 

conserves momentum. Assuming the galilean invariance of the F.P operator, we 

obtain a simplified operator f or unlike particle collisions , which gives the. 

correc t expreuion for the fri ction force. The inspection of the. influence 

of the shapa of the di1tribut i on function on t h e fri ction allows us t o show 

tha t the fluid description of the Pfirsch-Schluter regime fails out when 

temperat ure gradients are taken into account. In the case o f banana regime 

our r esults differ from those p r evious l y derived for multi species in /7/. 

t - FRICTION FORCE AND COLLISIO~~ OPERATOR. Starting with fj • f
0

j + flj where 

f
0

j is maxwellian ;ind f 1j << f
0
j, the fri ction force / I/ is given by 

Rjk • mj ~ ~-; Cj k "mj J~-; C(flj' f 0 k) + Dj J ~:; C(foj• flk) (I) 

where C(f a 1 fb) is the full Fokker- Planck (F. P) operator /2/. The conserva­

tion of momentum gives 

(2) 

For a:z.imuta l symetry and f 1 regular we have : 

J ~ v
11 

C(f lj' f 0 k) • ) ~ pv ~ Lp (flj) • - f ~ v, vj k ~lj (3) 

where L i s the Legendre operator L • 3 [ C1-p
2

) 3 ~. p • ...!.. ;:md v is given 
P P P PJ v 

in /J/. 

(In (3) , the te r ms whose contribut ion to Rjk vm.ishes are not writte n)_ Then 

R~k • - m:j f ~ v, Vjk f lj + ~ f ~ vtl Vkj f Jk (4) 

Auumi.ng that the F.P equation i s galilean invariant - as previously done in 

/J/ for lik• p::artic.l~ c:n 1 1i ~i ons - we can d~rive /4/ a simplified f.P opera­

tor giving the correct express i on (4) for Rjk 

CJ.k • V
2
jk L ( fl .) + v.k v f . ~A ( dv v vk. flk (5) 

p j J 11 OJ jk } - If J 

The followina coeffi cients an defined : l 

J 
2 4 I 4 22 {(Tkm.+T."k)T 

A.k• r:i. dv v "·k f . • -
3 

(2'1T)! e Ln D n.nkZ.Z l J -
J J - ' J OJ J J k T ( ) I fZ 

j mj"k 
1/2 1/2 J /2 

m. Tk (T·/"'k) +(T."'k+Tkm·)} 
__L__ In J J J 
T.3/2 ii\' (Tkm.) 1/2 

J J 

) 
2 2 8 1/2 4 Z 2 T. '"It 1/2 

B.k • m. dv v v v. f . • 3c2n) e. Ln D n.l\z.zk --L
2

c T T ) 
J J - I Jk OJ J J mj )/ ~ j + llj k 

(6) 

r 2 4 8 I 4 2 2 "kl/2 2 (5Ikmj + 4Tj''\,) 
Djk• mj ~. v " jkfoj • 3c2w)'I e Ln o nj"kzjzk m·512 Tj 372 

J ("'kTj + m/k) 

l n order to comp ar e our resul t (4) with that o f Braginskii (/ 1/ eq . 7-3. 7-6) 

we suppos e I\>> mj and we consider a specia l form for the distribution func­

tion : 

(7) 

Our equation (4) gives : 

• - m. ~ (V. - ~ v ) • S . ~ Rjk J Tj J Tk k where Vj OJ mj (8) 

The expr ession given by Braginskii can be written ... 
Rjk • - ~ Ajk (Vj - Vk) (9) 

The reason for this difference is that eq. (9) has been obtained by assuming 

that Rjk was a Galilean invariant , whe r eas eq . (4) and (7) show that this 

property is f ulfilled only when ;i. A.k • ~ '\·. Whl!n rl\c.» m., this l a st 
• J k J J 

relation implies Tj • Tk. J 

2 - HULTISPECIES COEFFICIENTS OF THE PFIRSCH-SCHL11I"ER RECUfE. Recent calcu­

lations /5/, /6/ of the diffusion coefficients in the Pfirsch- Schluter r egime 

have led to discrepancies on the effect of the temperature gradients . 

The inspection of the influence of the f orm of the distribution function on 

the friction fo r ce g i ves SOD! light on this point : 

ln hie calculation So.main /5/ uses a kinetic treatment and assumes tha t the 

dia tribution func;tion is o f the f orm : 

( 10) 

On the other hand, Rutherford /6/ uaas a fluid treactr11nt with a te.rm of 

parallel friction of the form (9) , given in /I/ . As a u tter of !act , we shall 

ice that Rjk is generally not o f the form (9) even when Tj • Tk' mj << °\.• 
For instance , if the distribution funct ion is of the form (10), we ob t a.in : 

Rjk • - ( Ajk Soj + 8jk Slj) + (~j Sok+ 8kj Slk) (I I) 

ili 2 2 { '"·
112 

1/2 
8

1j 
8

1k } 
Rjk • 4 T Ln D " j'\ZjZk ;-rr2 (v11 k- v,j> + 3(Tjmj) (;;;?' - m. 2) (12) 

J J k 

where v.t ~ caoj + ~ Blj). As we shall see later I f is effectively of the 

fora (10) i~ the P.S.Jregir.e, and (9) is no longer valid. 

The lineariz.ed drift kinet i c equation reads /3/ : 

- sin0 }(l+p2) a f . -~pa fl J' +®v2s Rinh0 ( l - p2) ap fl • ~ CJ'k (13) 
lulcjR r OJ r 8 

v, 
where ® • - e6 /B, p • -;-• h • I + r cos 6/R . The matte r and heat fluxes a r e 

given by /J/ : 

f d0h 2 [ 2 E 
Qj • 2r.wcj• ) dv v., v k cjk 

( 14) 

We expand f 1 in Legendre polynomials f
1 

• ~ P
0 

(p} !Jin (O, v). Only 4'
1 

g i ves 

a contribution to the fluxes. Integrating eq . (12) from p • - l top • I gives: 

2 8 .a. m.v
2 

A A N' 3 T' T! 
+1j • ~:;8 v f0 j C-"l j + -f-.11.2j) where JI l j • (N - TT) j ;:ft'2j • -j ( 15) 

J 

As we see, f 1 is effective l y of t he. form (JO) with B1 ; 0, as it has be.en 

supposed by Sam..'1in . 8
1 

i s proportionnal to T'. Eq. ( 14) give~: 

2r2 E{"k "k2 a. :II' .,,2 .JI. } 
r. -~k z"k ·*°1k•22 5k ·*2k-fA.k 1·-zt..s.k:1r2· 

J R s
0

z / k J k J j J J J l J 
(16) 

2 2 
Q.• 2r

2 E{~~ .fr+~~ .J.: -'.'l B. :Jt ,-:.i_ D· j-} ( 17) 
J RZB~z .• 2 k zk Ajk "i<J lk 2Zk Ajk 8ki 2k Zj J k lj 2Zj jk 2j 

J n. 
When the. mD.SScs a r e very d1ffercnt , we have Bjk • ~ Ajk and i n eq . (16) we 

recover the term~ - ! f of Samain /5/. If the di~tribution had been chosen 

a priori of the form (7) the integration of eq. (13) over all t he velocity 
N' T' 

apace would have gi vcn the wrong dependence N + T " 

l - >nrT.TlSPECIES COEFFICIENTS OF THE BANANA. REGIME. We shall use our F.P. 

operator (S) within the standard technic /J-7/. : 

"" f l j - -~ qh a r foj + g (lJ, c, a) 

For · · · A l/2 
the p11111ng partlclesm~wuh v11 :.~2v (1 -h) ) we ob tain: 2 

a • VO f.; { __J_(.J!: + ..J.._'.JI: I '> ma * mo ~ m;} 
A8j 2 <( l-~) 1/z, - oB0z. lj 2 2jl'i;;;;Ar;<r""ab la+ 2Z Bab'2.>.& 

h J a_b 3 ab a a e 

With t he expression A-40 of /3/ f or r. 1 we obtain : 
m. { m. B.J E(m A '.JI: /Z +m

2
8 i: /ZZ ) } r .• ___.l__ 1. 46F ~A. _ _l__c:J!' .-1. ..l!;k )+a6 a ob la a a ab 2a o 

J Zje2B~ Jk Zj IJ 2 Ajk 2j aE ma Aab 

m. t m. D. E(m A :it /Z +m
2

B :t. /2Z ) } 
Q.• _.L_ 1. 46/<~B. _ _l__(Jt .-1. ..J!.k )+ab a ab la a a ob Za s 

J Zje2B~ Jk Zj lJ 2 Bjk 2j at ma Aab 

Thes e expressions are somewhat different from those of Connor /7/, because 

the collisions j j give a non vanishing contribution , although ! ~ ~ • O /)/, 

In the case of diffe r ent temperatures our results differ from t hose of 

Rosenbluth et al . /3/ , because t heir e.i collision operator gives in thia 

case an expression different from our eq. (4). To obtain Cei in /3/ , fe is 

linearized in Vi (m/Te) 1/ 2(/3/ eq.D 18~. As a matter o f f act, the correct 

lineari zation could be; the following : fj is ~ropo~tional t~/~ha ratio of 

the; shift velocity to the thermal vdocity : fe - ve(me/Te) • In diffusion 

theories the perturbed dist r ibution functions are of the f ota1 : 

f. - ~dt .. Then l"Y· I - 3 !i..?t-., i.e V. scales as T. ;ind f mus t be linea-
J je JT m J eBe •j J J J e 

tized in Vi f Cy!> 112 
Following the same procedure as in /3/(Eq. 0-18 to 

D- 20) we obtain f~r Cei an expreuion which differs from eq. D-20 by a factor 

T/Ti in front of Vi 1 and then this modified operator leads to an expression 

of Rie equivalent to our eq. (2). In the case o f e.i collisions and equal 

temperatur~s an~8wi~~ 3 
ma 

83
b 

1
08 

"t 2.fT 4 2 2 , I 18 • t 4l'i' 4 2 2 , where the I are 

. . 2 ei. 2 BLe 4 1-1 4 2 e 
4ne Ln D zazb B . 4we Ln _D zazb M 

dchned in /3/, mi Aie • me Aei • a 8 2T • mi F • ! t21Te ZiNiNe Ln D T;• 
it is easy to see that our results agree with eq. (88-92) of Rosenb l uth et 

al. /J/. 
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Abstract: An improved set of dissipative, trapped- fluid, drift equations for 

anomalous plasma transport in tokamo ks is established. The anomalous diffusion 

coefficient due to the dissipa t ive trapped-ion instability is derived from these 

equations, and the result is compared with the di ffusion formula of KADOMTSEV 

ond POGUTSE [I ] . 

The macroscopic theory by KADOMTSEV and POGUTSE [ l] of onomolous 

diffusion in a tokomak due to the diss ipative trapped- ion instability neglects 

the effects of El\ and of 1/6
0 

, where 80 =11..,j Np is the equilibrium 

fraction of trapped particles . Improved macroscopic equa t ions ore presented 

that include these effects to linear order in the perturbation. Specifically, E~ 

perturbs the distribution Functions f ..:, 4 1 the instantaneous loss cone Factors 

~. = \ \)' /'\)' J ·t , and the instantaneous "equilibrium densities" 
'\. e - 11 C.../"'o 

~~o (i} 1 ~eo (-C.} of the trapped particles. The latter quantities enter 

in the collision terms of th e dissipative continui ty equat ions for trapped particles. 

The collision terms ore also affected by the ~ x ~drift of the particles, 

because the drift contributes to varying the instontoneous trapped equilibrium 

densities. On the other hand \J d0 -=f. 0 provides for additional particle 

sources, or sinks, in the dissipative continuity equations. The new equations 

ree d: 

(1) 

(2) 

(3) 

(4) 

with 

N + If - J;, , T (5) 

(6) 

(~;)E,, ~ ci<I> 
T; d0 

'bt 
(7) 

(d~.1 -t- ~ 64> 
(Jt- E 1'._~, ot ,, 

(B) 

l'h, + d (M· -'\1.0 ) + I_(M·-M) 
' c 27; ' ~ 

(9) 

Here Ni , Ne, and "i ' ne ore the actual untropped and trapped densities; 

Np, N
0

, and n
0 

ore the total, untrapped, ond trapped equilibrium densities, 

and the remaining notation is standard. The approximations lJ (1 /Np) 
= VB = 0 J \7· ~ = 0 ore used . The potential q, can be eliminated by 

Tcfo ( ) 
2~~p(A-do) 'Ylt-IVIL/ 

(II) 

with T = 2 TeTi /(Te + T;)} cf>= 0 ot B = Bmax· This differs in sign as well as 

in magnitude from analogous equation of KADOMTSEV and POGUTSE [ l ] . 

Alternative sets of equations proposed by HORTON et al . [ 2 J and LAQUEY 

et al. [ 3 J do not agree with the above system because these authors neglect 

the temporal varia tions of the loss cone factors ~~' t.. a lthough they ore pre -

dominant effectsJand omit the e ffect of ~ J;, In parti cular their expressions 

for N'- ~ , ( ~ '\1. -t ~ /dt) E , and 1\1. i o 
1 

11"° ore not correct . 
I I l l 

By a cri ti cal - mode, mix ing-length method the anomalous diffusion flux due to the 

dissipative trapped- ion instab i lity con be derived from eqs. ( l) to (11) for the case 

of strong, isotopic, sma ll - scale turbulence (WIMME L [4]). This method is 

superior to the one used by KADOMTSEV a nd POGUTSE [ I] in that it 

determines to what density gradient ( 'VN~, 'V;i0 , or whatever) the di ffusion flux 

is propor tional. So it is possible to decide whether the trapped-parti cle di ffus ion 

is inward or outward near the magneti c axis . The d iffusion flux density for o 

slob model is: 

cT J,i. 
(12) 

with ~ = l'Vli. - l'ttl, or, expli ci t ly: 

A ( cT l711t,)
2 

- '2.VS Ze.'t.tvp 
(13) 

I( = } _0i, {(A-S, - ~r + J','l j-'1 ( 14) 

This result exhibits a more complicated dependence on 8
0 

than the orig inal 

formula by KADOMTSEV ond POGUTSE [I J , It shows explicitly that the 

diffusion flux is propor t ional to \JNP rather than (71).10 • If the effects of 1/'~ 
and E 1~ were omitted as was done by KADOMTSEV and POGUTSE [1] , the 

mixin~- l ength method wou ld yie ld, insteod of eqs . ( 13), (14), the fo llowing: 

n porodoxicol remit becou~e it wou ld predict inward rothc>r them outward 

diffusion near the magnet ic ax is . 

(15) 

[ I J KADOMTSEV B. B. ond POGUTSE O.P., Reviews of Plosmo Physics 

(LEONTOVICH M.A. Editoc) Vol. ~, p . 249 (1970). Nuc leor Fusion !.!_, 
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[ 3] LAQUEY R.E. et ol. , Phys . Rev. Lett . ~, 391 (1975). 

[ 4 J WIMMEL H.K . , Plosmo Physks, to be published. 
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ANOMALOUS ION TRANSPORT I N A MAGNETIZED DISCHARGE PLASMA 

G. Popov 

Institute of Electronics , Bulg. Aced . Sci .,Sofie , Bulgaria 

Abstrac t: The transverse i on transpor t in a n Argon magneto­
plasma column wee studied experimen tally . The B- field depen­
dence of t he well ion flux for B> Bc can be understood only 
if th e anomalous per t of the diffusion coefficient i s taken 
into account. Onse t of cathode region ins1h.bilities caueea riee 

of the well ion flux in the column. 

The paper is aimed et elucidating the nature of e nhan­
ced ion transport in a magnetoplasma column. Changing the boun­

dary conditions at the beginning of the plasma column . we 
looked into effects due to long- distance inter actions in a 
turbulent plasma column. 

In our experiments we made use of the i dea of ECKER /1/ 
who described the enhanced transport pr ocesses by introducing 
an effective electron- ion r e laxation time . Recently this idea 
was refined by several workers , e . g . /2/ who related the ef ­
fective collision frequency corresponding to the diffusion 
pr ocess t o the anomalous pert of the dif fusion coefficient . 

1. A plasma wee produced i n hot- cathode discharge tubes 
with diameters 40 to 70 mm end l eng ths 50 to 60 cm . The expe ­
r iments were made io Argon ( 0 . 2 t o 1.0 torr) in order to sepa ­
rate the beam and secondary el ec t rons . The axial megneticfi eld 
was produced by wa ter- cooled magne t ic coils . The unformity re ­
gion ( <: 5%) wee greater t he n t he t ube l ength . The tube a nd the 
coils were exactly coaxi al. The magnetic induction was changed 
from 0 to o. 2 Teele. Den~ity and potential profile a were obt ai ­
ned using Langmui r probes, th e axial e nd azimu t hal correla tions 
of ligh t - output end pptentiel fluctuations being <elso recor ded. 

The change of the boundary conditions was provi ded by 
variation of the ca thode thermionic- emiee ion/diechar gc current 
ratio , Iem/Id . The t ransition from glow- like discharge (GLD) , 
Iem/I~ <. 1, to thermionic-emission controll ed diecherge(TECD) , 
I em/Id> 1, is connec ted with the change of the beam electrons 
energy dissipa t i on mechanism /J/ which leads to onset of vari­
ous ki nds of ins tabili ties : 

a) Because of similarity between GLD- end TECD-cethode 
f ell region the discharge balance equation for Iem/I d = 1 is 
transformed into H • 1, !.l • 1 /J/ end the ~J' instebili ty 
takes p lace /4/ c;L-. cathode efficiency , J'= plasma efficiency, 
M = ectr on multiplica t ion rate in the cathode sheath) . 

b) Ion- acoustic waves instabi l ity may be excited by the 
electron beam from the cathode if the electron drift velocity 
exceeds eome critical value (/2/ , chap. 7 , 11). 

c) Nonlineer interaction between t he alow electrons at 
the Ramsauer' e minimum and the plasma causes rotat i on of the 
positive column head /5/ i n t he case of GLD, 

Therefore th e onset of various kinds of i ns tabilities at 
the beginning of plasma column can be controll ed by variation 
of Iem/Id - ratio. 'Ne can also study thei r interaction with 
the intrinsic plasma column 1nsteb111ties . 

The choice of a reliable and sensitive method for meaa ..... 
ments of the par ticle loeees proves to be the most compli cated 
problem, ECKER /1/ sugges ted that the use of simpl e density 
and profi le functions 

(1) 

offers a sensitive method for stud11ng the particle loss es. 
Prom the dependence of Ur on ln( n0/nr) we can dr ew a conclu­
sion about processes taking place in the plaema volume . A de­
viation from linearit y occurs if the second term in (1) due t o 
Coulomb- interaction ie nonzero . Such a pr esentation has the 
advantage that it doesnot depend on t he r edial density profil~ 
Fig. 1 shows the effect of the magne ti c induction on Ur ea a 
f unc tion of 1n(n0/°r) , obt ained in a discharge tube wi t h 50mm 

diameter , Id • 20 me, Iem/ld • 0,1 , p • 0 .5 t orr. For B. o 8 

deviati on from linearity occurs onl y near the wel l where the 
nonlineer plasma- sheath interaction takes pl ace . For B»0 , 07 T 
nonlinear dependence ie obtained, e. g. the coll ective pheno­
mena take place in the whole plasma volume . I n our case the 
curvature of the plo t is opposite to that evaluated fromECKER, 
A critical value , Bc:::!0 .072 T, was obtained by light- emission 

and correlation measurements. We didnot observe the develop­
ment of zero- mode heli cal 
instability accompanied by 
concentration of the current 

within ecrew- chaped channel. 
In Argon , the helical 1n­
s teb111 ty breaks , possibly , 
into turbulence. t he r edial 
dens! ty pr ofile for B>O.O'J T 
is GeuBien x). 

2 . In order t o study 
the effect of the boundary -4 l-~~~-1-~~l---l 

conditions on the anomalous 
transport we measured the -S c_ ___ -J 

ion flux to the well . The 1 

ion satturation current in Fig. 
the well vicinity, lie ' was picked up by spherical Lengmuir 
probes . In the B- field region under investigation the ion 
Larmer radius was always greater than the probe r adius. The 
lie - values were corrected according to the B-field varia­
tion of the floating potential . 

The ion setturetion current dens ity obtained in this 
way depends only on the diffusion rate end the plasma density 
pr ofile if embipolerity takes pl ace i n the volume: 

J
18 

= - D(B)n
0

(B)f (r ,B) (2) 

where n
0

(B) = plsems density on ~ube axis, n0 (B) • 
• n

0
( 0)(1 +;Je'.(Iem/ Id).B) for B~0. 1 5 T, end 

n
0

( B) • n
0

(0)(1 + 0.15£ ) for B>0 .1 5 T. 
In the f irst approximation the density profile f unction, 

f(r,B) , can be given in the form : 

f( r,B) = {- J 1 ( 2 . ~r/~ ) 2.4/~ for B<Bc (J) 
-exp( - r /r

0
).2r/r

0 
for ll> l. 5 Be 

( J
1 

is the firs t - order Bessel function , r
0 

• ( 0 . 7 • • . 0.S)R tub) 
l!or r/Rtube • O. 75 , Rtube = 2 cm we obtain (see Teble1 i n/6/): 

Ji
8

= o . 7e(1 +.)eB)D
8

( 1 + 2a, 4B< [TJ )-1, B<o. 07 T (4) 

ji
8

= 0.5e(1 +)('.B)(D
8

(1+28. 4B2(Tj )'- 1+ DBoh~ , B)'0 . 1 T (5) 

At B<0. 07 T, jis doesnot depend on B if !em/Id;> 1, 
;f.. 2 Tesle-1 and grows slightl y if Iem/Id.(1 , ~· 4 T-1• For 
B>0. 1 T correct jis- ve lues 
can be obtained only taking 
into account the anomalous 
pert of the diffusi on coef­
ficient (in our case for 
slightly turbulent plasma 
with T1« Te ' /2/ Chap . 1 1). 

DBohm [cm
2 
/sec] 

10J (Ti [e~ • Te[evj )'1/2 

(n [cm-::}.'Afi §mJ )112 a[T) 

Fig. 2 shows the lie vs B 
plot for two tube cross-
s ections : at the beginning , 

JOf!; 

10 ~=:;;*~~=-
JO D -, d • llS c 

,J=~ ,. 

0.16 

Fig . 2 

dep= 9 cm (a): e nd in the middle of the column (b), r/Rtube • 
• 0 . 75 , Rtube • 2 cm ; para meter being the !em/Id-ratio . At 
lem/Id) 1 the nega tive space charge near the cathode suppreEBOs 
the cathode region instabilities. Iis for B > 0.1 T (Fig . 2b) 
depends on the intri'l.t1c , turbulent-column diffusion end can 
be described by eq . (5) . The onset of cathode region ins tabi­
lities causes at leaet twofold increase of lee for B • 0.2 T 
which !snot t aken into account in eq. (5) . The long-d is tance 
interactions lead possibly to the broadening of the turbulence 

spec t rum. 

x)A Gau~ien density profile may also be caused by end effects : 

B-field inhomogeni t y , small rcethode/Rtube- ratio e tc. 
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Theory o f Anomalous Elect r on Transport , 

C. T . Dum 
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~ A coq>l ete set of anomalous electron transport coeffi.cient1 is 

de rived fo r ion sound and related in1tabilities . As compared to classical 

theory , not only can effectivl! colli sion frequencies be very much larger 

but there are inte rest i ng difference.I in the structure of the transport 

equations as well. 

The effect of turbulence on t r ans port phenomena such as resistivity and 

heat-conduction i s of great interest to many pt'oblems , e . g. turbulent 

heatina, s hock waves , laser -pe llet interaction and the solar wind. By 

now there i s good evidence that ion sound and t'Clate d insta.bilitiea are 

responsible for anomalous transport in all of these cases . Jus t as for a 

collision dominated plasma [ 1 J, one would like to obtain a closed set of 

transport equations relating the macroscopic variables . In clauical 

theory the possibili t y of such a description arises from the existence 

of a W\iversal relaxation process , caus i ng any dist r ibution function to 

relax to a Maxwellian. Thus for phenomena which occur on tir.e scales long 

coqiared to the re laxation fiuie t and on length scales long compared to the 

meanfree path ).•veT, the deviat i on f 1 of the distribution function from. 

a local Maxwellian can be tnatc.d a s a small perturbation. Transport 

coefficients are determined from f 1 which is p roportional to the perturb­

ing gradients , electric field , etc. Sia.a ll scale turbulence also lead• t o 

very effect ive scattering of particles, but there is no universal 

relaxation law for t he distribut ion funct ion. The fluctua t ion s pectrum is 

no longer a given functional of the distribution but is determined in 

general by nonlinear dynamic processes, such as mode coup ling and quasi-

linear flattening of the distribution. One can thus hardly expect t o 

obtain a universal , closed macros copic theory of anow.a l ous trans port and 

ao far ,at best, only o rde r of ugnitude estimates of effective 

collision frequencies have been given. 

We show in this paper that for a very important class of ins tabilities it 

i s neverthe l ess possible to give a complete description of transport 

processes , analogous to classi cal theory . We con!lider the effect of a 

given spectrum of low phase veloc ity waves , vph « ve , on elect ron 

transport. The predominant effect of s uch fluctuations , e . g . ion sound , 

is pitch angle scattering , muc:h like that of e lectron- ion collisions . The 

distribution fun ction, however , does .!!.2.E. relax to a Maxwe llian equilibrium 

but auw:cea the selfsimi lar fora 

( I ) 

vhere the time dependence is through w0 (t) , describing electron heating. 

In our theory this relaxation to a 1elfli11ilar iso t r opic: distribution 

plays the s 11mc role as the relaxation to a Maxwe llian i n classic al 

trans port theory , and the a68ua:ption (vphlvJ
2
« I replaces m/M « I. We 

con1ider transpor t in a weak magnetic field kJ)L>> I (k typical wave number , 

Pri, electron Lanmr radius) and inhocaogeneity scales large compared to the 

wavelengths , kL» I. The kinetic equation for the electrons is then 

!! +v .!! +- (fl x v} • !!. +- !. E • .!!. • ~ • 0 (v) • !f 
at - 3,! - - a.! m -o a.! ay - ay 

(2) 

where ,2, may be taken to be the unmagnetized quasilinea r diffusion t ensor 

[ 2] . The main physical ideas become more apparent , i f we cons ider, for 

now,an isotropic (in the ion frame} turbul ent spectrum. In spherical 

coordinates (w , e , ~) the only nonvaniahing components of the diffusion 

tensor are then 

DVV • 'll'W 
w 

v (0>
0

/kve )(0>/kv
0

)
2 

(ve/v)
3 

(3) e ;;r e 
e 

and 

Dee - o~' I [ '"• (W/nT ) v2 <w /kv > (v /v)3 - Dvv ] (4) - 2 e e e e 

where the average is over the 1pectrum W(k) resonating with electrons of 

s peed v , w/(kv)<l.Te.q:>erature and thermal ve locity are defined by (3/2) 

Te• m <w 2./2 > • ( 3/2) mv! • (3/2) µ
3 
mw~ , where for (I} µ

3
•0.2238 . =:-'~~ 

is the velocity in the e lectron rest frame . In t he absence of spacial 

gradients and electric fi eld !a it can be ve r ified tha t ( I} i & the self­

similar solution of (2) '-'i t h the heating ute 

(5) 

vhere the effective collision time has been define d such that 

(6) 

is the friction force on distribution (I) shifted by the drift velocity~ 

I / t e • ( I /3} (2'11') 
112

µ2 we (W/nTe) < w/kv c? 

"2 - 0 . 445 . 

(7) 

The validity of such a description is verified by Coqiuter simulation of 

the current driven ion sound instability, [ 2]. Assuming , now, small 

gradients , electric field and drift velocity u/v e « I , we find the 

distribution function in the foni f•f
0 

+- f 1, where f
0 

is the. shifted 

sel fsimi lar dh tribution ( I} with local para~eters n(!_, t), ~(!_, t) and 

T(!,t), It i s convenient to transform (2) to the electron rest frame . The 

dominant tenr.s are then assumed to be pitch angle scattering snd the 

magnetic term, both tend ing to i 1ot-ropize f(~·!!• t} . The lowest order 

moment equat i ons for f
0 

a r e solubili ty condi tions for f
1 

and are used to 

expreu the time derivatives in teru of the local parameters. The 

r u ulting equation for f 1 is 

C~ (f 1) + (':. x £) · (H1 /a-:_) • {D- ••;(w/~l"-2 ]-:_·V ln n + 

[ ""3 (w/w
0
)"-

2
(- l+mw

2
/2T) - 3/2] -:_.v 1nT

0 
+ (8) 

••3 (w/w l"-
2 

[ W:U (m/2T ) + R·W / (n T ) J} f 
o •• I! -- e 0 

where l=' • !! ~ - (l/3)w
2 .!. and C~ describes pitch angle scat t ering with 

frequency 

v(w) • (•4 /'e)(w0 /w)
3

. For ( I ) ••5, " 4 • 0.893 . 

For the class i cal Loren t z gas, Zeff+- \J•2 , u
3

• 1/2, (f
0 

Ma.xvell ian) , 

the terms propor tional t o Vn vanis h. Equ . (8) is line ar in the perturbing 

ik i k ik factora u 1 Qn VT, and U • au 0'1<_+ au /'O xi - (2/3)6 V · ~ and they may 

be treated separate ly, according to their tensorial character . (Note 

however that there is an implicit nonlinear dependence through the wave 

spactru11) . The rate of 110tcentum transfer.!• !a+ !I consists of the 

friction force R • R +- .!;. 1 
p r opor tional to u, t he thermal force ~ • OTe 

a.nd, in our case , .B
0 

, which is p-roportional to V n. Similar ly , the heat 

flux .51. consists of terms proportional to the same pertur bing factors, and 

there arc five viscosity coefficients. All these coefficients and t hei r 

magnetic field dependence have been found , e . g . 
nT T 

g_T• -~ [icoVllTo·h:.LV.1.Te+K"(loXVTe) J 

where K0• 1.50 ic:.l• /i , 05/(0ete)
2

, K~ l. 46/(0ete); flete» l, t 0• .~/B. 

(9) 

It i1 allo planned to discuss the effect of ani s otropy in the apec. trum 

the transport equations. 

[I] S.I. Br aginski i , Reviews of PlasmoPhysics , Vol I , 205 , 1965 

[2] C. T . Oum, R. Chodura, D. Bilkamp , Phys . Rev . Le tte r s ,E.. 1231, 1974 ; 

_li, 131 , 1975 

"This work was performed under the terms of the agreement on association 

between thl! Max-Planck- Institut £Ur Plasmaphysik and EURATOM" . 
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Renormalized Turbulent Transport Theory in Strongly Magnetiz.ed Plasma 

Guy PELLETIER and Claude POMOT 

Laboratoire de Phy1ique des Plasmas - UniversitE de Grenoble 

Equipe de Recherche AssociC.e au CNRS - FRANCE 

Abstract : The turbulent transport coefficients are derived with the ave­

rage orbit theory foruliam. A generalisation of the dressed teat - parti­

cles method leads to a fluctuation - disaipation theorem giving the electric 

fiels s pectrum. 

The u sual dressed-test particlu method in kinetic theory [ I] 

breaks dowa when the pla111a becomes linearly unstable. Dupree-Weinstock 

formalism (2) , [3] allows to describe a weak-turbulent state which can 

be 1tabiliaed by non- l inear effect s ; a non-linear permit t ivity and a ooo­

lineor growth rate can be defined, including resonance broadening and fre­

quency-shift due to turbulent orbits diffusion. In this situation of a weak 

turbulence non-linearly 1tabilised, we invettigated the extension of the 

dreued-test particles method (4) . We considered the test particle• had no 

more h:ee mot ions but browaian motiom·, experiencing a drag-force and a dif­

fu1ion generated by the turbulence. The wave absorbtion is balanced by the 

Cerenkov emiasion of the teat-particles dressed with their polarilation 

clouds ; so a stationary apectrum is obtained and the turbulent trimsport 

ooefficients can be calculated. 

In thia communication we expose the results of this theory in 

a strongly magnctii;ed plasma. Our results differ from those of l. Cook a nd 

J.B. Taylor [ 5) in that they included non-linear effects i n the pennittivi­

ty only. 

In a guiding-center plasma, the Vlasov equati on is 

<..J. + v . ...L + £i x 1 ...L + .'l f.U ...L> f • o 
at II a; s2 • a; .. · a: t 

I i II 

(I) 

The averaged d istribution function satisfies a Fokker-Planck 

equation 

The derivation of the equation (2) frOll the equation (1) re­

quiresthat the correlation time tc is shorter than the diffusion-times 

(ki/ og>-l/i and (k~ D.l)-
1 ; it requires also, in this simple f om, that EH 

and E.l bo stochastically independant. 

For a locally homogeneous and quasi-stationary turbulence 1 the 

diffusion coefficients are : 

vith 

t~ (~/) • <E:>-
1 

f,dt < ~ .U(t) 

tho average Vlasov propagBtor [3] , 

E~-T > a is II or .! 

U is 

These correlation times can be calculted by means of the nor­

malized apectruQ density, 5k,w definl!!:d by : 

< ~,lil . E~ ' ,w' > • < E~ > ~1,w 6(w-w') 6(k-k ' ) 

and the broadened resonance function gk, w defined by : 

( dT 
0
i(wt - k.;:) ii (T) 8 ik.;: 

So f .. f Q t ) dk dW 
TC VJ/ • I (;;)l ;; 

R Ill 

k ' 

k~ sk.w Re irk,lil (;/ ) 

This reaonance function has been derived in the litterature (4] 

Consider now the drag- force r
11 

; thia is generated by the cor­

relation of the ballistic streams of teat-particles with the collectif field . 

The initial perturbed distribution function IS fto is the sum of 

two parts the one is the difference between the averaged distribution 

function and thia of an a ssembly of non-interacting particles . the other one 

is any 111mooth" perturbation the contribution of which disappears by phase­

mixing in the asymptotic limit. This perturbation is propagated by a Creen 

operator UA introduced by Weinstock ( J], so the ballistic perturbed distri­

bution function is defined by : 

The drag-force ia related to this ballistic pl!!:rturbation by 

< E~ 6f: > • F1 < ft > 

b b 
A ballistic charge 6pt is associated to Oft which acts as a source in the 

Poisson equation. So we obt ain a relation between the electrostatic field 

and the streaming test- char ge : 

£.• • _ .J: 6~. w 
k,w kz Eo~ 

~L is the non-linear permittivity, the non-linear effects appearing in the 

broadened resonance functio~ sk,w 

E • I - i i f d; g+ (;//) 
NL k2 Ill k ,W 

Assuming YNL < 0 1 the stationary spect rum is therefore 

< ~ . r. ' ' > • I < 6 b 6 b~ I 

,w k •"' k'•o'l'NLI' Pk,w Pk •"' 

Its determination requires the knowledge of the correlation function 

b b 
< 6ft' (I) 6f,C2) > 

In t he framework of the Dupree-Wein1tock form&tliam, it can be shown (4) that 

b b - b 
- I ) Fort' &~ t < 6f, , ( 1) 6f,C2) > • u 1 (t'-t) s,C l ,2) 

where 
b b b 

s,Cl,2) • < 6f,(I) 6f,C2) > 

- 2) g:(l , 2) • iil2(t-to> s,o (1,2) 

where U
12 

is the two-particlu average Vlasov propagator., 

- 3) The test-particles providing initialy the self- correlation 

gt (1,2) • .!_ 6(x 1 - x2) 6(v
1 

- v 2) <ft (I)> , 
0 "a 0 

one finds that this correlation i s maintained at t i me t through the balli1tic 

s treams 1 that is : 

These properties allow to calculate the drag- force and the spectrum, one finds 

This tw last results and also the two diffusion coefficients, 

in which the spectrum is i nserted, provide the basic equations describing 

the turbulent transport . One find1 that the resonant part icles d iffuse much 

more than the non resonant particlu across the magnetic fie ld ; this spa­

tial diffusion of the resonant pa r ticles ~uld be a Bohm- like diffusion 

(DJ. .... l/B) if the spectrum would be independa nt of the magnetic fie ld as 

the usual thermal noise ; in fact the non- l inear effects introduce a signi­

ficant modification of the spectrum. and therefore of the: diffusion coeffi­

cient D , 
i 

The excitation of ion 1ound turbulence by a current gives rile 

to an anomalous resistivity which can be calculated starting from the expres­

sion of the drag-force we found, provided the assumptions of weak tu r bulence 

and of non-linear stability are valid . 

( I ] 

(2] 

(3] 

(4] 

[5] 

N. Roltoker (1961) Nuclear Fus. J_, IOI 

Th . Dupree (1966) Phys . Fluids ,2.1 1773 

J . We instock ( 1969) Phys. Fluida g , 1045 

G. Pelletier and Cl. Po.at (1975) J , of Plasma Phys. (to be published) 

I. Cook and J .B. Taylor (1973) J . of Plasma Phy•• !• part I, 131 
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The Effect of Turbulent Ener gy Transport on the Ablation Rate 

of a Re fuelling Pellet. 

C .T . Chang 

Association Euratom - AEK 

Danish AEC Research Estublishment Ris~ , Roskilde, Denmark 

Abstract Under the s a me reactor condi tion, the ablation rate 

of a given pellet in the presence of turbulent ener-gy transport 

is f ound to be more than an order oP magnitude higher than that 

of a l aminar flow . 

Introduction In the magnet ic shielding mode l considered pre­

v i ously ( ! ) , the ablated plasma emerges from the pel l et as a 

cold jet against the background o f a hot fusion plasma . The 

situat ion could easily cause the o nset of Helmho l tz instabilit y 

and e ventually leads t o t urbul ent energy transport across the 

field l ines. In this note , we like to estimate to what extent 

the occurence of turbulence will affect the ablation rate of t h e 

pellet . 

Theoretical consideratio ns In view of the lack o f knowledge 

of the spectrum o f the turbule nt flow , the exact values of the 

thermal transpor t coefficients are difficult 'to ass ess. However , 

one may use t he intuitive argument t hat the turbulent energy 

transport coefficient is about the same order of magnitude as 

that of a laminar flow corr esponding to the maxi mum fluctuatio n . 

According to Braginski i( 2 ), the perpendicular thermal t ransport 

coe fficient of a laminar flow is 

( 1) where 
f(x) = ( 2x2+2 . 645)/(x4+ 2 . 70x 2+0 . 677) 

and has a maximum at x = 1 . 02 . If we take (K~)Lur. ~ c niTi /eB , 

~nd approximate VTi ~ T1/rci ' where r~ 1 is the ion Larmer radius , 

we have the corresponding energy f lux across the field lines as 

fig . 1 . Schematic drawing showing the 

equ i valent boundary t hrough which tur ­

bulent energy transport across t he field 

l i nes takes place . 

( 2) 

By averaging the plasma parameters a c ross the field lines 

and assuming t he existe nce of a nozzle flow in the direction o f 

the field lines(l) see fig . 1, we obtain the followi ng system 

of conservation equat ions 

2l'T~ 2n <v > T Gh 
p l l e l 

21Tr r n <v > . T = G(h+3T) 
lCO Ol.0 1 

2n1Tl(l+£) = 2nOTO(l+l/BOJ 

G = 21fr 
1

2n 
1 
v l a a( E) 

(3) 

(.) 

( 5) 

( 6) 

where subscripts 0 and 1 refer to the state of t he fusion plas ­

ma and the state of the ablated plasma near the pellet , re-

Bl 
2 B 2 

spectively . E = 2iJI P1 ' Bo = 2noTo/ 2~ and is related to B wit h 

respect to the confinement field B 
c 

by 

Bo = BICl- BJ ( 7) 

G is the ablation rate , h is th e energy r equired for phase tr.an-

sition <yi ,o are the average thermal speed i n r egi on 1 and 

region O, respecti vely . (Tio = Teo = T0 , Til = Tel = T1 are 

assumed) . v1a is the ion acoustic speed near the pellet , ~(£ ) 

is the nozzle factor . (fig . 4 , ref. 1) . 
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Crit i ca l value of a nd 

From the above 

system of equat i ons , 

one can deduce that as 

a necessary condi t i o n 

of T1>o there exis! s a 

critical value of B for 

given combinations of 

T
0

/h and rpBc . For B<B , 

a nozz l e ex ists only 

f or those values of the 

fie l d trapping para­

meter e: in the range 

sh~wn in f i g . 2 . for 

S>B , any value of e: 

above the min imum field 

trapping parameter(!) , 

emin. 0 . 012 , is pos ­

sibl e . 

Computat ional result 

Taking the given con­

dition of T
0 

20 keV, 

BC = 100 kG , 8 = 0 . 15, 
pPT'missible r;:inge o f £" fol"' the h = 36 ev. and rp = 2mm, 

exist ence of a nozzle flow. for comparison purpose, 

we have calculated the ablation rate and the state of the 

ablated plasma corresponding to the two state s of flow . The 

result is shown in the fo llowing tabl e . 

Laminar Turbulent 

£ 5 2 . 5 2 . 5 0 . 02 

g lo- 26 Ccm- 2sec-l) 0 . 176 0 . 289 1. 33 3 . 58 
' 4 td , 10 (sec ) 0 . 380 o . 231 0 . 050 0 . 019 

r 11rp 1.007 1. 024 6 . 64 13 . 86 

T1 ( e v.) 0 . 842 0 . 778 16 . 30 9 . 99 

n l ,10-19(cm-3) 1. 23 2. 28 0 . 21 8 1. 22 

In the table, g = G/4l'Tr p 2 • td is the disintegration time o f 

the pellet assuming a uniform ablation process . 

One observes that as a result of the turbulent energy 

t ransport across the field lines a bulge is formed around the 

pell et: . Both the temperature of the ablated pla sma and the 

ablation rate of the pellet are increased by more than an order 

of magnitude . 

References : 

1) C. T. Ch a ng , Nuclear Fusion, to be published . 

2) S . I . Braginskii , article in "Review of Plasma Physics 11
, 

vol. I , p . 250 (1950, Consultants Bureau) . 
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ON THE QUASI- STEADY STATE Of PERMEABLE PLASMAS 

B. Lehne rt 

Royal Institute of Technology, S-10044 Stockholm 70, Sweden 

Abstract : Quas i - steady plasmas are divided into three types with 

respect to the density range . In plasmas bei ng permeabl e to neu­

tral gas the immersed neutral density becomes related to the 

diffusion ra'te . The equilibrium state and relaxation times are 

affect ed substant ially by neutral gas interaction . 

1 . Classification of Dens ity Ranges : Neutral gas which penetrates 

into a hot" plasma of the characteristic dimension Lb' average 
ion density 0, and temperature T, consists mainly of a slow and 

a fast component of densities nns , nnf and temperatures 

Tnr=1' , having t he e-foldine; penetration l engths [1, 2] 

Tns<<T, 

Lns :l/a csii •ncs Li,lii• ( 2k'f ns /mi l 1/2 I ('••ins lii (l) 

r: J 1/2 
Lnr=lla cfii=ncrlolii• L2kT /mi'< ••I; inf l Iii ( 2) 

where Tns 22metenT/Jmn((+(ins)' t=<a~nwen>' ~en =<aenwen> , 
~inv ; <crinwin>v , v=(s,f), a~n and aen are cross sections of ioni­
zing and non- ionizing electron- neutr al collisions , ain is the 

total cross section o f ion-neutra l collisions including charge 

transfer, and wen and win are mutual particle velocities . 'fhe 

lengths Lnv give direct information on the dept h to which the 

neutral gas pene trates into a plasma in a quasi-steady stat:e; 
s uch informat ion is not merely given by adding the inverted mean 

paths of free flight obtai~:d from t he cross se~~i~~s. cr~n , e'en' 
a nd crin· For hydrogen 2xl0 <l/ocs=lOO /ac5<8xlO m in the range 
l0 5<T<l0 7 K. Thus, three plasma classes arc defined in respect 

to the ion density range (Table 1), having d ifferent equili­

brium and stabil ity properties and being affected in different 

ways by the neutr al gas-wall balance and its associated vacuum 

conditions [2]. 

2 , Permeable Plasmas: Hall interaction becomes especially impor­
tant to permeable plasmas . A distinction should be maae between 

two situations in respect to the circulation of matter . When 

the neutral gas-wall balance with its pumping and sputtering 

Table l. Plasma classification with r espect to density range. 

>~ 
PERMEABLE IMPERMEABLE 

Q!!!:!!~ ~Q!}= Q~J:!.!:!:! p 

Ion density il~ncs<<ncf "cs <<il~ncf ncs<<ncf<<il 

fast neutrals 

Lb/ Lnf:ii/ncf « l <l 
"' 

»l 

penetrate by free streaming free streaming diffusion 

Sl ow neutrals 

Lb/Lns=i1/ncs ~l »l »l 

penetrate by free s treaming diffusion diffusion 

Examples on Most internal Tokamaks , some Reactors , and 
experiments conductor Stellarators , some toroidal, 

devices , most a nd similar theta pi nch , 
Stel l arators . devices . and internal 

conductor 
devices. 

processes has much longer relaxation times than the plasma­

- neutral gas balance , the system is subject to "closed circula­

tion" with approximately constant total mass . If instead the 

relaxation times of the neutral gas-wall balance become compa­

rable to or shorter than those of the plasma- neutral gas ba­

lance , t here is "open c i rculation " and t he total mass of the 
system is no longer conserved . 

In the quasi-steady sta t e of closed circulation, the densi­

ties of the p lasma and neutral gas components become related to 

t he plasma conf inement which, in its turn, depends on the gra­

dient of the pressure p and on the diffusion processes being 

in'volved. Thus , in an axisyfMletric magnetic bottle [2J 

! 11 p• -C B2 /nnc6 , s l f n( nns •nnf )~dV-i22x!l_12 - C3nk/26 , >!11 T C 3) 

where c22 > denotes the direction parallel with the main vacuum 

field~' c11 > the direction pe rpendicular to this field and to 

t he magnetic surfaces , c12 1 the direction perpendicular to both 

<22 > and c11 >, O•nc and nc the resistivitics due to anomal ous 
and classical diffusion,V the plasma volume inside a magnetic 

s urface of area S, and the last two terms represent the pinch 

effect due to a current i 22 and the Nernst effect , respectively. 

Here a substantial fraction of the plasma pressure drop is as­
sumed to be balanced by the force i12x~22 . 

2 . 1 . p~~~!!~-B~~~!~QD§bi~~ : Eq . ( 3) is now used in an order-of­

-1n4gni tude estimate of the density relationships . With pc= 

=(80~>2tm/2kT0raco and subscript (
0

) indicating characteristic 

(maximum) values wi thin the plasma body , we obtain: 

( i) I n dilute plasma s where T is lar ge enough for the ioniza­

tion rate ( to become equal to its "saturation" value (m::c 

=lo-1"m3/s within almost the entire plasma body, we have 

"nf<<nns and n05=n0 (l+~i )/pc=cons~ . in space . 

( ii) In non- dilute plasmas "nf:n0(l+!~)/ pc=const . and n05~o 
within the inner hot region when L06 << ~ . 

2 . 2 .Th!::_E'r~~~~r~-~£~~!~!!!: With the condition p(Sb)<<p0 at the 
surface S=Sb touching a wall, it is seen from Eq . (3) that the 

pressure gradient i s d ue to a balance between the i oni zation 

rate which 11 pumps up" the plasma density, and the r ate o f plas­

ma diffusion which drains the plasma. This sometimes results in 

a steepening of the pressure dist"ribution [ 2] : 

(i) In dilute plasmas where kT0 becomes comparabl e to the i on i ­

zation energy e~i' Lp:ptly11pl should decrease in the outer 
plasma layers at increasing T0 , i . e . when t approaches tm 

within an increasing part of these layers. 

( ii ) In non- dilute hot pl asmas where fi a pproaches the transit ion 

region O=ncf fron below , Lp shoul d decrease gradually in the o u­

ter layers to a miniaum value Lp2Lns at O=ncf' 

2 . 3 . !t!~ -B~J:~~~!!2!!_T!!!I~~; The presence of immersed neutral gas 
affects the plasma energy a nd particle containmen t times , TE and 

tp . The former is determined by l/TE=C l /tch)+(l/Tn) where tch 

represents the losses due to diffusion and heat conducting by 

Coulomb collisions , l/Tn=nnsts +nnfff wi th a bar indicating mean 

value formation over the plasma body , f\l:r(e0it/3kT) + 

+(T-Tnv )~inv/2+fen~en' a nd fenis the average fraction of the 
~nergy l ost by an electron in a non- ionizing collision with a 

neutral partic le . The latter is usually defined as tp=rillnv11 1b 

whe re v11 is the velocity of partic le diffusion across the mag­

netic s11-rfrtr.P.i::: , and the particle flux nv11 is measured a t S=Sb . 

With this definition tp=il/n(nns•nnf)(. 

In the c ase of classical diffusion and heat conduction , not 

onl y t E but a l so tp can deviate considerably f r om the s quare 

root dependence of T
0 

due to Coulomb collisions . This is caused 

by at least three effects . The first is an i ncrease in n by 

the rapid growth of t with T, leading to an increase in 

lv 11 1~Zn/ LPT112 . The second is an amplification of v11 by wall­

-released high-Z impurities . The third is caused by the de­

crease in Lp discussed in Section 2 . 2 . 

3 . Applications: The following probl ems are considered: 
(i) In earlier experi ments with Tokamaks at n0= 3~la 19m- J , a 

neutral gas density nnr'22x10 14m-J has been measured (3] . With 

relevant parameter data Section 2 . l(ii) then yields 0~=10 3 , 
being consistent" with the large observed anomalous losses . 

(ii) The maximum pressure gradient o f non- dilute plasmas in 

Section 2 . 2(ii) can become a driving force of instabilities . 

Thus, the maximum parameter data obtained so far in Tokamak ex­

periments have been reached in the trans ition region n=ncf" The 
stabil ity limit of collisionless balloon i ng modes agrees with 

the onset of the observed disruptive instabilities , b ut ther e 

may a l so exist other explanations of the latter [2] . 

(iii) In experiments with the Princeton Spherator , a Bohm- like 

behaviour of tE and Tp has been observed for 3xl0
4

<T<l06 K [4] . 

Since the confinement is efficient, the plasma density low , and 

the temperature moderately high here, TE and tp become sensi tive 

functions of the neutral gas int eraction a nd the vacuum condi­
't i ons , as described i n Sections 2 . 3 and 2 . 2( i). Thus i nsert i on 

of 'the Spherator data int"o the classical expressi ons for TE and 

Tp yields results being roughly in agreement with the observa­

tions . Therefore the latter need not be explained in terms of 

anomalous losses at temperatures above 3xl0
4 

K. 
At the comparatively large loss rate and high temperature in 

Tokamak plasmas, the neutral gas should on the other hand have 

only 

[l] 

rn 
[•] 

moderately large effects on t"he energy containment time . 

B. Leh nert,Arkiv f. fysik 18(1960)251; 
Nuclear Fusion 8( l 968ll73-;-ll(l97ll485, 13(1973 ) 781. 
B. Lehnert, Roy.!nst. o f Tecliiiology,TRITA=EPP-75-06(1975) . 
L.A. Artsi.movich et al.,Fourth European Conf . on 
Controlled Fusion, Rome(l970 ) ,CNEN,page 18. 
R. Freeman et al ., Plasma Physics and Controlled Nucl ear 
Fusion Research,I.A . E .A. 1 Vienna fC197l)SB. 
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WALL-CONFINED, e >I, PLASMA PHYSICS 

Robert A. Gross 

Plasma Physics Lab, Co lumbia University, N. Y. ,N.Y . • U,S,A . 

Abstract: Physics as soc iated wi th wal I-confined, high - beta , 

plasma have been studied by experiments and computer simu la ­

tions. Energy trans fer rate from a a> I plasma to a wall ha s 

been measured and compared with theory. Stud ie s of p lasma 

con f inement by a cylindr i cal \·Jall and an axial magne tic dam 

are des er i bed . 

INTRODUCTION : This paper sunmarizes some recent studies of 

high-beta, plasma-wal I energy t ransfer and con finement, and 

plasma trapping by a ma gnet ic dam. A power cycle employing 

wal I conf inement of a shock heated fusion system has been 

previously described {I) . There are several groups curren t ly 

pursu i ng various types of wa l l-confined fusion concepts . These 

include the Novosibirsk investigations under Bud ker (2), the 

Netherlands stud ies under Braams (3), and Swedish research 

under Lehnert (4). Wall confinement of plasma requires a 

transverse magnetic field with a> 1 to decrease energy Joss 

by heat conduction . J;> l implies that magnetic pressure 

alone is insufficient for static plasma confinement . Acom­

bination of magnetic f i e ld p lus physical walls can however 

provide confinement, In a cy lind ri cal geometry . longitudinal 

plasma trapping may be achieved by one or more magnetic mir rors. 

PLASMA-~IALL ENERGY TRANSFER: The physics of ~>I plasma-wall 

conf inement has a number of interes ting effects. \'/hen a hot 

plasma i s brought into sudden contact with a wal I, a thermal 

boundary layer forms adjacent to the wal l , and magnetoson i c 

waves rapidly propagate into the hot plasma interior, creating 

essentially a spacial ly uniform pressure (both plasma and mag­

netic) which var i es with time . This constant pressure is com­

mon in boundary-layer phenomena and is particularly applicable 

to this problem because the magnetosonic speed is large and 

the characteristic distance, the thermal boundary layer thick­

ness, i s small. In response to the magnetosonic signals from 

the cooling boundary layer, plasma is convected toward the 

wall. I nduced current s are created and their magnet i c fi e ld 

stiffens the plasma and impedes motion toward the \Val I . Thus, 

a transverse magnetic field in a a> I plasma not only can 

drastically reduce heat transfer to t he wal I, but helps re ­

tard plasma motion toward the vJal l. Some of these interest­

ing plasma-wal I effects caused by the cooling boundary layer 

have been studied analyt i cally by M.S. Chu (5). 

An experimental study of the energy transfer rate f rom 

a hot, dense plasma brought into sudden contact VJ i th a cold 

wal I ha s been performed by B. Feinberg (6). He employed a 

fast response (T -200 nsec) infrared bolometer to determine 

the rate of energy transfer from a shock crea ted plasma 

whose properties were typically, Ti -500 eV, Te-30 eV , 

n-1x10 16 c m- 3 . This plasma contained a transverse magnetic 

field, B -104 G, (~ -2) and was brought i nto sudden contact 

\-Ji th the \·Ja) I. The measured ene rgy transfer rate to t he \·Jal 1 

is compared to a simp le c lassica l plasma t herma l conduction 

pred iction . At early time, the energy transfer rate a gr ees 

\Vith the classica prediction, but after ..... J µsec, the rate 

exceeds the classical prediction by about a factor of 2 . Con­

sidering effects o f convec t ion and radiation which are not 

included in the theoretical prediction, the agreement is 

rather good . I t is important to observe that if, during the 

ea rly time, the thermal boundary layer had been unstable or 

turbulent, a much greater energy trans f er rate wou Id occur. 

The fact that th i s \·1as not observed i s encouraging. 

PLASMA CONFINEMENT: Radial confinement of a dense, high-beta 

p lasma within a cy lindr i cal tube takes place in a subt le way. 

As the coo l , dense, plasma thermal boundary layer for ms near 

the wall, the radial dens ity, temperature, and transverse 

magnetic field distributions l ook like those i l Justrated in 

fig. 1. Charged particles whi c h spiral around the cyl i nder 

axis experi ence increasing gradients in both density and azi­

muthal magnetic fie ld. Both of these boundary layer gradient 

e ffect s tend to reflect partic les back into the inter ior of 

the plasma . The increasing radial magnetic f i eld acts like a 

magnetic mirror , and the density gradient causes hot particles 

to collide \·Jith t he cooler particles in the thermal boundary 

layer and consequent ly be scattered t owa rd the p lasma in ~ 

terior. The energy exchange in these sca tter ings i s t he 

kinet ic mechan ism fo r the rad ia l the rmal conduct i on di scussed 
previous I y . 

Conf inement in the ax ial direct ion requ i res some type 

of magnetic trap. We have studied a si ngl e s trong magne t ic 
dam as a means to trap the p l as ma. Erect ion of a magnetic 

dam in a coax ial system involves a number of interesting 

phenomena. When the magnet i c dam is t u r ned on it mus t punch 

through a layer of p l asma and penetrate to the inner wall. 
Todd (7) has studied nume r ically the problem of e recting t he 

dam and the physical parameters requ ired to achieve penetra ­

tion to the opposite v.1al l . Some of his numer ica l resul ts are 

illustra ted in fig. 2, Exploratory magnetic dam experime nts 

have been carried out and the f irs t resul ts are encouraging. 

Further detai Is are availabl e i n r e f. 8 . 
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.RINGBOOG: A TORO I DAL DI SCHARGE IN A GAS BLANKET 

F.C. Schiiller, R.S. · de Haas, l.Th.H. Ornstein, L.C.J.H. de Kock, 
,\il.J. Schrader and J. van Os 

Assoc iation Euratom-FOH, FOH-lnstltuut voor Pl asmafys lca , 
Rljnhulzcn, Jutphaas, The_ Netherlands. 

~:A magnetized toroidal discharge with currents up to 25 kA Is 

stud led in a hydrogen atmosphere with pressures up to 0. 1 Torr. Anomalous 

plasma heating is found; there are clear Indications of weak plasma turbu­

lence at low ratios of electron drift velocity to ion sound speed. 

Introduction : A toroidal dischar ge is studied to gather experime ntal in­

formation about the properties of the transition layer between a neutral 

gas blanket and a fully Ionized plasma core. The conditions are made simi ­

lar to those expected to prevai 1 in the outer layers of a thermonuclear 

reac tor with a protective envelope of low-temperature plasma and cold gas
1>. 

I f the outside density I s su ffici ently high energetic plasma neutrals a re 

stopped in the impermeable Jayer2 ) and thus plasma contamination through 

wall sputtering is avoided. 

Experiment: The experimental facility RINGBOOG3) Is a Tokamak-llke device 

with di111ensions R
0 

• 0.52 n1 1 r
0

"" 0.087 m, and BT • 3.2 T (maximum). The 

di scharge is struck in a quartz torus. The Induction circuit consists of an 

J.2 Vs iron core ; the primary i s f ed by capacitor batteries. There Is 

copper she I I; plasma equl 1 ibrium can be obtained by careful tuning of various 

vert ica l and hor izontal magnetic field s . 

The first results of the experiment as reported earlier~) (quoted here 

again BS regime I} were obtained at discharge currents I • 7.5 kA and 

BT(R0 ) • I. 65 T . Recently discharge currents In the range of 25 kA with a 

duration of 3 ms were obtained at 6T(R
0

) • 1.65 T and at various filling 

pressures (regimes I I and I 11) . No 1 imi ter was used. The r esu Its, as pre­

sented in the table, u we l I as a number of new l y insta lled diagnostics a r e 

c01M1ented upon below. 

With an HCH - laser Interferometer the value for the electron density 

derived froni H8 Stark broadening is confirmed. In the already rather high 

density of reg. II dispersion of the probing waves prevents observation of 

.:>re than 11 fringes In the afterglow . Sti ll, this allows a reali st ic extra­

polation for f ne dl • 8 x 1019 m- 2 , which with an estimated optical path 

of 0.14 m yields <ne> • (6 !. 1) x 1020 m- l . Stronger dispersion allows 

one only to es tablish a lower limit for the density in regime I l l. 

A double vortex was found with a low flow velocity: thi s proves that 

plasma equllibriU111 was maintained throughout the duration of the discharge ft~ 
The current dens I ty prof I Jes shown In Fl gs. 1 and 2 are obtained by 

differentiation of magnetic probe measurements. When T
0

(R
0

) Is calculated 

from the local conduc.tlvl ty on the axis the l ow value of 4.6 eV l s found In 

reg. 11 In contradiction with a number of other measu r ements: 

- The average ion temperature ln the plasma core is found to be 12 ! 3 eV 

from Doppler broadening of the 4686 ft He 11 1 ine, under admixture of 15% 

helil.-5 >. The eraission was not detectable In reg. Ill, which indicates a 

cons iderably lower temperature. 

- The local diamagnetisrn 6BT(R) as measured with a magnetic probe , when in­

tegrated over the plasma cross section agrees with the total diamagnetic 

flux, 6410 , measured wl tti an external loop. Also, the measured increase 

68T just outside the plasma is in good agreement with /:1.410/nr~ (r8 •bore 

radius of the coil s ). From the calculated pressure profile p(R) and the 

measured <ne> we conclude that i <Te+ T
1
> • 14.5 eV in reg. 11. If we 

assume a flat density profile the temperature on the axis would even be 

higher. In reg. 111 the central conductivl ty temperature Is c lose to ttie 

average temperature. 

The anomalous plasma heating in reg. 11 and possibly to a lesser ex­

tent also in reg. Ill, i s believed to be due to the occurrence of weak plas ­

ma turbulence . This Is supported by further observations: 

- In both regimes 11 and 111 there i s SOffte Indication that the Ha and the 

Stark-broadened He line profi les have weak satellites near wpe and har­

monics thereof6 ) . 

- By means of a wide-band antenna and band-pass filt ers emission of r.f. 

radiation around 2 GHz. - corresponding to values somewhat below wpi -

was detected in reg. II. In reg. Ill the radiation level was much lower 

(- 25 dB). In cases of bad plasma equi I lbrium, due to improper choice of 

e1 , the radiation was strongly enhanced (+ 10 dB) in both regimes. 

- P lasma turbulence made It Impossib le to draw conclus ions about Te(r) 

f rom pre I imina ry Thomson-scattering measurements since the scattered ln­

tensi ties at s hifted wavelengths (/:I.A• 10 to 50 R) showed shot-to-shot 

vadatlons up to a factor of 2 .S. Furthermore, the total amount of scat­

te r ed light appears to be too high by factors of 10 (reg. 11) and 3 ( reg. 

Ill) to be C0ft'4Jatlb le with densities measured otherwise. A more precise 

scanning of the scattered spectrum wl 11 yield information about distur-

bances e.g. by sate I 11 tes at ta> and harmonic s as reported by others for 

compara bl e discharges7 •8 •9). pe 

TABLE OF EXPERIHENTAL RESULTS (WITH SHOT-TO·SHOT VARIATIONS) t • I 8 ms 

Regime I II Ill 

Hydrogen pressure Po 2. 5 • 10-2 2.S x 10-2 10· 1 Torr 
Tor.magnetic fie l d BT(Ro) 1.65 1.65 1.65 T 

0 i scharge· current ( 7, 5 ! 0.5 24 + 1 20 + 1 kA 

loop vo I tage v 190 ! 10 JOO ! 25 400 ! 25 v 
Current dens I ty jp (Ro) 0.8 ! 0.1 2.1 ! 0.1 1.2!0 .I AA/•2 

Electron density <ne> 
HCN Interferometer . 6 + 1 I nconc l usive 1020 '"'3 
H

6 
Stark broadening 6!1 5 :!: 1 20 ! 2 1020 /ml 

Conduct. temp. To(Ro) J. 2 4.6 2.4 eV 

Ion temperature <Ti> - 12 ! 3 undetectable eV 

Diaraagnctlsm 
total flux &to - 2 ! 0.5 - 19 ! 2 • B ! 2 10-6 Vs 

local fie Id hBT(R
0

) - • 26 ! 2 . IJ ! 2 10- • T 

Vortex flow speed vhor 4.7 ! D.5 4 .2 ! 0.5 4.4 ! 0.5 102 m/s 

aP 2.0!0.2 1.9 ! D .2 1.5 z 0.2 
<T e + TI > 3,5 29 5 eV 

<v de> I « > 
s 0. JO o. JB D .22 

'E 19 37 18 µs 

; 20 ... /\ 
@ ':'E . ® ,./" \ 

" ·g 
~ 

z 
(i, \ g 1 .!; 1.5 " : I I 

Q I 
~ I 

1.0 i ;. j .... 
I ,, 
I i 
! ! 

0.5 

0 

044 052 Q60 Q44 052 060 
--A<m> --R ( m) 

~: Radial profiles of toroidal current dens I ty JT(R), loca l dla· 
magnetism BT(R), diamagnet i c current dens ity jp(R) 1 local pressure p(R). 

Conclusion 

The plaslN conflnemenc In the toroidal discharge Is partly diaraagnetlc 

8• ht0 BT 
6 • 1 - --- - always exceeds I • 

p lJoI 2 

Ttiere Is evidence for anomalous p l asma heating In r eg . 11 : 

I a B2 (a) 
2 <Te+ T1> • 4fi e~n > exceeds the central conductivity temperature 

o e 

by a factor of about ). 

- The occurrence of wea k p lasma turbulence is evi dent even though the 

average <vde> I <cs>"' 2 . 87 x 101~ l/<ne> a 2 <Te+ T1>i ls only 0 . 38 . 

- \.lhereas ttie loss mechanism In reg . 11 is not yet understood, the energy 

confinement time TE= i ~06PR01 IV in reg. I and 111 agrees with col­

lision-dominated classical heat losses (c.f. Ref. 4). 
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POSSIBILITY OF USING TURDULENT PLASMA BLANKET 

A.V.Nedospasov 

Institute for High Temperatures of the 
USSR Academy of Sciences , ~oscow, USSR 

The problem of contamination of plasma in a stationary 

thermonuclear reactor by the products of sputtering of the 

walls apparently can no t be solved by selection of the wall 

material al one . The solution ofthls probl em can be obtained 

by means of s pecial constructive measures which ei ther preven t 

penetration of impurities i nto t he central zone of the reactor 

or reduce t he energy of the ions and neutrals striking the wall 

below the s puttering threshold (30-50 eV ) . 

The typical value of the radial temperature gradient in 

the r eactor is determined by the ratio of the axial temperature 

to the small torus radius (a } and is equal to 10 keV/m. In this 

csee the energy of the neutral particles emitted after the 

recharging is equal to hundreds of electron volts, 

The sputtering can be reduced considerably by a suff icient­

ly thick ("'10cm) lBJ'er of cold plasma neo.r the wall . The 

difficulty consisting in creating such a plasma is that i t 

should pass a heat flux of qZ10 1 - 102 \'l/cm2 comi ng from the 

cor e . This difficulty can be overcome by reducing the tempera­

ture gradient near the walls by one order of magnitude by 

turbulizing the plasma with any instability. Such instability 

can be current convective ins tability excited by special 

longi tud.inal current. 

Owing to the fact that i n the case of current-convective 

ins tability the transfer coefficients grow with a decrease 

in temperature /1 , 2/, the temperature profile should have 

mildly eloping "wings " near the walls . An identical picture 

is observed in a turbul ent positive column of a gas discharge , 

in which the current-convective instability develops at the 

gradient of the plasma concentr ation /3 ,4/ . 

The estimation can be made using t he formula for the 

coefficient of the turbulent temperature conductivity / 1,2/ 

Her e R is the great retlius of 

nal temperature cond1:~'. ti vi ty, 

(1) 

the torus, \( is the longi tudi­
.J.11 

E0 , Hz are the intensities of 

the longitudinal ~ -ctric and magnetic fiel ds . 

Let us t e->ce :,,j = 102 eV/cm nnd \[' = 104cmfsec f or smooth 
"'.:.. ./\o 

"eti tching" of tho temperature profile near the boundary with 

the hot plasma . The plasma concentration is taken constant 

(na1013cm- 3), The integration of the temperature profile 

(2) 

with due account of (1) gives temperature pr ofiles shown i n 

Fig. 1. The corresponding values of E0 are given in the follo ­

wing table 

T0 (eV} 

E0 (V/m) 

100 

6.1 

70 

2.6 

50 

1.2 

For T0 =50 and 70 eV in a r eactor with a = 1. 5 m we need 

a current of 20 and 90 kA, r especti vely, wqil e the additional 

Joule beat is equal to-0.4 and 2.6 \'I per cm2 of t he wall. 

Since the concentration near the walls must be equal to several 

uni t s per 10
14

cm-3 , i.e. exceed the design value by one order 

of magnitude , the required currents and Joule losses will be 

much lower than those given above, This justifi es the neglect 

of the Joule heat in (2) in the turbulent region compared wi th 

the heat fl ow from the centr al zone of the reactor. 

The using of the solution with decreasing temperature of 

the el ectrons implies good contact of the el ectron gas with the 

wall. It can be provided by photoelectric and thermoel ectric 

emission of electrons from the surface . Thus, we mBJ' indicat e to 

s ome materials (TaB2 ; Lall6 ; TiN ; VI) havi ng t hermoemiesive 

current density of~ 1 A/cm2 nt temperatures consi derably lower 

than their melting point. I n this case the ratio of t he number 

of evaporati ng a toms to the number of electrons i s i n the order 

of 10-6- 10- 1~ i . e . contamination of the plasma due to the evapo­

r ation is much leas than the contamination during the s puttering: 

It should be noted t hat a very low plasma t emperature in 

the planket hinders the heat removal to the well. In order to 

increas e the temperature in the turbulent blanket without in-

creasing t he l oss es, we can try to increase the turbulent 

pulsations by breaking the magnet ic surfaces. 

The turbulent transfer is hindered near the equipo t ential 

metal wall . However, in view of inavoidable corrugation of the 

magnetic field, the plasma can pass along the magnetic lines 

of for ce in the immediate vicinity to the wall. 

Since these estimations do not excl ude principal possibi­

lities of formation of a turbulent blanket with L 10 cm and 

a plasma temperature of a few electron volts , the question of 

such a blanket deserves more detailed discussion . 

The author would like to express his gratitude to B.B. 

Kadomtsev for valuable discussion having stimulated this work 

and thanks V.E.Lukash and N.N .Vasi liev for their assistance . 
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A STATIONARY PLOW Ill GAS-KINETIC CONPIJ!ELIEllT 
OP A MAGNETIZED PLASMA 

S,G,Alikhanov, I.S.Gluahkov 

The Kurchatov Institute of Atomic Energy, Moscow 
USSR 

Abstract. A stationary cooling wave, travelling across a 

magnetized plasma is considered. Plasma flow rate, as a fun­

ction of preaeure to magnetic field intensity ratio is deter­

mined, 

Use of a magnetic field for plaema thermoisolation only 

hae been propoeed by different author• before /1,2/, However , 

as shown in /3/, without plasma motion across the magnetic 

field a stationary state does not exist. This is due to ra­

diation power lose of a dense plasma , being in direct contact 

with the walls, which ie not compensated by the heat conduction 

flow. Stationary solution for particular cases /4 , 5/ does not 

allow to reveal general process regularity in a not plaema in­

teraction with cold walls, Knowledge of the plaema flow depen­

dence on preeeure, magnetic field inteneity and temperature 

providee the poeaibility for lose evaluations for choice thermo­

nuclear reactor parameters , based on the gas-kine tic confinem-

ent principle. 

Because a stationary state ie considered, all equatione,then 

have to be written i n the eyetem, where temperature and magnetic 

field profiles are stationary, and the plasma flow with magne­

tic field penetrates the cooling wave . In one-dimensional case 

for hydrodynamic , one- fluid approximation of equatione of motion , 

Ohm' e low and heat conduction /6/ it ie convenient to write ae 

follow : 

in /6/. 

The calculation were performed with a M-222 computer for a 

wide range of parametere of intereet for the CTR problem: pres­

sure wae 32 to 3 , 2•109 atm, }!>=10+1000. Pi g I shows typical 

T,R,V,CUet'~profiles for one case , On condition that HVaconst 

for completely magnetized plasma H must increase to a cold boun­

dary but diffueion changee sign of the gradient near the wall, 

and thennoelectromotive force in the region Wllt'll ~ 1. Hence the 

magnetic field intensity is of t wo-hump shape , so that increa­

sing of R at given P approximates the second maximum to the cold 

wall, decreasing the distance between the hot and cold regions, 

Basic results of the work are plotted in Pig 2, where dependence 

of flow rate of the hot magnetized plasma Vf on ratio P/Hf ie 

shown. Circles represent the r esults of the calculations which 

have been checked on from the standpoi nt of hydrodynamic model 

and one- fluid consideration applicability. The solid line shows 

an averaged dependence 

Vf•3 1 31•103(&)0.32 
f 

(4) 

here all ia in CGSM system. 

Hence, the power flow to the wall ie given by 

\'/ = 8,28•103 ( 5) 

Pig 3, (upper line) shows dependence of the layer thickess on 

the magne tic field in high temperature plasma regions, As shown, 

calculated pointe perfectly fall in line with the dependence 

(6) 

Reeulta obtained can be compared to the estimate with rough 

assumptions in formula(3) omiting all the terms , except thoee 

for power radiation loee and electron non- magnetized thermal 

conduction. 

Power flow at point c..le'Z:e=1 appeare proportional to P1 •4/H~· 4 , 

and the coordinate, where W.,'Z:e =1, ee - H'f 1 , which roughly cor­

reeponde to those obtained from exact eolution (bottom line in 

Pig 3 ), This can be explained by eubetantial radiation lose 

fraction being in tbe region of c...>et'e~1. 

In this sense formulae (4)-(6) will not greatly change with 

the coefficients becoming of Bohm'e form. 

By use of formula (4) we eetimate parameters of the thenno­

nuclear system, baaed on the principl e of gas-kinetic magnetized 

plasma confinement, Total plaema energy for n't'.1015 i e 

Q(MJ)=4 , 5.103rn) /· 5;p1.5 (7) 

pressure in this case is 106 atm. 

Now it is easy t o see , that the pressure range ie ).108atm , 

which ie of practical interest at r easonable choice of the length 

to radiuR r Rtio of the system. 

The authors are grateful to E.P.Veliknov for aupport and 

interest in the work, as well as V.D.Konyukova for help in 

the program preparation • 
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IMPUR ITY PROFILES IN A STEADY-STATE D-T REACTOR 

J . A. Markvoort and J. Rem 

Association Euratom-FOH, FOM-lnstituut voor Plasmafysica 
Rijnhuizen, Jutphaas , The Nether lands 

~: The dens i ty profile of an i mpur ity in a cyl lndrical model of a 

gas-blanket reactor i s i nvesti ga ted on the bas is of the multi - f luid HHD­

equat ions. The effect of ion- ion col li sions in the therma l forc e i s found 

to dominate the contribu t ion from t he el ectron-ion col lisions , and l eads to 

an impurity profi l e that has a min i mum in the centre of the plasma co l umn . 

Introduction 

The level of impur i t ies in a D- T reactor should be kept 101.,. i n order 

not to give r i se t o a la rge 118 remsstrahlung 11 loss that might make a s e lf­

susta ined fusion reaction impossible . In th is pape r 1o1e inves tigate the be­

haviour of an lmpuri ty in a mode l of a gas - b lanket reac tor
1 
,l). 

Our reactor model i s that of a cylindrical plasma co lumn embe dded in 

a strong longitudinal magnetic f ield in which the fuel supply, a 50/50% 

deuteri um- tr i tium mi xture, and the ash (helium) removal are effectua ted by 

diffusion, and where the f usion react ion energy is bal anced by heat conduc­

tion in addit ion to Bremsstrahlung and neutron radiation; the neutrons are 

supposed to leave the plasma without inceraction. From the variety of pos­

sib le nuc lear reactions in a 0-T mixture we consider the deuterium-tritium 

reaction only. Furthermore, we restrict ourse lves to the reg ion where the 

pl asma is fully ionized and assume that the transport p rocesses are descr ib­

able by the mu l ti-fluid MHD-equations . The se equat ions differ i n one aspect 

from the ones usually considered to yield a sufficient descr ipt ion: the 

thermal force in the momentum equat ions must be ta~.en along. l t is th i s 

11 Nernst 11 effect tha t drives the poloida l current which together with the 

long i t ud inal magnetic field assures the con fi nemen t o f the plasma . To re­

duce the numbe r of components we neglect the d i fference between a deuteron 

and a triton by introduc ing a new particle 11deuter i um11 wi th mass number 2.5; 

subscripts e, d, 4, and c refer to e lectrons , the "deuterium" part icle , 

he l ium, and the impur ity , respect ive l y . 

The analysis consists o f two pa rts . In the first part we take car bon 

as a representat ive impurity and assume o nly e lect ron-i on co l l isions to con­

tribute to the the r ma l force . We show that the resul ts o f th i s ca lculat ion 

- the equati ons are solved numerica ll y by a Runge Kutta method - can be un­

de rs tood on the b asis of a simple analytical analysis . From thi s analys i s 

it is clear why the rel ationship Vp/nd ::i;:: Vpl/2n4 ':::: Vp/zc nc as found by 

Braginsk i iJ) for a plasma where the "Nernst 11 term was not consi de red , holds 

a lso in t his case except for small radi i whe re the radial vel oc iti es p lay a 

role. Hav i ng estab l ished the r ange of validity of the ana lytica l approach 

we compl e te the model by adding the effec t of ion- ion coll isi on to the 

the rma 1 force . 

The transport equation 

The following assumptions a re made i n the model. The kinetic energy of 

the he li um atoms created in the react ion i s instantaneously given o ff to the 

surro unding plasma, al l species have the same temperature, quasi neutrality, 

no viscous or inertia effects, no moment um transfer by inelastic co llis ions , 

wi ti » 1 the product of the cyc lo tron frequency and the col 1 i s ion time for 

each component, no reabsorption o f Bremsstrahlung, no cyclotron radi ation , 

the magnetic fie ld has on l y an axial component and all ve locit ie s i n the 

axial direction are zero . The p las ma cylinder is p laced along the z-axis of 

the cy lindrica l coordinate system (r,ip,z) . 

The roomentum e quation for the i th component is 

0 "' - Vpi + niz ieCE +Vi x 8) + 1 ~ (j .. e ,d , i.,c; i-;. j), ( 1) 

where Ri j represents the force per unit vo I ume due to co 11 is ions of part i -

c les i andj (Ref . 3) : ~ 3 
R C -) J ";k 8 xVT v'~L- (kT)l'i 12•2<0 

i j • - "i"/ ij vi-vj + 2 aij ~TBf; Tij .. m.+m. l2TI i. 2 2
1 

A 
1 I J 1 J 11 "/ zizj n 

w. • zieB • E •• • [~] - 1- (2) 
1 m1 IJ mi+mj T i j "j 

The sign and magnitude o f the charge of an ion of speci e i is designated by 

zie; all other symbols have t he usual meaning . The coeff ici ent Cl appearing 

in the ' 'Nernst 11 term is equal to unity when mj >>mi but d iffers from this 

otherwi se . For an extensive discussion of the model and the equations used 

to descri be it, t he reader i s re ferred to Ref . 1 . 

~ 
In Fig. 1 it is shown to what lmpur i ty profile our reactor model gives 

rise if the effect of ion-i on collisions is neg lecte d i n the thermal force . 

i . e. the profi l e that an impur i t y would have Jn the model of Ref. 1. As 

representative I mpurl t y we have taken ea rbon zc "" 6 and the equat ions a re 

solved numerical ly . These fi gures show that the "deuter ium" density in­

creases with r wh i I e those of he I i um and carbon decrease. The carbon de ns i -

ty ( z -=6) is seen to change ten orders of magnitude from r • 0 to the radius 

where T .. 105 K is reached (the ''wal l "). The forces i n this mode l thus lead 

to a strong concentration of high z-impuri t ies on t he z - ax is . 

A simple analy t ica l analysis is able to explain the numer ical result. 

If in the momentum equat ions all radial velocities a re taken zero , then 

upon el i mina ti on of the $-components of the veloc i t ies from the r and the 

qi- componen t s we a rr ive at 

~ + ~ dpc • l n z k ~ 
dr n d r 2 i i d r 

e 
(J) 

where i stands for the ions: d, 4, and c; ne'"' nd + 2n4 + zcnc . As che tem­

perature is a decreas i ng functi o n o f r this shows that nd wi l l be an i n-

creasing one while nlf and nc are decreasi ng functions o f r . 

o f dp/dr two of these equations can be rep laced by: 

By elimina t ion 

I dpd I dp~ I dpc 

n:; dr "' 2n4 cir "' zcnc Cir · 
(4 ) 

This relat ionship is iden t ical to lhe one der i ved in Re f . 3 for an impurity 

in a fu 11 y ionized p I asma where no "Nerns t" col 1 i s ion terms were considered, 

\.thy th i s i s so, is ev ident from the a bove differentia l equat ion , when dpe/d r 

i s e liminated; so is dT/dr. The neglect of the rad ial ve locities can a lso be 

expressed in the form : vd$ - v4rfi = vc$ - vd$ • v4cfi - vciti :::: O. 

In Fig. 2 1o1e have plotted the dev iation from re l a t ionsh i p (4) due to 

the radial diffus ion o f "deuter i um11 and he l ium. Only i n the centre of the 

column this is seen to have an effect. 

The f act th at t he 1'Ne rnst" term for ion-i on col I is ion depends on the 

charge number of both ions, i nd icates that this te rm does not c anoe l i n de ­

riving Eq. (4) if it wou ld be included in the momentum equations for the 

ions. Since the masses of "deuter i um" a nd helium are c lose together we can­

not use the formula der i ved in Ref. 3 . To derive un express ion valid for 

col l isions between ion s of arbit ra r y masses we have to eva luate the average 

momentum loss of ion 1 (ma ss m1) d ue to co l Ii s ions wi t h Jons of type 2 

{mass m
2
). This averaging means integrat i ng ove r the d istr ibut ion fu nct ions 

of both ions in which the non-Maxwe l 1 ian cha r a cter due to the temperature 

gradient i s taken into account : 

" 2 2 , • - -- e z 1 z2 nn f _ ~ v 1 - v2 <~> 1 2 '"" - ---- dvldv2 --- f lf2 • 
411uE~ lv1- v2 13 

[ m. ]31, [ vir dT [S m;v\]] [ m;v\l . 
fi "" ni 2Tr~ T 1 - wi T Cir 2 - 2'i('l e xp - TkT ; ' "" 1• 2 · 

The i nte grat io ns can be carr ied out without approxima tions and resu l t in a 

force in the $- di rection : 

<££> • l a Y.£!! where a = ~ [1 - m~w 1 ] 
dt 1241 2 12 w1T12 d r ' 12 (ml +ml)Z miw

2 
. 

I f in the momencum e quati ons these extra ion- ion Nernst terms ;Jre take n 

into account (in Rd4 , Rlfc' and Rdc) we obta i n wi th z~nc << 

me » m4 ,md instead of (4 ) 

~ d:: - ' clnc ~~ • t k * t"4 ~ m4(m4+mi
1
+ "~tn~ /~ + nr. 

Contrary to (4) the ve locity differences of these ions in the cii-d i r ec t i ons 

are no longe r zero. From the comp l ete set of equations wh ich can be der i ved 

in this manner , it i s seen that the impu r i ty profi l e has now a mi nimum at 

r=O. In the particular limi ts nlf » nd and n
4 

« nd we arrive at the fo l ­

lowing relationship between nc and T, 

n T(l+zc/4 ) :::i cons ta nt and n T(l+J/1fzcl "'cons tant. 
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~Radial p rof i Jes o f nc,n4 ,nd , a nd T. ~Radial pro f i les of - ~ o:ri 

z=6 ; Taxis· o.4x109; Bax i s "" 2.7 T; n4axi/ndax i s"' 0.8, Pax is"' 75 atm; I I 

ncax is"' 5x 101a m- 3 . 
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ON nu; PI.AS~~\ WALL INTERACTIONS IN T.F. R. 

T. F.R. Group presented by P. BROSSIER 
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E:xpedments ha:ve been carried out to analyze the mechan~~} r e spo:is i blc 

for the d<una.ges observed in the first vacuum chamber of ITR • We recall 

that impacts , regularly spaced around the torus, had been observed. In one 

of these spots the amount of energy locally deposited On the chamber wall 

was sufficient to n:elt the 0.5 mm t ick stainless steel wall , thus creating 

8 leak ; the whole assembly had to be dismantled for repairs and the expe r i­

ment was shut down for 9 months . 

In the new ITR vacuum chamber, the walls are protected from the plasm.l. 

by 8 2 mm thick stainless steel shield. Since the observed impacts w<;>:re located 

below the troughs of the toroidal field, a target has been installed in '1 lwer 

port, i n order to study the mechanism involved in thc energy depos i t on the 

valls. The target 'W'1S observed with 3. near infrared television camera and an X­

ray detector sensitive in the energy range f rom 4 to 100 kcV. The curcent collec· 

ted by the target was a l so measured. The other machine diagnostics llavc bccn 

listed ln <2>. 
The energy deposit is a highly localized phenomenon. Every impact is roughly 

1 cm2 in area . The toroidal extension is -::- 0 . 5 cm and the poloidal extension is 

z 2.0 cm. Melting the initial vacuum chamber on such a small area requires an 

energy of about 200 J . Since the observed spots have the toroidal field coils pe­

riodicity (24) the total amount of energy released to the wall is of the order of 

5kJ, whl.ch is only a small fra~tion of the total encrgy in the discharge (200 to 

JOO kJ). 

11i.e last fe'W discharges run in the first ll'R vacuum chamber were characteri­

zed by low value of the electron density ne and a large number of runaways . 

Accordingly the experiments described below have been carried out in this regime , 

A few observ.:itions have been given in ( J) . The main findings are the following : 

- in rost of the cases the interaction occurs only when the average electron 

density i'.ie is smaller than a critical density 0.c. For a plasma current I "' 130 kA 

and a toroidal magnetic field B "" 25 kCs. 0 ~ 1013 cm-) . If 0 keeps b:low 0
0 t e e 

during the whole discharge, the interaction, that is the ere rgy deposit on the 

walls, starts early ( -50 ms) and lasts until the end of the discharge. If 

ne 2:. ne early in the dischargeJtl1e int eraction .starts during the density 

decay (fig. l} . The lower the density> the larger the amount of energy released 

to the wall, The critical density tlc depend s upon the discharge parameters 

such as Ip, Bt , . .. but no systematic study of this dependence has been 

made, In a few exceptionn;il cases, when the breakdown·delay i:s: longer than 

usu.al, an interaction has been observed even though n~ wali! somewhat l;irger 

than nc. 
- in these particular discharges, the amount of runaways is larger than usual. The 

loop voltage drop observed (fig. lb} at the time where the interaction st;1rts 

shows that, during the interaction, the runaways can carry up to 40% of the 

total plasma current lp. The parallel energy of these runaways has been mea-

sured and is close to 6 McV as compared to 10 McV, or more, i n normal Tokamak 

discharges. In this regime the continuous a ccel eration of runa"Ways is inhibited , 

although their dem1ity and creation rate a-:-e larger than in not"mill d ischarges . 

That the runaways behaviour is modified by the interaction is also shown by the 

hard X·rays flu."< emitted by the limiter (fig. le). This flux, which corresponds 

to the runaway electrons lost onto the limiter, stops growing when the inte~­

action starts, 

- the energy deposited locally on the v.:llls is carried away fr om the plasm.'I. 

by electrons which arc trapped in the l ocal magnetic mirrors of the toroidal 

field . The>· drift vertically upwards when the toroidal field i s clockwise, seen 

from the top of ITR, and dowrrJards when the toroidal field is reversed, Those 

trapped electrons have a.n energy close to SO keV. The current collected by the 

target, and the duration of the interaction vary from shot to shot . Observed 

va lues such as 3.5 l0-
4 

A and 200 ms correspond to an energy of 4 J per impact. 

This figure is in agreerr.ent with the hi?a.ting of the target as measured by the 

infra.red camera . It must be noted however that the amount of energy released to 

the \lalls varies with the experimental conditions Such as Ip, ~ , ne , a.swell 
88 With the limiter radius. Energy depos its as high as 180 J per impa ct have been 

measured with the TV camera. Such an energy 'Would be sufficient to explai n the 

1De:lt1ng 'Jf the wall . 

• the 50 kcV electrons impiging upon the wall are created near the plasma 

magnetic ax.is ; by varying the distance between the target and the plasma it was 

ah<Nn that they drift on the B • cte surfaces coming from a region of the p la sma 

inside a radius r "=" 5 cm (see Ref . 3), · 

- in these discharges the electrom.:ignetic energy emitted in the neighbourhood 

of the electron cyclotron frequency and its lmnnonics has clearly a non· thermal 

orfgin(J) : the emitted power is approximately an order of magnitude a bove that 

i n "normal Tokaciak discharges" C4 > and peaks up at frequencies close to O. 5 wce, 

l .S~e , ··· We interpret this spectru111 as a continuous spectrum partially rcabsor· 

bed by the bulk of the plasma nearw,.. and its h.armonic:i. 

- the plasma-wall intenlction is a relaxation phenomenon ; the elec-

trons leave the plasma in bursts which occur every 200 to 300 µs . This i s shown 

by the mo·dulation observed on a) the target current, b) the X- ray flux emitted 

by the target hit by the 50 kcV electrons (fig. 2) and c) the total emitted 

electrotr.'.lgnetic power integra ted over the 0 . 4 wee - 4 wee f r equency range . 

To conclude, we observe that the relaxation period (300 µs) is of the 

order of the time necessary to decouple electrons from the thermal bulk. The 

dtstribution functic.n is theoretically isotropic (S) up to an energy of the 

order of 50 keV in our case . 50 kcV electrons which a re trapped in t he toroida 1 

field modulation 68/B may drift up co t he wall without undergo i ng too many 

collisions . We may then consider that the total number N of trapped electrons 

collected on the target c!uring one pulse is related to the tota l number NT of 

runaways produced during t his pulse by N ~ NT(6B/B) 112 , Each pulse would corres· 

pond to an increase of the runaway current of 1000 A. This is consistent with 

30 '7. of the discharge current be i ng carried by runnways after - 10 ms. In a 

time of 300 µs a beam of runawa ys with a relatively large density current i s 

produced on the magnetic axis, It is possibl e t hat this beam is unst ;:iblc , This 

would explain the observed relaxations . 

~. 

(1) - P.M. Rebut, R. Dei- cas, P, Cinot, J .P. Girard, M. Huguet, P. Lecoustey 

P. Moriette, Z, Sledzicwski, J . Tachon a nd A. Torossinn . "Plasma-wall 

interactions in the ITR ma.chine" Jounial of Nuclear Materials, 53, 1974, 

p. 16 .• 

(2) - Equipe TFR 11"Ncutres atomiques et impuret~s dans UR" Sth IAEA conf erence, 

Tokyo, november 1974 . 

(3) - Equipe TFR ·~charges it fort couran t dans TFR", 5th IAEA conference , 

Tokyo
1 

novernber 1974, 

(4) TFR Group "Measurements of the e lectron cy clotron emission from the TFR 

Tokamak plasma and comparisons with theory" this conference. 

(5) - A.V. Gurevich, 11 On the theory of runaway electrons" Sov . Phys ., J ETP, 

12, 5, 1961, 904, 

FIGURE CAPTIONS 

Fig, l The interaction starts 160 ms after the beginni ng of the discha r ge (arrow) . 

Fl~ . 2 Rt.: l axaLlo11 o u Ll11,; ld rgC: L cul·rea:a. t: and X-r<1y flux. Top t:ime:s ; 50 m:s/div. 
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QWAAS a New Tool for Investigation of Plosmo.lNoll 

Interaction in Fusion Research 

P. STAIB, R. BEHRISCH, W. HEILAND and G . STAUDENMAIER 

MPI fur Plosmophysik, EURA TOM Anociotion, D-8046 Gorching, Germany 

Abstract : A somple is introduced to the woll of the PULSATOR I tokomok, After ex­

posure to several discharges its surface composi tion is determined in o UHV analysing 

chamber using different methods. Absolute calibrations give o mean deposition rote of 

1 x 10
13 

atoms/cm
2 

per discharge for Mo (limiter ma terial). 

The discharge times reached in today's tokcmok machines is much longer than the 

confinement time of the particles in the plasma, and so the plasma-wall interaction is 

a dominating process in these devices (1-3). This interaction leads to on impurity flow 

from the wolf to the plasma, the consequence being on enhancement of Zeff , os mea­

sured by other diognostlcs. 

The experiment QWAASS ( .9_uontitot ive ~II ~olysis by means of ~uger and~­

condory Ion Moss §>eclroscopy) ope ns the possibi li ty of measuring di rectly such inter­

actions by making a chemical analysis of o probe before and after its introduction to 

the wall of the plasma vessel. The ana lysis of the surface ore performed by combination 

of 

1. SIMS, Secondary Ion Moss Spectroscopy, the most sensi five method avai loble for 

surface analysis providing qvoli to tive detection of oll elements (and isotopes )(4) . 

2. AES, Auger Electron Spectroscopy, applicable for Z~4, which yields quanti ­

tative information (5). 

3. EID, Elec tron Induced Desorption, which yields information on the binding of 

sorbed layers (6). 

By these methods both deposition end removal of ma terie l from the sample con be ob­

served. Thus QWAASS is suitable for investigating (o) the moteriol transport (absolute 

calibration ) oc:curring in tokomok discharges, (b) the effects of pulse cleaning on the 

fint wolf, (c) the amount of hydrogen on ond in the sample (recycling), (d) the depen­

d•nce of measuo~ri dnto on the sample- to-plasma d istance, (e) the microscopic distri­

bution of materials deposited on the sample. 

lhe experimental arrangement (Fig. 1 ) consists of on ultra -high va cuum chamber 

containing the analysis systems and o long manipulator. For surface analyses, the 

sample is located at the center of the onolyzing chamber, and the metallic valve be t­

ween the chomber and the plasma vessel is closed. After determination of the chemical 

composition of the sample {taking about 2 minutes), the sample can be introduced 

into the machine . The manipulator, driven by o remote- controlled step motor, is first 

introduced through a metallic fitting al lowing a back lash of only 0.02 mm with the 

manipulator, thvs achieving excellent vacuum isolation between the two vessels. Then 

the valve is opened and the sample is moved to the wol I of the plasma vessel. Since 

the vacuum vessels ore always seporoted a bockground pressure of about 2 x 10 -9 torr 

con be maintained in the onolyzing chamber even for a fi ll ing pressure of several 10-4 

torr. 

SAMPLE EXPOSURE SAMPLE ANALISIS 

L2 ....... ,.. 
REMOTE CONTROL 

Fig. 1 : Schematic view of QWAASS 

At present QWAASS is mounted on the PULSA TOR I tokomok at Gorching. It should 

be ment ioned that the sample of QWAASS is moun ted a t o position on the torus 90° 

apart from the position of the limiter, and there is no line of sight between the two. The 

aim of our first experiment is to onalyze deposited material for o certain number of dis ­

charges with SIMS ond perform on absolute colibrotion of the deposited material. 

In Fig. 2 SIMS spec tra of the Al sample before exposure and after 120 discharges ore 

shown. The appearance of c/ and Fe+ (stainless-steel liner) and Mo+ (limiter) is ob-

vious. It is noteworthy that molybdenum oxide wo.s definitely detected, whereas no 

oxide of iron or chromium was found. The total amount of ma teria l deposited at the 

sample as determined by Rutherford backscattering (5) was I x 10 
15 

Mo atoms/cm 2 and 

3 x 10 
15 

Fe and Cr atoms (not resolvable) for 120 discharges. Hence mean values of 

0.8 x 10 
13 

atoms/cm 
2 

per discharge for Mo and 2,5 x 10
13 

for Fe and Cr ore obtained. 

SIMS is sensitive enough to allow qualitative detection of impurities deposi ted after 

one discharge, however, a larger number of discharges was necessary for quantitative 

analysis by Rutherford bcickscotte ring . 
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Fig. 2 : SIMS spectra of Al sample 
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o) before exposure lo plasma, primary ions : 2 ke V Ar+, 2, 1 x JO .. a A . 

b) After exposure to 120 discharges, primary ions ; 2 ke V Ar+, 2, 1 x 10 -7 A. 

After analysis the forgets con be cleaned by sputtering with Ar+ ions. The complete 

disoppearonce of Mo indicated rhot the depositiou ur i1npuritie!1i on the .sample is homo­

geneous. In addition surface inves tigations performed with o scanning electron micros­

cope ( res.olution 200 .2.) combined with x-ray analysis show no droplets of Mo suppor­

ting also o homogeneous distribution. Assuming that the distribution of deposited im­

purities is homogeneous over the liner,and further assuming that the confinement time 

for the impuri ties is equal to the particle confinement time of about 10 ms
1
a nd o dis­

charge time of 150 ms, the corresponding mean impurity densities ore 9 x 10 10 cm - 3 

for Mo and 3 x 10 
11 

cm -J for Fe ond Cr . These va lues cimounting to o~t 1 % of the 

plasma density ore in rough agreement with soft x-roy spectroscopy measurements (8). 

A comporison between these quontitotive results of QWAASS and absolutely calibrated 

impurity concentrotions, if ovailoble, would allow determination o f the impurity con­

finement time . 
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lNJ'ERl'Cl'lCN OF NEUl'RAL HYDKXDI l'ND PLl\SM1\ Il«LIDING WAIL flEfUX:l'ICN 

J . F. Clarlce+ and D.J. Sigmar* 

+oolc Ridge Naticnal Laboratory and \1assachusetts Institute of Technology 

u.s .11. 

~: We solve the kinetic equatioo for the neutral hydrogen in a hot 

plasma taking into acoount gas feed, Frank-condcn neutrals, wall absorptioo 

ai.d re-emissioo of neutrals, elect:.rm i.npact icnizatioo and dlarge exchange 

reacticns . Steady s t ate neutral profiles are d:>tained shaiing the effect of 

neutral hydrogen en the iai m::xrentun and energy balance. 

'1he presence of neutral hydrogen in Tdtam.k reactors is mavoidable 

(ref\lelling , outgassing) as well as desirable (wall protectiai, plasma profile 

ccntrol) . o:nt>ined with the dtoice of wall reflectim prcperties , aie can 

adtieve Oa'ltrol of booodary cxmditicns for the plasma, extending sare depth 

into the plasma. '!he full prcblem entails the sinultaneous solutim of the 

c:oq>led kinetic equaticns for the protai and the reutral hydrogen distribu­

tim f111cticns . In this paper we assure the protai distributim f111ctim 

given and ooing a s~le rn:x'!el , address the steady state kinetics of the 

various neutral crnpc:nents, sham sdlemath:ally in Fig. 1. ~2 is the source 

distribution of rrolecular hydrogen producing the distributiai ~ of Frank-

Q:lndCll neutrals, Fw describes the net ll!OJl'lt of atanic hydrogen reflected 

off the wall and f 0 describes wann dtaDJe 

exdtange neutrals born inside the plasma. In 

the figure , the superscripts + and - refer to 

the directioo with respect to z, the slcb m::xJel 

equivalent of the radial coordinate. We assure 

the irean free path of a neutral against cnarge 

exdtange (CX) to be 11l.ldt smaller than a , and 

fw Fw 

Fig. l Sl ab rrodel 

that of a protnl against charge exdlange smaller or equal to a. '1he distance 

6 « a in Fig . . l characterizes the source of the Frank~ neutrals ,whcse 

locatioo a.penas oo the shape of the plasma l:enplrature profile rear the 

edge. - The kinetic equatiai for f 0 is [l] 

V1 ¥i, • nw<6Cxll);f, - ne <\6'ion.V)e f.+n.<o" u).fL 
n; (G"c. ll); f. 

(l) 

n is the density. 'Jhe indi.oes en th!. density w, e, o, and i stand for neu-

trals born outside the plasma reqioo, el.ect.rals, reutrals bom inside the 

plasma regiai and ions (protcns) . '1he first tem is gain frcrn ex of a wall 

neutral with a proton , the secood l oss due to electial _in\lact ionizatiai , 

the third gain fran ex of an "interior1~ neutral with a protoo, the fOJ.rth 

loss of interior neutrals due to CX with protons . A rrore rigorcus CX oolli-

sicn operator has been given elsewhere [2]. 'lhi.s s.i.nplified operator 

alJ..o..ts the analytic solutiai 

f
0 

•(sv/l'v) (e1<'f<(n0 1-n..,)e~p-A(i.', -z. ) ... ;<>0<2a) 

f •• -(•v f; .. n'} { .t.l'fi (n ... n.,)exp+A (z,i.') ... j'"<O('lb) 

Here, A (2.,, z.) • J,,h d.z q n; ifV: /vj'- (Ja) 

f'- s CO!> EJ 
1 
~ • < 6"., LT/

0 
G"V ~ ( G;,, V' /i -+- (6".'on. lT)e (:I:>) 

To keep the theory analytically tractable, we choose the rrodel for the pro-

ton distributicn functiai 

f; • n; J (v - et;} (I+ J v,. u; I rx;'") / 't 7r v ~ <4l 
a finite terrperature 11Ma.>1wellian11 oontaini..ng a toroidal . flew . veloci.ty u. (We 

ha"" in mind the neoclassical pressure gradient driven ion flCM (3,4] . ) 

One d:>tains 

n.=i(dz'(n.rnw)n, 6'"" E1 [/A(z;zJ/} (5) 

A(i.',z). /,~b.• n; "fif/o<.,(z') (6) 
and El is the first eiqn>ential integral. 

If the density of wall originating neutrals n,, is assuired given , F.q . 5 can 

be solved straightfoi:wardly nurerically for n
0 

(z), i.hi.dt inserted in F.q. 2 

0C11pletes the prcblem [l] . Ha-'ever, as can be Oa'lcluded fron Fig. 1 , 

nw = 'Tc + "R where 'Tc is the density of Frank-condcn neutrals and "R the 

density of neutrals reflected frcrn the wall . "R is therefore dependent ai 

n
0

, the density of energetic neutrals originating inside the plasma, and a 

furtller integral equatioo for "w "'15t be foond. Motivated by a detailed 

sb..dy of the wall absorpticn and re-emission pl.'d>lem of wann ex neutrals,, we 

ass\Jt'e that rn re-sni.ssiCll the neutrals have a flat distri.butiai. in enetgj 

(0,< E' ~ E) and in angle (o~ o ' ,S 1) . Introducing a reflecticn transfer flDlc­

tion R (E, µ) [~tiere (E , µ) describes the neutral before -orpticn and 

(E • , µ ' ) after] , me finds for the distributioo of reflected neutrals 

f.(v', J4') = ( VmJi. /v 1
) f'', d.E E-i f.' d,u R (p, E) f. (µ., E, z-! a)(?) 

'.!his dis tributim is attenuated as the reflected neutrals penetrate into the 

plasma, so that the neutral distributicn due to wall mflectioo becates, at 

point z • { e•p -A (-a.,7..) · · · ,µ>O 
f w - • f ~ { V, /") 0 f' A ( 2., a) . .. ;« < O (8) 

with I\ as defined in F.q . 6. A similar equaticn describes the Frank--Olndcn 

distribution f~ within the plasma. 'ltlus, the total density of wall origi-

n..., = f jd3v (F..,,+ fFC) (9) 
nated neutrals is given by 

and the total density of all neutrals bea:nes T\r • n0 + '\Ji where n0 has 

been given in F.q. 5 . 'lhis =ipletes the folll1Ul.ation of the pn:bl ern. can-

bining the integral equatiais 5 and 9 * 
hw = r.: dz1 /(, (z', Z) nr + 5Fc j rt,= 1: dz' k. + jFc * (10) 

y.flere the kernels K112 are similar to that sham. in Fq. 5 and SFC, SFC are 

Frank-condon soorce t.enrs. Nmerical solutioos are in progress. A si.rrple 

case results by anitting the ex11tribution of wall :reflected neutrals (i.o . , 

setting R (E, 1-1) • o, "w = "Fcl. After sol~ for n0 , £0 we calculate the 

rrcrrents n0 u0 = Jd3v vxfo e11d n0E0 • Jd3v ~ £
0

, the toroidal fla>1 wloci.ty 

and. heat cx::ntent of "interior" neutrals. Typical results are shOdll in Figs. 

2,3,4. Particularly noteworthy is the fact that one deduces fran rig. 3 a 

finite frictiO'l Rex = - m ni "oc. (ui - u0 ) between the toroidal ion flo,..r 
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velocity ui and the reutral flcw velocity u
0 

i.hi.dt re1'E!rses over the plasma radius a.ting to 

narentun transi:x:>rt fran neutrals originating in 

the outer regioo.. 'Ihis friction leads to ncn-

<llili-polar ion diffusicn (2,4]. From Fig. 4, the 

i<n energy lees Qcx = - mini "ex (Ti - E0) by CX. 

0.75 

0 .50 

Zia 
0. 2 5 .__...__.._..__,_,,,_,,__._ 

0 0 .5 l.O 

Fig. 

is seen to be reduced by the finite neutral enerw in the plasma =re and 

reve:rsed near the edge where the fast neutral energy exceeds the irn. teq::era­

ture . These effects will be explored pararretrically, allCMing the ratio of 

neutral and protx:n ex rrean free path over device size to vary. 

l\d<nO.ol~ts: We thank J .T . Hogan and S .P . HiJ:shman for valu<ble discus• 
SJ.ais . numrical worl< was perfomed by R. Fa.Iler, K. lt>the & B. Cl.aIX. 
Work spcnsored by Elm \D"lder =tract W7405-a>g-26 with Unicn Cal'.bide C:Ozp. 
at omr., and =tract AT(ll-1) 3070 at M.I.T. 
Peferences: [l] J . T. Hogan and J . F. Cla:dte , Proceedings, Journal of Nucl. 
Maten.alS 53 , l (1974) . 
[2[ o . J , siginar and J.F. Clarke, Olt'IL-'!'1-1-4606 , to be piblished in Physics of 

Fluids . 
[3] M. Rosenbluth, R. Hazeltine, and F. Hinton, Phys .Fl. 15 (19721 116. 
(4( D. Si~, J. Clarke, a. NeidiQh, K. Vander Sluis, Phys. Pev. Iett. ~ 

(1974) ' 1376. 
[5] M.T. R::binsai, - presented at 3nl I ntl. Calf. l\t:anic Collisiais with 

Solids, Kiev, u. s . s . R. , Oct. 1974. 
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I/ALL LOSS LIMITS IN HALL ACCELERATORS 

p .J. Lomns and J . D. Kilkenny 

Imperi al College , London, United Ki ngdom 

~: This paper demonstrates that wall impact can be a serious 

problem for high current density Hall Accelerators . This effectively 

prevents the scaling up of the stage length of existing devices i n order 

to obtai n useful i on energi es. 

It is impo rtant vhen considering t he merits of Hall Accelerators 

in producing plasma beams , to knov how t hey might scale up for appl ication 

in neutral beam i njection i nto cont ainment experiment s . To date, 

operation has covered the range 1Amp at 20KV to 3KA at lKV ( 1 , 2) . We 

vould like to increase the nwo.ber of stages at t he higher cur rents to 

giv e the 20keV optimum ion energy required for i njection {3) . 

Electric n od mngnetic probe and spectroscopic di68nostics have 

been applied to the accelerating hydrogen plasma in the 2-stage device 

or Cole (2) . Density and t emperature est i mates fron; the interpretation 

or hydrogen Balmer line intensiti es show that UJt i s l arge {"- 1000). 

Hovever , the efrective plas:na conductivity for c!lectron cvrrent is much 

iess than the collisional v alue of cr/l+(UJt)2
• We find that a fast 

instability ( frequency "'lMc/s) dominates the conductivity, in a s imi lar 

manner to Russian (4) obser vations in Argon . We determine the build up 

and g eometry of the ion flux by an ion probe, and the i onisation·rate 

f r om the absolute ll a intensity . As can be seen i n tigs . l and 2 1 the 

build up of ion current i s moct pronounced in stage 2 , vhereas ionisation 

occurs in both . This contr asts with other work ( 5) in much love r 

current dens i t y devices. We observe ""3001CW of "' l keV ions at the cathode. 

However the ion probe shows th&t the beam di verges ..,i th an half angle of 

"' !i5° , so t hat the beam pover is "Was ted. 

Ion trajectory calculations in the exper imentally dete:rn.ined 

electric and cagnetic fields can account tor t he form and divergence of 

the ion current . Ions creat ed i n the first stage t end to underg o wall 

impact , vhereas those created i n stage- 2 are strongly div ergent4 Thi s 

occurs because there is no mechani sm to counteract the centrifugal effect s 

of azimut hal mot ion since E and. B are too v eak. . The i ons created in r z 

stage t v o do not have their az.imutbal velocity reduced by any r eversal 

in Br and so div erge i n tbe field free region . The additi on of a 

judicious a.mount of Dz would reduce both t hese effects if the consequent 

V 
0

Bz force vere inward . An example of t he un-focusscd trajectories of 

an H+ ion is shovn in fig . 4 for the 0.05T field o~ fig . 3 vith a discharge 

voltage of l . 5KV . 

We see t hat a many stage extension of r.hi!:; .:i.c~ elerntor "Would produce 

no benefits since only the final stage vould be effective ; ions cr eated 

in earlier st ages would b e lost . In fact , calculat ions per:formed for 

the fields of t be six- s t age devi ce of Cole sho"W" that not only is this the 

case, but his poor e ffi ciencies "" 10% or less (1) can be explai ned on this 

basis . 

A field which has such a.n inbuilt focussing mechanism is the multi-

cusp ( 6) . This field would reduce wall loss , improving the efficiency of 

acceleration• and also as a bonus 1 impr ove beam divergence . Here we might 

f ind scale up of stage length much mo:-e "Worthvhile. However for maximum 

effect i t vould be essenti al t o control t he ionisation regi on by means of 

some pre- ionis ation techni que. The feasibility of such techni ques bas yet 

to be demons t rat ed. 

I gratefull y acknov lerl8e the use of U. K. A. E.A. Culhe.m Hall 

Accele rator facili t i es and I varmly thank Dr . H. C. Cole for many discussions . 
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LOWERI NG THE IMPURITY LEVEL IN PULSATOR BY PULSED GAS INPLOW 

a. c annici, W. Engelhardt , J. Gernhardt, E. Glock, E'. Karger, 

o . Klilber, G. Lisitano, D. Meisel, P. Morandi, S. Sesnic 

Max-Planck-Institut filr Plasrnaphysik, 8046 Garching, Gennany 

Abstract: An increase of the electron a nd p rot on density i s 

achieved by fast inflow of hydrogen during the discharge .. The 

result is an appreciable decrease of Zeff" The particle confine­

ment properties are shown to depend on the stabil ity behaviour. 

Most Tokama.k discharges last l onger t han the particle conf ine­

ment time which means that, in t he absence of other sources , 

lost particles must be recycl ed from the wall. Assuming a recyc­

ling coefficient of 1, the density is expected to be proportio­

na l to the fi lling pressure . Experiments on Pulsator show , how-

ever, that only the density reached in the first 0.5 ms follows 

this expectation. General ly after ~ 20 ms a steady- state value 

is reac hed wh ich can be h igher or lower than t he filling densi­

ty, depending on t h e d ischarge current and on the vacuum condi-

tion s . Frequent opening of the torus, for example, may l ead to 

a plateau density which is more than five times the fill ing den­

s ity. On the other hand, during a series of 2000 shots where no 

opening took place, the plateau density decreased continuously, 

the value 1 . 5 • 1013 cm-3 not being exceeded regardless of the 

fil ling pressure. These observations led us to the following 

conclusions: l )the recycling coefficient of hydrogen is less 

than 1, 2)wall recycling may cause a considerable contamination 

hy impurities, whose influx decreases with progressive cleaning 

during many shots. I n order to control the density in an inde­

pendent way a nd moreover to lower t he relative i mpur i ty content, 

experiments have been started to replace lost hydrogen by 

pulsed gas inflow. / 1 / 

The experimental setup is shown in Fig. l. Access t o the torus 

ia provide d by four ducts , which are connected to the vacuum 

pumps via l arge conduits. In the type A operation mode (no 

pulsed i n flow) hydrogen is s l owl y pumped t hrough t h e torus. I n 

type B discharges, after a s tart as in type A, a volume of 

;:::::. loo cm3 filled with hydrogen i n the t orr range is expanded 

into one of the condui t s :::;. 20 ms later. 

Both type s of discharges are compared in Fig . 2. In case A the 

l oop voltage, e l ectron density and Zeff are nearly constant, 

while in case B the l oop voltage drops when t h e density is in-

creased by the additional gas input . Since the electron tem-

perature does not vary appreciably in time, the loop voltage 

decrease is mainly due to that of Zeff. This is consistent with 

the observation that the o VI line emission remains constant 

during the current flat-top . Moreover, the absol ute amount of 

heavy impuri t i es seems to b e reduced by the gas input: The L­

line emission of Mo a nd of the wall components (Fe,Cr ,Ni) as 

well as the X-ray con tinuum emission decreases during the 

dischar ge. This has never been observed in type A. The X- ray 

spectra show additional stri king differences (Fig . 3): in case B 

the continuum exhibits a more extended thermal slope. The K-

lines, exc ited by soft runaways, a re much weaker tha n in case A. 

Fur thermore , t h e r eduction of Zeff is reflected by the r eduction 

of the emitted intensity. It should be added that '?;E in case B 

is incr eased by a factor of 3 , i.e. roughly by the same factor 

by~i~ Zeff is decreased. 

Prom our experiments we can also draw some con c lusions cancer-

ning the particle confinement properties of the plasma. Fig. 4 

shows two type B discharges with the same gas input but with 

different limiter q values . The density increase is s l ower in 

the q~ 3 discharge where strong MJ:ID-mode s are observed. This 

suggests that the particle confinement time has been reduced by 

these instabi lities. Damping the MHD-modes b y a pplying helical 

i. ~2 fields /2/ increases again the density. Clearly, a net ef­

fect can only be observed when the recycling coefficient r is 

less than 1 . As only the ratio·L p/(1-r) enters the equation for 

the density evolution,. an independent measurement of·L:' p is ne­

cessary. Unfortunat ely t h is is not possible at t he mome n t fo r 

the following r eason: An absolute L:::( measurement at on e of the 

4 ducts is not r epresentative of the whole torus surface, since 

gas flowing from the conduit into the plasma causes an increa­

sed emissi on . This is supported by U'- measurements performed 

by means of a 7 channel system as indicated in Fig . l . The emis­

sion at the plasma surface f acing the conduit is much l arger 

than t hat at t he inner s ide of the torus (Fig . S} . Su i table mo­

difications of the machine should enable measurements of l:' 
p 

Further , experiments with gas inflow should allow estimates of 

the recycling coefficient . Summarizing we can make the follow­

ing statements concerning our experiments : 

l} The recycling coef ficient of hydrogen is apprec i ably .C:: 1 . 

2) Repl acing lost hydrogen by gas i nflow lowers zef f by reducing 

the relative impur ity level and probably the absolute value 

as well. As a consequence energy confinemen t is improved. 

3) Particle confinement is strongly influe ncod by MHD-stability . 

References: / l / E.P.Gorbunov et al. ,Nucl.Fus ion .!!_, 433 (1971) 

/2/ F.Karger e t a l.,Tokyo Conference, PD-2, (1974) 
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TRANSPORT OF INJECTED IMPURITIES IN ATC 

S. A. Cohen, E. S . Mannnr, J . L. Cecchi 

Princeton Plasma Physics Laboratory• Princeton University 

Princeton, N. J . 08540 , U.S.A. 

~t. Using a new technique for p r oducing short intense bursts of high-

Z atoms, we have injected aluminum into ATC and measured the time evolution 

of the radial dis tributions of AlVII + AlXI. When intrinsic impurities are 

taken into account the inferred diffusion coefficien t is in good agreement 

with that predicted by neoclassical theory (l] [2] . 

The effects of impurities in CTR plasmils have been considered by numcr-

ous authors [3] , One important unknown is how r apidly impurities are trans-

ported through the edge region of a plasma , We have developed a new impurity 

injection technique that makes possible a dynamic measurement of impurity 

transport in this region. 

The injection system consists of an aluminized glass slide in a vacuum 

system and a 2 joule Q- switched ruby laser. A 2 rmn dinmeter spot on the alu-

minum- glass interface is irradiated by the focussed laser b e am. This produces 

a JOO µsec burst of 5x1016 neutral aluminum atoms with J eV mean energy. (The 

total number of electrons in the plaSm&l is 10
19

.) Aluminum neutrals with this 

enei;gy should penetrate l to 2 cm into the ATC plasma before being ionized. 

They then rapidly circulate along the field lines and, less rapidly• arc trans-

ported across them. The radial location of each i onization state is measured 

using an absolutely calibrated, scanning, grazing incidence, vacuum ultraviolet 

monochromator. Observations are made of the strongest lines, ti.n=O transitions 

to t he ground s ta te. 

During these experiments magnetic pr obes showed that no large MHD kink­

like modes were present and that the up-down and in- out stability was~ 0 . 5 

Using a 4 tll11l microwave interferometer, the average electron density, < ne >, 

was measured. Within 4 ms after a l uminum injection < ne > increa!5ed 5% above 

the no- injection case. This change in < ne > decayed with a 7 ms time con-

stant . The 5% increase is consistent with the amount of aluminum injected. 

Thomson scattering measurements of the radial electron density and temperature 

profiles showed no change upon injection. The peak electron density and tem­

perature were 2 . 5xlo13c m- J and 1400 eV , respectively . The proton tem­

perature profil e wos assumed to be parabolic, with a peak temperature of 180 

eV as previously measured on ATC for this type discharge . The proton density, 

np, is assumed to equal 60% of the electron density. This is because Zeff 

was 4.6. Nost of this is accounted for by the measured oxygen concentration. 

Zeff is assumed constant across the plasma. The safety factor, q, was calcu-

l aced to be 0 . 6 on axis and 2. 5 at the edge. 

After injection of aluminum, observations of different Al ionizati on 

states were made ;:al ong chords of the minor cross section. These were Abel in"" 

verted and the density unfolded from the photon signals . The results show the 

surprising feature that each ionization state appears in a particular shell of 

the pl astll3, becomes bright, then dim, but does not move discernably from that 

shell. The normalized radial distributions of three adjacent ionization states . 

AllX ~ AlXI , are shown in Figure 1 . The time evolution for t he normalized 

line integral (across the minor diameter) photon signals of 5 consecutive ion-

ization s tates is shown in Figure 2 . The 

peak absolute brightness of each line is 

shown in Figure Ja. These three measure-

ments-the radial distributions, the time 

evolutions , and the absolute brightness-

form a complete description of aluminum 

transport in the region 8 to 14 cm. Figure 1 . Radial distributions 
for AUX-+ XI measured at the time 

To compare these results with theory of their peak intensity. 

j mm lI I :n ALUM INUM IONIZATION ST.O.TEs 

we have. developed :i one-dimensional computer 1@ 

code that describes impurity transport in the I ~ 

Pfirsch-SchlUter regime. This code advances 1; 
each ionization state in space and time i;i 

according to the diffusion equation, 

1) .:..::.1. • .! - r ...l'. p v (l+q ) at a I m 2 2 
at r ar mAl J pj ' . ~ 
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Figure 2 . Experimentill measure­
men t of time evolution of line 
integral Al photon signals. 

lol lbl 
where lj .. density of the j ~h sta t e of ioni- 1 IOO 

zation; e .g . , j•5 for AlVlj A - inward Crans- 60 EXPERIMENTAL CODE 

A•2 .5 !!'IO 

port factor; 8 = spread ing transport factor .. 

1 

TQ 

A .:>.nd B are functions of the impurity con t ent : JO 

2 4 :: 
in the plas ma; pj .. mv/jeB ; \ipj ... 4& ( j ) e \ -:i 

3/2 ~ 
np lnA/3 (4 '11' t:) tr;;'p (kTP) ; a nd S = sou rce ~ 

I ~.~ 10 term!5 . These include radiative a nd d ielec- w~ 

Cronic recombinat ion and electron impact I 6 

ionization. 1-
Diffusion caused by the tempera t ure gr.- i 3 

clients or collisions wit h different Al ioni- I ~ 

zation states are estimated to hav e a negli- ! 

gible effect. The electron, proton and oxy- l'.IIEIIIXX:n UJm[II. Xll 
IONIZATION STATES 

gen profiles used in the code a r e those Figure J, Absolute peak brightness 

previously described. The y are assumed to be ~!m~~t!!"::i~:\~\,7~~s~~~~S, (~~l~~ 
stationary in time. Th e i nit ial Al!I radi al distribut i on is calculat ed 

aS!5uming electron impact ionization of the alumi num neu trals . There is no 

recycling of impurities los t at t he edge. 

The results of the code fo r Pfirsch-Schliiter Al diffusion i n a background 

hydrogen p l asma; i.e., A--B=l, do not a g ree with the experiment . However, il 

parametric study of the code, varying A and B inde pendently from O to 15, did 

reveal an excel l ent f it to the d a ta for A=2.5~f and B"'lO~~. Some r esults are 

shown in Table 11 and Figures 3b and 4 . 

The code does predict the "stationary 

'!able II: Radial Distribution 
(RL/FWHH) of 

Aluminum IX, X and XI (in cm. ) 

shell" effect . For Aa2 . 5, 8•10, the cn l -
Code A'Jl!!l2 . 5, B:cilQ 

c u l nted radial locations (RL) and shell I X 

widths (FWHH) for AlIX -to Al.XI agree with x 

the experiment ( see Tab le II), Also, the 
XI 

time evolution of the normalized bright-

ness of each ionization state (Figure 4), COOE A•2 .5 , 8 • 10 

:WEIIII:X n 
and the absolute peak intensity for each 

:m 

line, Figure 3b, agree r eas onably well . 

We take the 5% oxygen c onc entration 

into account by using the scaling laws 

found in (1). From these we calcula t e 

that A=J . 6 and 8• 13. 8 , which are near the 

inferred values. We conclude t hat im-
10 

purity transport in ATC con be e x plained 
TIME l m~H) 

by neoclassical theory . 
Figure 4 
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ON THE IMPURITIES IN THE OHMICALLY HEATED PLASMA OF THE 

WENDELSTEIN II b STELLARATOR. 

H.Hocker, E.Hinnov+, H. Renner, H. Ringler, E.Wu~ching 

Mox-Planck-lnsti tvt fur Plasmophysik, Garching, W . Germany, 

+) Princeton Univ., USA 
EURA TOM- Ass . 

Abstract: The impurity con tent of the plasmas was measu red by spectrosCopic methods. 
- 11 - 3 
The densities of the ma in components 0 , N, Care less than 10 cm compared to 

plasma density 1013an-
3

. This low va lue does not explain the discrepancy of energy 

and particle confinement times . 

1. Energy and particle confinement 

In the Wendclste in W II b stellarotor (major rad ius 0.5m, minor rad ius 0.05 m; 

main field Bo;: 1. 2 T; helico l 7~ndi~js: I= 2, m = 5] with ohmic heating in H2 
and He gas at densities ne = 10 cm , electron temperatures kle;S 300 eV and 

ion temperotures kli ;S 100 eV have been reoched. 

As reported at the Tokyo conference 1974 [1] on anomalous electron energy loss 

for bo th types of discharges was observed. The energy confinement t ime 'r"E =plasma 

energy/ power input wm in agreement with the assumption of the pseudoclassical 

electron heat loss, if the additional rotational transform -t:
0 

produced by the helical 

current transform i;:p was considered '(;''E rv (1 '!" °'Y-1::p )• 6' , with '1 electrical 

conductivity . The behaviour of (j, deduced from tota l resistance and the radial 

tempera ture profiles measured by laser scattering, is observed to be c lassical, with 

an effective ion charge Zeff::; 2. 

The particle confinement time 'tp was determined from the equation of particle 

balance between ionization of neutrals and particle loss rate . Using the relative 

rote coefficients for excitation and ionization [2) we obtain the ioniza t ion rote 

from measurements of the intensity of Hand He lines, The resulting 't'p were by o 

factor 10 larger than TE and show a different behaviour with respect to changing 

p losmo temperature, k Te . 

Impurities con affect the calculated confinement times if the additional radiation 

loss is a significant fraction of the power input, or the additional ionization rote 

is non- negligible compared to the ionization rote o f the working gas. 

II . Impurities 

1 . Characteristics of the device 

Because of the characteristics of the stel larotorW I I b [air core transformer, 8 Vp 

loop vo ltage J the following procedures ore necessary for running a d ischarge: 

o) Preceeding cleaning discharge: Ne at 50 Hz, 2 - 4 hours. 

b) Additional neutral flux by o fast a cting volve during the discharge in H2, to 

compensate for the gas loss. (Not necessary for He) 

c) Starting the discharge with -t0 > 0 and sufficient far from rationa l values, to 

provide the confinement and the cleanliness. 

The d ischarge reacts very sensitivly to impurities. A small amount of neon - e.g. 

0.5 % added - reduces severely the achievable p lasma current , 

2, Diognostic.s 

The nomial incidence and grazing incidence monachromotors ore calibrated for the 

measurements of the abso lute intensity in the vacuum ultraviolett range by the bran­

ching ratio method to visible lines [ 3 ] . The visible line intensity is deduced from 

a tungsten standard lamp. The observed resonance line intensity of the impurities is 

averaged along o diameter in the horizontal plane. Recently we hove improved the 

scanning system by mirrors . This system a llows now a fter an Abel inversion the des­

cription of the radial distribution , 

Results 

For proper discharges in H2 and He the measured impurity concentration (error about 

50%) as deduced from the individual line intensities (ni indicote.s by norma l inci­

dence spectrometer and gi by grazing incidence spectrometer) is given in Fig. 1 and 

Fig.2. In both coses the electron temperature varies from 100 - 250 eV in time. 

The H2 discharge is fed by on additional gas flux, which starts o few ms after the 

current. 

The line-averaged density is determined by ; - wove interferometry. 0, C and N 

hove been observed os the main impurities. Their densities remain to below 

io11
cm-

3
, This low level is consistent with the measu red Zeff = 2 from resist ivi ty . 

The power by radiation con be est imated to a few kW and is sma ll compared to the 

25 kW inpu t power. The effect of the ionization rate of impuri ties on the particle 

confinement time is negligible. 
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EXTRACTIO~ OF IMPURITIES FROM A TO!(A}IM 

T . CONSOLI - R. LECARDEUR - G. F . TONON 

ASSOCIATION EURATOM-CEA 
O~pa!Lteme>U: de PIUJ•.iqu< du Pwm e..t d< l4 F~.ion Co1W<iiU< 
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G~ENOBLE CEOEX I FM11c<) 

AESIRACT : In the electrodynamical diverto r here des cribe d, t he neutral atoms 

emitted by the wall a fter being ionized in the l ow de nsity plasma co rona 

surrounding the dense and hot plasma core , nr e expelled by an£ x 8 f or ce . 

This divcrtor mny be made mo re eff i cient if a low de ns i ty pbsma f low i• ma i n­

tained and controlled between the liner and the limi t er by mean s of ext erna.l 

plasm.a injectors. 

It ha1 been proposed in a previous publication / I/ to expel t he neu­

tral atoms (light and heavy) emitte d by the wall o f the liner of a TOKAHAK by 

means of an electr odynami cal divertor b ased on the Er x Blfi f o r ce. This fo r ce 

acts upon the low density plasma corona which i s loc<1ted between the Liner and 

tha limiter. Thie fo rce permits the elimination of impuri ties and mote gene-: 

rally of any atoms i onized in the Low density p lasma corona. 

Ionization \lould take place it the mean free path of ionization ).i is less 

than the thickness o f t he corona. 

This mean free path ). i ·• n <la.v is a function of the density "pc and of 

the e l ectron therm.al velocffy v~/~f the low density plasoa which ia aubmi tted 

itself to the s ame force and tends to depopuhte. The elimination process 

unde r theso con di tions would stop of iuolf and neutrals would pene t rate 

freely into the dense p lasma core . 

In th is paper t he i~rovements brought t o the divertor (cf. R6f. / I /) 

are described, and in pa r ticular those conce r n ing the main tenance and control 

of the cor ona parameters. 

DESCRIPTION AND PRINCIPLE. A r adia l fr steady s t a te electric field i a applied 

between the liner ( ground po t ential ) Fig.I. I and a s econd s tainlcu steel gr id 

Fig. 1.3, coaxial t o the first and located just i nside in t he limiter s hadov. 

Thia grid can be ei the r a complete torus or be limi t ed t o a certain nusd>er 

of p eectora (p < number of t oroidal coils) each sect or f orming an electr o 

dynamical divector . Even when the grid is a complete torus , its surface 

could be only 5% of the t otal 1 iner s urfnce. In each sector the coaxial 

s truc ture is continued towards the outside in a vertica l d i rection be tween 

two succesaive B4i coi ls (inject ion and extraction regions Fig. I. 5 and I. 6 

of the di vector), In these regions the electr ic and magnetic fie lds are in 

an horizontal plane. They are linked to the Er and e . fields in the toru1. 

The Hall injector Fig. 2 differs from the previ ous l y known /2/ and /3/ and 

work• under the follow ing conditions : the magne t ic field BH t.1hich continues 

Bf is constant and \leaker, for example , iH • 3000 Gauss . A neutral gas (pure 

Deut er i um) is inj ec t ed from the outside Fig.I.~ becomes ioni zed (region I 

i n Pi g. 2) and hea t ed by the wee • ~ resonan ce ( 10 CHz in this case) . 

Den1iti e1 of 10
12cm-3 wi t h 10 < Te < 10 3 eV can be obtained /4/ . The EH x 1

11 
force ac t s on t his ionized medi um, which is propulsed towar d t he p laame 

torus. With intense pump i ng (Fig. 2 reg i on II) one can obt ain /2 / a ratio 

na (~=u~~!~s::~) of the order of 3 x 10
2

, t ha t i s ). 10
9 

neutrals by cm-) 

The plasma jet sweeps out t he two halts of the torus with t he drift vd speed 

gr eater t han the t herea t speed. A plasma corona density of 10 11 to 1012c•-3 

can be ach ieved. 

On the other hand in the diver tor ejection regions Fig. I· 6 where 8H 

approaches zero , a char ge separation permits r ecovery o f t he e lectr ons and 

iona , like in ene rgy conversion sy1tem1 /5/. 

EVALUATI ON OF THE NECESSARY PARAMETERS . The fluid mouvement cons i dering the 

101J dena i ties, ia simi lar to th a t of indiv i dual particles (cf , Re( . 1). The 

total number N of parti c les which could be ext racted is : 

N • • 
0 

• w2 ( r ~-r~)Rt 
uun pe T 

t being the dur ation of one shot , t the energy life t ime, "pc the corona 

dcnaity. Nmin i s the oinimum n umber of particles t o be injected in order to 

maintain constant the density "pc" If N > Hmin' a larger denaity " pe could 

be obtained. 

Presuming that the i nj e c tion t ime i s equal t o T , the injected density i s : 

n ' . . n2npe(r~ -r~)Rt p 

lOJ V d S t
2 

vd being t he directed beam velocity, S the beam c ross s ect i on and p the total 

numbe r of diver tors . The · necessary povers for ionization and ma i ntenance of 

this flu.x are : Vi N x 1,6 x I0-
19 

PHF • l')Tp in watts, 

Vi being the fint ionization potential in electr on wolts , n • the H.F . 

over all efficiency N(Vf- Vi) 
PDC • -p:rrr-

is the power required to raiae the i on directed energy from Vi (eV) to Vf(eV) 

ln 11 typical TOKAHAK having the follo\.liag c:har ac t e risti ca : 

r
1 

• 1,5 m, r 2 • 1, 3 m, R • 3 m, n • 1011cm- 3 , S "' 103cm
2 , p • 10, 

2 ep 2 
Vi • 20 cV, Vf • 10 eV, t • O, I s , t • I 1 , Te• 10 eV, n • 0 , 5 , 

gas • deuterium, gi ves N equal to J x 1020 p/cm3 , n i nj - I0 10cm-J and 

requi r es less than 50 kW fo r both i onization and acce lerat i on. 

CRI TICAL PARAMETERS FOR THE IONIZATION CORONA. The diverto r cannot e liminate 

those neu t r als coming ou t of the l i nor "all unless t hey can be i onized i n 

the shell of t h ickness (r 1 - r 2), of density npe and of temperature Te' 

Considering t hree t ypica l elements : a ligh t one , (D) two impurities (one 

l ight (O) and one heavy (W) the necessary s hell th ickncu is g iven i n Fig. 3, 

under the condition that neutrals are emit ted from t he liner wall with an 

energy of O, I eV. One can see that the corona plasma densi t y and t hickneu 

a re 1uch that all neutrals coming froa the wall are ionized in t ·ypical TOKAMAKs. 

IN CONCLUSI ON . The application of a a teody s tate e lectric field of the order 

of few kilovolts / I / , being localize d in the l ow density plasma regions, does 

no t disturb the confined plasma. 

It has been proved experimentally /6/ that the c:iain contribution to the pollu­

tion of TOKAMAX'S plasma comes from the liner (more than 90% of the plasma 

e nergy is deposed on the wall) , 

The grid electrode surface being very transpar ent . lower than (5% of the liner 

s urface) , thl!! pollution due to its pr-esencc is small. 

Wi t h the electron dynamical divertor the heavy mass impurities having been 

expelled, their replacement by ions o f low mass , reduces the r adia t ion loss 

in t he plasma core. 

~· / 1/ - I. CONSOLI, R. LEGARDEUR , C.F. TONON , Vth Conf., TOKYO, 

11 - 15 Novembre 1975 , IAEA A/N2 . 

/2/ - H.C . COLE , IIld Europenn Conf. on Controlled Fution and 

Plasma Phy1ics, llIRfCHT, June I 969. 

/3/ - A.I. MOROZOV and al . , J.E.T.P . Letters l• 199 , ( 1968). 

/4/ - R. BARDET, P . BRIAND , C. OORHEZANO, C. HEL1N 1 F. W'ERKOFF, 

Vt h Conf ., TOKYO, 11-IS NovrahrP IQ7'\, IA.EA D/5- 1. 

/5/ - R.N. HOIR, W.L. BARR, C.A. CARLSON , Vth Conf ., TOKYO, 

I 1-15 Novembre 1975, I AEA C/3- 1 . 

/6/ - T.F.R. Group . Energy Conf in . in T.F.R. Analy1is of Losses 
sources internal note , N. T. 11 1. 

Fig. 2 Schemati zation of one in­
jector. 
I and 2 parallele p lates at the 
ground and at high voltage 
3 region of plasma flO\I 
I - Ionization region, 11 - pumping 
region, Ill - connection of the 

!!.&..:_!. The c. l ectrodynamical dive rtor. ~~~~!~~ to the toro idal plasma 

: :! ~~~n:~~~m:\~:~i~~:o~~~\~* :~:!~~ ~~~e!~~n~i~~~~n!i~ ~~~ ~~~c;~:!m!dd, 
ejecting channel, I. 7 Toward the vertical nxis of the torus. 
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!!.a..:....1. Hean free path of ionization >.1 venue density ne for H, C and W. 



IMPURITIES 140 

NUMERICAL CALCULATIONS OF IMPURITY TRANSPORT IN TOKAMAK PLASMAS 

M H Hughes 

Culham Laboratory, Abingdon, Oxfordshir e , England 
( Euretom/UKAEA Fudon As sociation) 

Abstract; The e ffect of plasma contaminat i on by high- Z mate r ia ls r eleued 

from the walls and limi ter by escaping ions and neutrals is considered . 

Ionizat i on parameters and impurity radiation loa • u are detenained from the 

steady-state corona mode l while neocleulcal tran• port theo r y 1a used t o 

describe the impurity trans port within the plaama . 

Introduction. In the next generation of Tokamak uper iments, with their 

l arge energy fluxes and long pulse lengths, it h anticipated tha t con­

tam.1..nation of the p l as11l8 by bigh-Z materials arising from bombl r dment of 

the walls and limiter will play a signlfica nt role in the plume energy 

bahnce. Transport theory indicate.a that impurities which enter the plasma 

at the edge can diffuae t o the centre o f the disch arge where they accusnu­

late. Ea tlmat u of the effect s o f !•purities suggea t that the s ubsequent 

power losa th r ough line radiation and bremsstrahl ung can prevent ignition 

unless the impurity conten t can be kept s ufficiently small. To inves tigate 

the distribut i on of i mpuritiea a nd their effect on a Tokamak plasma we have 

devised a a imph numeri cal model for iapurity d i ffus i on and plasma-wall 

i nteractione. This pape r outlines the model and i llustrates resu l ts 

ob tained using a modified version of DUch s ' 1-D radial t rans port code [ l ). 

Phyalcal Model: The euential features of t he model can b e summarised u 

follows. tf the spatial dlat-.ribution of the plasaa temperature h known we 

can Hnd from the cor ona model the average ioniza tio n state of the impurity 

atom a t any point and correct those diffusion coefficients dependent on Z. 

Subaequently, if we alao know the electron and iapurity concentrations we 

can calculate the total i mpurity radiation l ossea at each point. We then 

have s u fficient informat i on to follow t he evo lution of the p lasma para­

me t er s and the i mpurity concentration. 

The cor onal equ ilibrium model la bued on a code wr i tten by Moshe r [2]. 

We suppose t ha t the phsma is every\lhere ln a stat e o f ionhatlon equi ­

librium; thie ass umption h valid if the time T over which t he macroscopic 

pl •sma p a ramete r :. c h ongo ootieflea tho conditio n 

T ~ ~ 
ne(cia ) 

Thus, for the s i mulation of large f u tur e machi nes where dif fus i on t ime.­

sca les -1 sec ar e e xpected t h e steady-atate mode l la appropriate. 

" For the p lasma transport we use Ducha 1 1-D radial transport code in 

which t he ion therma l conduction 1s neoclassical while the particle 

diffusion and e l ectron t her ma l conduction ls pseudo-classical, i . e . 

whe r e Y • 0 .457 
l.07 + Zeff + 0.29 . 

Alte r natively we ca n uae the empir i c al law s ugges t ed by Soubbarameyer and 

Mercier [3) which is 

D • xe • 400 Zeff (1 + l.6q
8

) "et P:z 
This law seema to predict quite. accurat e ly the behav i our o f existing 

Tokamaks . 

For t h e impurity tranaport we solve a ling l e diffualon equation for the 

aum "i • f "z over al l c harge s pec i es . The impurity diffusion flux ls 

t hat given by neoc l assical theor y [4) wlth the coefficien ts smoothed into 

the plateau rea l.me. 

Boundary condit i ons. The ~cha code includes an i nflux of cold neutral gas 

at the boundar y together wi th some nwnber of generations of hot neutrals 

produced by s uccessive. charge exchange collisionaj t he version o f the code 

uaed her e can f ollow up to 20 genentiona o f hot neutrals. From the hot 

neutral ca lcula tion we can dls tlngulah t he escapi ng flux rj0 of each genera­

tion . Moreover , t he tempe r a ture Tj
0 

of e par t i cular genera tion ls calculeted 

by aver ag i ng over t he t empe rat ures a t t he pointa of c reation . We ca n then 

de.fine a aputtering coefficient O'(T j
0

) for each generation t o determine the 

i n flux of heavy at oms released frOCli the walls by neutre l bombardment. 

Similarly, escaping i ons can re lease i mpurities to give a ne t influx 

of impuri t i ea . 

The sput t er i ng c oef fic i ent for p rotons inc i dent on niobium, mea su r ed 

experimen t a lly by Berr hch , can b e fitted quite accurate l y by t he formuh [5) 

Q' 9 x l 0-3 exp( - 0,017 E) 
• [E/2 + 2/Ea) \ 

where E(keV) is t he energy of the i ncident par t i c le. We have uacd this 

formu l a mu l t iplied by a factor 3 for stainless ateel. The threshold energy 

where ml and m2 are the atomic weights of the incident partlcle and 

target material and Q ia the 1ubliaation ene rgy (e.g. 4.3 eV for i r on). 

The model deacr ibed above bas been used i n a study of the proposed JET 

mach i ne.. The main parameter• for these calculations a r e as follow1 : ma j or 

n diua 2 .9J m; minor radius l.28m; t or oidal field 30 kC; Tokamek current 

3 MA. 11le r apid penetration of the akin curren t during the current rise 

phase in a Tokamak ls not deacribed by 1-D codes wi t hout making 1ome ~ .!!..2£. 
auumption about the diffusion in this regime. To circumvent this diffi­

culty we assume that the fu ll c urrent is i nitially distributed throughout 

the plasma volume •nd malnt•ined consunt in time . 'nle electron •nd ion 

temperature profiles are i nitlelly parabolic with peak value s of 100 eVj 

t he el ectron denait y pr of ile h also pa r abolic g i v i ng a mean d enlity of 

S x 101 3 cm -3 • 

~: Using the pseudo-c lauical scaling law, t he temperaturee of the 

escaping protons and hot neutrals rapidly become la r ge enough to initiate 

sputtering of material (assumed to be iron) from the walls . Impurity atoms 

entering the p l aama diffuse to the centre where they accumu late, forming a 

pe aked distr i bu t i on as shovn in Pig . l. After 3 sec the accumula tion of 

impurities in th e central core begins to modify the plasma profiles by 

excluding current f r om this region. At later times t he bui ld-up o f the 

impurity concentration r esult& in cooling of t he core . For example , Fig.2 

''·-""'' " 
!:!A:.! Radia l distribution 
of impurity concentra tion. 

shows the t empeutu re profile after 

6 sec . Impuri ty radiation cooling has 

by this time caua ed 1 s ignificant 

de.preaaion of the central t emperature 

rcaultlng in an unatab l e configuration. 

When t h e part i cle. diffusion and 

electron therma l conduct i on coeffic­

ient• are replaced by t he 

Hercier-Soubbaraaayer fom the mos t 

importan t difference is a large 

increase i n the outflux of eacaping 

particles and e correspondi ng 

increase in the influx of cold 

neutrals r equired to maintain t he 

to t a l number of partic le s. The 

Fig . 2 Radhl d htributions of 
e lectron temperature and den1ity 
(pseudo-cla1sical scaling) . 

---~-

'• ..... c...1 

, 
e . 

' 9 

Plg .J Radial distribution.a of 
t emperature and density 
(Mercier-Soubbaramayer acallng). 

i ncoming neutra l a are ionized in a narrow reg i on near the edge (- lot of 

the. plasma r a dlua) which ls consequently maintained at a relat i ve ly l ow 

temperature (Fig . 3). 11tus, the only eacaping par ticles with s u fficient 

e nergy to release materia l from the wall are the higher generations of 

neutrals emanating from the hot centra l regi on. The net res ul t ls a much 

smaller i nflux of La pur itlea compa red with the previous c ase (by a factor 

,... 10). The build- up of impurities i n thla case vas t herefore neg ligible. 

I t appears t h er efore that Lt may be poas i ble to shield a Tokamak plasma 

from impuri ties by a thin shell of co ld plasm.a. 
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NUJ.IERICAL SIMULATION OF THE ENERGY 
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1 . I n.fluence of magnetic field ripples on the 
energy balance . 

At low collision frequencies, the ripples of the magnetic 
field are the main factors responsible for the t ransport process­
es in plasmas. 

In this case [ 1 J (; . ) 2 
.:( · - .!!.2:.§ 6 312 ...!.:_ II (1) 

t - 11, e H R 
Here X; is the ion heat conductivity, 2 A is the depth of a 
ripple along the line of force . In the paper (1) it was assumed 
that A is constant on the magnetic surfaces A ~ A (Z) • We have 
used a more exact formula for X.:, by replacing 11.J/2. in (1) with 
the value < I:> 3/2 > averaged over e. where (} is the angular 
coordinate in the small cross-section of a torus . 

The magnetic field ripples can be described by the formula 

H ~ HY'= H0 { /- fcos fJ- S{t, 0) CO$ /v''f) c2 J 

where I/' is the angular .coordinate along the magnetic axis , 
N is the number of magnetic coils . The numerical xalculati ons 
of t he magnetic field have shown that the function ~(r ll}is well 
approximated by the expression ' 

S ('l1 B)=- S"1no.x lo ( ,BN~(t,81}/Io(fJ/"IJf a, 9}) Ol 

Here lo is t he modified Bessel function , jJX 0.6 .;..0.7 is the 
parameter depending on the coil configuration 

J ( Z > 8): [ T. 2+ 2 T. A Z. (oS 8 + (A Z ) 2 J f/2 

" Ar is the departure of the 1) minimum from the magnetic axis . In 
the region of maximum corrugation ( & "'0 , "l::::: a , At-<< t ) , 
one can use an as;rnptoti c :formula !or the Bessel 1·unctions , expand 
:J into power series of A<: and expand cos & into power series of 
8 . As a result , W' obtain <IJ.312> = 1)3/2 y (al,--") 

'"J{d1P)=-lrJ exf (-~Al1 2}f312 si.n 2 8d& , (4) 

·Jr [ j3 N('l-oj] ,BK A 'l "l: s =a(?) = Smax exp R . )I = - R- , ""'t'{-No) 

:=rJ.·e~p(-'<82), f= (1- .2 2s"1 28} 11~J/st,,6'/anccos (,tsih8) 

'llhen .P = 0 Eq. (4) exactly matches the results obtained by Stringer 
[ 2 1 , where the dependence of S on 9 was neglected. Fig. 1 
presents -:1(d.1)<)as a function of o{ for ,)1=0, tJ.~, tJ.r, 1 . Near 
the plasma boundary, c1.~o.os+o.'f . Itis seen that ';J(<1,>-)~o.os-c 1J.( 
if -" ~ f in tb.is region . The present model has been used 
for calculating the energy balance in the tokamak T- 11 installa­
tion ( R=70c1r>, O= 20 cM ,Na2v1 n~fo'3 (1.2 -t2/o 2)c,.,·3) 
with the injection of hot neutrals of the energy Eo=20~~v and 
current i -10 A • >"ig . 2 shows t he dependence of the ion tempera-
ture Ti max on the current i for t;;hree different positi ons 
of the plasma column inside the chamber : 
(I) the plasma c olumn is d isplaced Sc,,., inside the chamber, .u= 0.3, 
S,,,.,r-O. 0 6 6 , (II) the pl asma column is in the centre of the cham­
ber ,u: O. ", s,., • ., 0. O 2 , (III) the pl asma column is displaced 
outside the chamber ,,,J.I=- o. 7, Dma'; 0.06' . For comparison, we have 
drawn a dotted line for 'ii"m•x= O. 06 which matches that obtained 
by Stringer model [ 2 ] . 

2 . Diffusion of the impurities . 

It is well known that the impurities play the essential role 
in the tokamak plasma dynami cs . \"le h"ve described the results 
obtained f rom the calculations of the density profiles for light 
impurity ions (carbon and oxye;en) . 1.e tave taken into account the 
diffusion of particles and such atomic processes as ionization by 
electron impact and radiative recombination. The initial system 
of the equations is of the form r - / 

'il3,,_ L 1 t re+ ne L: ( I;hi- Rj.1nj,() 
'il t e 'I~ i•O 

'""np = - { ~~ ~ rp (5) 

~;; _ _ L · ~ e. rJ·+hejI;.1 nj.1 -h;(Ij•r<';)+ej+fn;.i},i=1,2 ... e 
')t - ~ '])"to 

wbere fl.e \ Te, n /&, Tp , n0 .> To ,nJ, Tj are the densities and tempe­
ratures of the electrons, protons , impurity atoms and ions , 
r ... r p • r; are the ne oclassical diffusion fluxes [ 3) • r 0 is 

the flux of the i mpurity ai;oms, I; and Ri are the ionization 
and recombination rates [ 4 , 5 1 . The radial profile of the impu­
rity atoms n o was determined from the stationary kinetic equation. 
It is assumed that i; : I p . We have used the following ini tial 

and boundary conditions : f j p \ = 0 
z.a 

nel =heo ( hp+~hji!'j· he)l=o, 
?sQ. I Z: : Q 

ne(i,O}=np(z-,O):[neo+nei(~-z 2/a 2)] , fo;3c1n·3, c6> 

nj(z,o) = 0, ( j: 1,2, ... ,z) 

Here rj p is the partial proton-impurity flux . Conditions (6) 
assume that the particle losses from the plasma are determined 
solely by collisions with the electrons. Vie have assumed in the 
~~~~si~!~ulations that T p (?):Co•~ t , thus neglecting the thermal 

Fig . 3 pr esents the results of the cal culations for tokamak 
TM-) ( R=~oc"' , a=S"•). The radial profiles of C'S+, c••,ZeH are 
shown for t:io,10, 30..,sec . The dotted lines correspond to the 
electron and proton profiles. Fig.4 presents the similar curves 

{of oxy gen in tokamak ST ( R= io9c .. ,Q.12c"')· 
Certain features characteristic of these processes should 

be pointed out . · 
1) In a time f~Smsec the density profiles of the co+ and a8+ 
nuclei arrange t hemselves to the density profile of the protons 
with an accuracy of 2+ ~ per cent according to the Braginsky 
condition ('D/~z(en np')='"lfn e.. hz ) . At tb.is stage, the impuri­
ties s houl d move towards the plasma column centre, the diffusion 
rate of the protons being sufficiently low, 
2) When the impurity concentration reaches n i! ;>0. o3 I? p the proton 
density profiles rapidly flatten, causing the flattening of the 
impurity profiles . 
)) 11ith the concentrations up to /?;, ~ 0.1 np the amount of 
impurities lost from the plasma column is appreciably less than 
that of the protons . 
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PLASMA- WALL INTERACTI ON THROUGH RIPPLE 

CONVECTION IN TOROIDAL DEVICES 

F . Engelmann*) and A. Sestero 

Centro Gas Ionizzati, Associazione 

EURATOM-CNEN, Frascati, Italy 

• ) Also at the FOM-Instituut voor Plasmafysica, Rijnhuizen, 

Associatie EURATOM-FOM, Jutphaas, The Netherlands. 

~: It is shown that under certain cirdurnstances ripple 

convection may lead to a strong localized p lasma-wall interac­

tion in Tokamaks . The relevance of the resul t to recent 

findings on TFR is discussed . 

As any deviation from axisymmetry in toroidal devices 

leads to the formation of loss- cones, in such a case a certain 

number of charged particles can reach the chamber wall in spite 

of the presence of a limiter. In particular, if a sufficient 

number of highly energetic particles (e.g . electrons) can enter 

these loss-cones, a strong plasma- wall interaction, usually 

localized in certain are as, is to be expected . We specifically 

consider here the effec t o f the presence of a . toroidal field 

ripple in Tokarnaks, but the situation is quite analogous in 

S;tellarator geometry. 

The loss- cones created by the ripple are related· to the 

free V' B- drifting of the particles t rapped in the ripple mir­

rors, occurring at a velocity 

( l) 

where E1 is the kinetic particle energy perpendicular to the 

magnetic field B, R the torus' major radius, and e the elemen­

tary charge . For a group of particles of density n this implies 

a vertical energy flux 

n Ef 
F = eBR 

which may be considerable for large £1 . 

( 2) 

Through this mechanism electrons may convect to the wall 

from the plasma edge or even from its interior. In the first 

case , this happens if the effective mean free path A for scat­

tering the electrons out of the loss-cone is larger than the 

extension of the limiter shadow h, i . e., 

> h (3) 

where, for E
1 

more than three times larger than the bulk plasma 

temperature l) , 

veff = 212 n e •1n A 
m Efh 

(4) 

with Zeff the effective ion charge, 6Be the ampli t ude of the 

field ripple, m the e lectron mass, and ln A the Coulomb loga­

rithm . combining Eqs. (1) and (3) yields for R = 100 cm, 

h = 3 cm, B = 40 kG, 6Be/B = 5%, and Zeff = 3 

> {5 ) 

when E.1 is in keV and n in cm- 3, 

On the other hand, f or a system of N = 24 coils and a strongly 

corrugated liner (radius of curvature of about 2 cm), the area 

hit by the convecting electrons extends less than l rnm in 

toroidal direction, corresponding to an effective concentra­

tion of the energy flux by more than 2 o rders of magnitude 1 ) . 

Melting of the surface material after 0. 4 s is then possibl e 

if F ~ 8 Watt/cm2, equivalent to a loss of 200 Watt per ripple 

over I cm in the direction of the torus' major radius. Condi­

tion (5} then requires the presence of electrons with at least 

£1 = 2 . 5 keV, having a density n = 3·1011 cm- 3 • It may be noted 

that charge neutrality in the shadow of the limiter can presu­

mably be ensured through ionization of cold neutrals by the 

convecting electrons 1 ) , 

In the second case, the e f fective mean free path A must 

be larger than the distance from the wall to the hot inner 

plasma, that i s condition (3 ) must be satisfied with h being 

now this latter distance, and in Eq. (4) n being replaced by 

the p lasma density np ' as well as 6Be by the ripple amplitude 

6Bi in the plasma interior. Taking nph = 5 ·1 0 13cm and 6Bi/B 

about l to 2 °/oo (R, B and Zeff being as a bove) yields 

E.1 ~ 50 keV. As cit the lower limit of this energy range only 

deeply trapped electrons (typically those whose oscillation 

amplitude is less than half the maximum amplitude possible) 

have a high probability of reaching the wall, surface damage is 

to be expected if there are electrons of this kind with a den­

sity o f about n = 1. 6 · 109 Cfll- 3 or larger,. For isotropic dis­

tributions, such a density corresponds to somewhat less than 

1% of the plasma electrons trapped in the relevant part of the 

ripple mirror. An i mportant property of ripple convection from 

the plasma interior is a lso that the extension of the convect­

ing beam in toroidal direction decreases considerably from 

inside to outside, due to the increase of the field ripple. 

Using the constancy of the longitudinal adiabatic invariant 

and taking 6 Bi/0Be a bout 0 . 02 to 0 . 04 yields, for the example 

consid@r~d, a d @creasa of thg b aam QXtansion L by about a fac ­

tor of 3 to Le ~ 4 cm at the wall. 

In conclusion, the conditions to be satisfied for rippl e 

convection t o create dangerous plasma- wal l interactions are 

strinqent, but by no me ans for bidding . I n particular, the ef­

fects observed on TFR2 ) seem to be marginally consistent with 

the properties of ripple convect ion of a group of highly ener­

getic e l ectrons originating from the plasma interior. 
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THE EFFECT OP HEAVY IMPURITIES ON PLASMA 

MOTION IN A li!ULTIPLE MIRROR MAGNETIC FIELD 

V.V.Mirnov, D.D.Ryutov 

Institute of Nuclear Physics, Siberian Division 

of the USSR Academy of Sciences, Novosibirsk , USSR 

~: It is shown that by inserting a certain amount of 

heavy impurities into a DT- plasm• one can considerably 

decrease a longitudinal plasma expansion velocity. 

At a temperature T = 10 KeV the fusion power output in a 

pure DT- plasma is known to be aproximately 30 times greater 

than the bremsstrahlung losses. By i nserting the impurities 

with a charge Z '>'> 1, the bremsstrahlung losses rise by a fac­

tor of 11zi!'"'/n" , where n.l!' end n. are , respectively, the den­

sities of impuritiee and of hydrogen ieotopes (the density of 

impurities is assumed to satisfy the condition h.ii" ~ n. , 
under which the electrons have mainly a "hydrogen " origin) , 

Therefore an ultimate permiesible deneity of impurities ia 

determined by the condition : 

tlzi"~/nH ~ 30 (1) 

On the other hand, at the densities 11.i z.t/n,.~1 the 

impurities can considerably affect the scattering frequency 

of electrons and hydrogen ions. Dawson et a1. [ 1] have sugges­

ted to use this circumstance to decreaee absorbtion length of 

a CO;;laeer radiation in a plasma (the absorbtion length is 

inversely proportional to the scattering frequency of elect­

rone on ions) . IL ls evltleuL Lluit. Uy ln&e.rt. l.llg .l.wpU.L'lLles one 

can reduce an abaorbtion length by the order of magnitude 

without violation of the condition (1). 

In the present peper, it is noticed that in the same way 

one can epreciably reduce the length of a multiple mirror 

trap ( 2 , 3], Indeed , if tt,I'-(11.H),?;1 , the hydrogen iono scat­

tering path decreases by a factor of n.~ Z '-/n,, in comparison 

to the case of a pure plasma . The scattering path reduction 

results in slowing down of a plasma diffusion along the mul­

tiple mirror magnetic field. This allows to reduce inetalla­

tion length needed to provide the chosen confinement time. 

In the case Of n~ l 'l../tt.,1:-1 the hydrogen ions mean-free 

path 1.11 with respect to the collieiona between them themsel­

ves is connected with their mean-free path AMl with respect 

to the collisions with impurities and with impurity mean-free 

path Au by the relotionehips: 1.u ""A11 ci { l'- "" A11H h11{n, t' 
For t he quantitative illustration of the impurity effect 

on the expaneion velocity , the case will be examined when t he 

spacing i between two mirrors is smaller then the minimum 

scattering path, namely , 1,,. Thereby , either among electrons 

and light lone, or among heavy ione there are groupe of trap­

ped and untrapped particles. Respectively , for the longitudi­

nal diffusion coefficients of the various components according 

to l 2J one can write down the following estimates: 

!Oe ""V,.., ).H1/1<.'- > 2>11 ~ Vr. \•1/K'-, ~~"" VH A,, /K'- (2) 

(the mirror r atio K is supposed to be large , K» 1 , end the 

width of the mirrors is assumed to be smeller than the die-

tenoe between them). Here, in t he order of magnitude esti-

mates , we neglect the difference between deuterium and 

tritium masses. 

The estimate ( 2 ) showe , that the electron diffueion is 

faster then that of the other species, However, in the ceee 

when plasma expands to vacuum the e l ectrons move together with 

light ions due to the effect of a polarization electric field. 

As to the heavy ions, they can be regarded as immovable (due 

to their very smal l diffusion coefficient) within the ocale 

of a light component expanoion tiJlle . 

Basing on estimates (2) , let us compare numerically the 

cases of confinement of a pure DT- plasma and of a plasma with 

s small heavy ions admixture . Fo1· the parameters T ~ 10 KeV , 

n~3·101 7 cm-3, the length L of the multiple mirror machine 

providing a pure plasma confinement for the Lawson time, 

!L ~ 3·10-4 aec , under the mirror ratio K 3 , muat be of the 

order of 30 m . If 10% of impurities with Z : 10 are inserted, 

the length of the machine con be reduced to 10 m (to obtain 

this , one ehould note that for a given confinement time, the 

installation length is proportional to the square roo t of a 

diffusion coefficient). However, in this case the mean- free 

path 1,1 equala to 0 . 6 cm , ao it is rather hard to satisfy 

the condition e < An with a reasonable installation diame­

ter. Therefore we shall analyse the case of 1,,«:::: i <<A•z · 
Over this range of parameters the impurity flow is purely 

hydrodynamic ( AH « i ! ) , whereas the light ions motion is 

diffusive as before. The expansion vel ocity of a heavy com­

ponent la defined by the balance of t wo force s : the accele­

rating force , which is duo to the polarization electric field, 

and the friction force against the magnetic field , which ia 

connected with a l ongitudinal ion viscosity: 11.n u-./ei~ e i!n1 E 

(this estimate holds for not too large mirror ratios, K-1~K) . 

Hence, taking into account tha t 'l\n"' ~HVTi l M, n, and 

E~T /eL , one gets Ui"" VT~fi' ~~/~nl. . Comparing it 

( 
0 3/.1 

with 2) , we find the condition L < l An for the heavy 

component expansion to be slower than the light one . For the 

numerical example considered above thia inequality gives 

l ~ 5 cm , this es timate being quite acceptable if an instal ­

lation radius is smaller then 2 ~ 3 cm 

Since in the caee of ~ < i" 
31

' Au, the heavy ions can be 

considered as immovable within the scale of a light component 

expansion time, the exact equations describing a light compo­

nent flow can be obtained in the way analogous to that used 

in [3], Thereby it is quite sufficient to take into account 

only the collisions of electrons and light ions with heavy 

l one (Lorentz plasma model). As it was shown in[3], the tem­

peratures of ell species can be considered to be equal 

(T, :o .. T. = T.:= T) and constant ('llT /1ix : 0) along the plas ma 

column in many cases of practical intereet. Under these 

assumptions the equetione for deuterium end tritium densities 

have a form : 

-an.,,,,_ 3Tsi,_ :stLL-[( :-OlloJ ~Jl 
oi: -.Jfi" tn~~/\e"l"'K"'~x(n,(l1o•n,)L!11J>~" nT,,,) U: +ho~ <>x'-Jj 

where (\ is t he Coulomb logarithm and t\1: h 1(x) is an initial 

distribution of impurities (the polarization electric field 

is ·excluded by means of a queaineutr ality condition) . These 

equations allow. to predict exactly a time- spa ce evolution of 

s DT-plaema with heavy impuri t ies in a multiple mirror magne­

tic field . 
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EIEO'lBOH CYCLOTRON RESONANCE HE.A!l'ING ON T!.1- 3 TOKA!.IAK .A!!' 

!J.AGNETIC FIELDS UP TO 25 kOe 

Alikaev V .V., Bobrovskii G.A., Poznjak V . I. , Razumova K.A., 
Sanni.kov V . V. , Sokolov ~u .A . , Shmarin A.A. 

I.V. Kurcbatov Institute of Atomic Ene r gy ,Uoscow 
USSR 

Experiments on additional HF- beating of plasma at elec­
tron cyclotron r esonance (ECR) frequency and its second har­
monic are continued . Thomson scattering measurement of elec­
tron temperature has been used . 

The perspective of ECRH for reactor i s str ongly depend­

ed on results of investigations of this method at large mag­

netic fields . In the experiments the HF-generator v1bicb pro-

vided the beating at the magnetic field Hz= 20- 25 kOe was 

used. '£he power of the generator was ~ 60 kW , the pul se dura­

tion was up to 1 msec • The beati ng was investigated at Hz 

which corresponded to the first an~cond harmonics of ECR , 

and the averaged density ·ne = ()~10)1012"'"-3 · 

The resul ts of the exper iments are similar to •hose ob­

tained at t he resonant 1Uagnetic field Hz"' 10 kOe/1/ : 

1 . The maximum additional Ll (D!l') measured by a diamag­

netic loop at the ECR- frequency are the same in the both cas­

es : ;1 ( D!l' ) = ( 6-8 )1014 eV . cm- 3 ; 

2 . The typical features of the runaway electrons beating 

are observed when ne is decr e ased ( LI (D!l') value, the additi­

onal EC-emissi on and the plasma column shif t drop s low after 

the heating pulse /1/ ) • 

) . The LI (nT) value is decreased somewhat by the higher 

density or discharge current . 

The i ncrease of the electron temperature ~ Te , averaged 

over the column cross section, has been measured by the dia­

magnetic loop , the increase of Te in i;be center of the co­

lumn11Te (O) bas been measured oy 90° Thomson scattering . In 

the latter case the ruby laser with Q -swi tcbed mode was em­

pl oyed . 

As the value6T0 (0~orresponds to the heating of the 

bulk electrons and the value ir0 character ises the heating 

both of the bulk electl'<lns and of the runaway electrons , the 

ratio between " Te an~e(O) may be arbitrary . For instance, 

t he ratio "Te/.oTe(O)=~~O~V was registered at the first and 

the second harmonics of ECRH of the plasma with n0 ~a . 1012cm-) . 
'rbis fact seems to correspond to the beating of the bulk ele­

ctrons in the narrow central region of plasma column. On the 

other band the ratio~= ~~=~ observed at the second bar-
e ·1 ~ 1 

monic in the plasma with ne -4.10 C"m- "l.s the result of the 

beati ng either of the bul k electrons all over the cross sec­

tion or both of the bulk electrons and of t he runaway elect­

rons . However, in any case, the Te{OJincrease , obtained by 

scattering measurements , proves the beating of the oulk. elec­

t rons during the HF- pulse . 

It should be noticed that the T ef tJ} may i ncrease in part 

because the ohmic beating becomes more significant. This can 

be attributed to obe l.Jllprovement of 1'be plasma confinement in 

the inner regions of the column at additional beating of 1'be 

plasma periphery. 

The additional HF- heating makes i t possible to investi­

gate the fundamental properties of p lasma in tokamak . The 

confinement of p lasma with high _,!3 1 produced by ECRH bas 

been investigated. The experl.Jllent was fu l f i lled at the se­

cond harmonic with .;/"'/cm HF-generator(Hz = 5 kOe) . The Fig . 1 

shows some characteristics of this regime. One can see 

that no ill effects are observed at )31"'-2 . 2 . It should be 

noticed , however , that the marked part of the additional en­

ergy seems to be accumulated by the runaway electronB (as 

the scope traces show) . 

An other interesting possibility is the esi;imation of 

the runaway electrons confinement t ime by the measurement of 

the delay time of their additional energy , provide d by ECRH . 

For this purpose we i nvestigated the EC- emission of plasma at 

Ae:. 1 .2 cm anJ0<2. o cm. •rbis emission (at Hz"'-13 kOe)is the 

one of the runaway electrons with longitudinal ener gy ~'"10keV 

and ~;!<60 keV accordingly (Fig . 2 ) . As the electron distribu­

t i on function is approximately exponential (as X-ray measu­

rements show/ 1 I ) , the registered EC- emission is attribu­

ted to the electrons with threshold energy. The time of de­

lay of t he additional emission points out that the runaway 

e lectrons are contained not less than 2 msec at E11 :::::..10keV aad 

not less than 9 msec at E
11 
~ 60 keV . 

.l:l,2cm 

Fi;.2 
Reference 

/1/ . Alikaev V. V. et al . 5tb Conf . on Plasma Phys . and Contr . 

Nuclear Fusion Res ., Tokyo (Japan), 1974, Paper CN J)/A9-4 . 



145 RF HEATING 

Fast Hagnetosonic Wave Heating at the Second 

Ion-Cyclotron Har monic in Tokamak Plas•as 

John E . Scharer , Tak-Kuen Mau, 

Donald T. Blackfield and Brian D. HcVey 

University of Wisconsin , Madison , Wisconsin 53706, U. S.A. 

~: Hot ion and electron abso r ption effects are included in the disper -

sion relation for second !on cyclotron harmonic heating. It is shovn that cmdc 

convers i on problem!I can be e l imi nated for UWMAK-ll paramet ers by i mposing suf ­

ficiently s ho r t parallel wavelengh t s (k'* • lOm-
1
). The density of toro idal 

e igenmodes for reactor size plasmas is considered, 

le is \lell recognized Lh'1t in order to ignite a tokamak rc'1ctor, a sup-

plccaencary hea ting mechanism in addition to ohmic heating vill have to be 

employed. ?fagnctosonic uave heating at t h e ion-cyclot r on f r equency and its 

Sl!cond harmonic has been studied by Adam and Samain ( l ], Perkins [2}, and Weynant s 

[3]. The s ignificant ion hl!ating and wave penetration to a tokamak plasca core 

chat are predicted cake the compressional hydroaagnetic or fas t \Jave a most in-

teresting candidate for s upplementary heating in a tokamak. 

- iwt + tk· ; 
Assuming an e. Fourier component of wave q uantit i es 1 t he wave equa-

tion is obtained as k x ck x E> + <wlc> 2~ · E • o wherf': K is the dielectric 

tensor as def ined in Stix ( 4 ] . By noting that in the raagne t osonic regime tha t 

the Bessel function a r gument ).j • k~ p~/2 ta scaall for both ion and electron 

ter ms. one can obtain a tractable dispersion relation in lolhich first-order finite 

gyr oradius effects nre included by expimding co firs t order in >.j. Fu r t her , the 

Kzz component of the die.lectr! c. tensor is so large compa red to other e l ements 

involving the z component that the dispers ion rel ation can be obtained to a very 

good appr oxiaa t ion by expanding t he 2 x 2 minor of the Kzz cocaponcnt. The dis­

persion r e l ation then becoees (k.l - kx) to fourth order in ki 

where 

(w/c)
2 

Kxx - k~ 
(w/c)

2 
K 
yx 

(w/c) 2 K I xy 

(w/c)
2 

Kyy - k~ - k~ " O (l) 

Kxx • l +I: Cw
2 

/2wk 11 vo:)(Z~ + z_:11) - k~t (w!va/4wk11 fl~)(Z~ + Z~l - Z~ - z.:-2). 
o:- 1 , e. pa o:•i,c 

and Z~ denotes the Fried and Conte Plasma d ispersion func t ion Z((w + tflCl)/kllva) . 

The dispe rsion rela t ion then includes wave absorption due t o ion fini t e gyro­

radius and cyclotron damping e f f ects and electr on t r ansit-time damping . 

We no1J present res ul ts for Eq. (1 ) 1JhiCh yh lds the same d i spersion re lations 

for the cases treated in Weynants ' paper. The particular case we wish co study 

is chat of the UWMAK-11 C\olnceptual fusion des ign reactor (S}. Tite deulerium 

plasina parameters arr 6xl013 /c•3 , JOO~-~~~-~-~-~-~~ 
k1 • 1o·'cm·I 

TD - 15.2 keV, Tc · D.5 keV, ~ . k}p1il Ro.1--

&0 on oxis • JS.7 kG, K • 13 m, 
2. 4 lm>.j - -

and a • 5 Cl. The y a.re obt ain ed fro• 

a globa l energy and partic le balance 

assucing t r apped parLiclc scaling . We 

assume t h a t t he k
11 

spec t r um excited 

1J i thin the pl asma torus is the s ame 

.060 

.020 

·1120 

as that excited by a launching struct ure 

located near t he walls ln the vacuum 
•.060 

region. 

Figur e 1 shows o pl ot of the '"" 

F 
F 

1.750 LBOO l. B~ L900 1.950 2 .000 2.050 2 .100 
fas t magnetosonic (F) and Ion 

"'/.,co 

Figure 1 

Bernstein (B) "'ave llOdes for the UWHAK paramet ers for very small ku· A region of 

mode. conversion is noted for 1.90 < w/wC
0

<1. 98. This is quite detriviental for 

ion heating for waves pcnctr ... ting from the high magnetic field dde . The ku • O 

case can be expected to be the dom!nnn t Fourier spect r um of a s i ngle excitation 

structure. Fast wave tunncling and Ion Bernstein elactron Landau damping can be 

expec ted to assist in pO\ler absorption of the vave incident fro~ the high field 

s ide. 

If t he paralle l wavckngth la decreased so t ha t k 11 • !Om-
1

, t he mode con-

version is eliminated as s hown on Figur e 2 for t he same plasma pa r ameters, Note 

t hat even though w/klfve -1, the dispersion relation is little affec t ed fro• chat 

for cold electroni1. Appropriately spaced and phased poloidal hoops or vavc-

guide feeds mounted in the outside torus uall could be envisioned to provide 

the desired exc i tation spectrum. 

For large reactor devices such as ln-'MAK-II, the density of toroidal eigen-

•odes such 89 those observed on ST ( 6 I appr oaches a continuua when the vidth of 

the individua l modes due. to absorption effects and the multiplicity of radial and 

poloidal .ada 
0.10n-TTTTTTTTrrTTTTTTTTTTTTTTTTTT"T"1"T"1.,-,r-nn...-

).l •k!Pj2/z 
number s yialding 0.0 8 

the tra nsverse wave-
0.06 

number are taken into 

account. The toroidal, 0
·
04 

poloidal, and r adia l 0.02: 

mode numbe r s nr c given 

for a uniform bounded 

plasma by n • k 1 R, 
- 0 .02: 

•. and a boundary - 0.04 

value equation involving 
- o.oc 

Bessel functtons 

and their der t.vatives of l ilrge arguG'.cnt kl.a and the uave and p lasma para11eters 

( 7] . The width of a given mode can be est ima t ed from equations for second 

harmonic da111ping averaged over the minor cross section as y i (2QCD) - k~ KT
1
R/ 

mlf!CDa .. I. X 106sec-l which can be shown to be large compared to the mode sepnra­

tion &u(n ,111,k.l ). It is des irable to excite l ow m numbers in order to obta i n 

care rather than edge heating. A launching structure \lhich has a significant 

amplitude of l ow kl in its spectrum vill excite waves which unde r go mode conver ­

sion, change the ant enna loading, and possibly heat electr ons via Landau damping 

Qf the I on Bernstein mode. Thus for l arge r eactor s it uill be difficul t co de-

s i gn a launch ing s tructu re which provides a par ticu lar amoun t of core vs. edge 

and ion vs. e l ectron heating. 

Skin effect l os5es for a stain les6 steel wall &t the operating frequency of 

54.4 Miiz a r e small compared to the plasma abso r ption. 

Y
5

s(SOO•C) - OC
0

c5
8
/a -3 . 4 x l03s cc- l « y

1
(2flCD) 

If a carbon curtain is int r oduced to reduce the Zeff and impuri t y line radiation 

to lower the ignition powe r requirements , the skin e ffect losses become 

Ycc(Soo•c) - flCD6cc/a - 2 x l04sec-l « y
1

(2flCD). 

Thus it appears that a carbon curtain does not obviate the possibility of fast 

111a gnetosonic wave heat i ng in a reac t or if the wa ve energy can be introduced 

between the corbon curta in and plasma column. 

Re f e r ences 

(1) Ada•, J. • and Samain , A., Fontenay-aux-Roses , Report EUR-CEA-FC-579, 29 (1971). 

(2] Perkins , F. W. , Symposiu• on Plasm.a Heating and lnjection, Varenna , 20 (1972). 

(3] Weynanu, R. W., Phys. Rev . Letters 11_, 78 (1974). 

(4) Stix, T. II., The Theory o f Plasin.1 Waves, HcGrau 11111, Hew York {1962). 

(S) Conn , R. W. , et al., Proc. 5th Intl. Con£. on Plasma Physics and Controlled 
Nuclear Fusion Resea rch, Pape r CN-33/Gl -2 , Tokyo (1974). 

(61 Ada11, J, , et al., Proc. Sth Intl. Con!. on Plasma Physics and Controlled 
Nuclear Fusion Research, Paper CN-33/A3-2, Tokyo (1974) . 

(1 ) Stix, T. H., Pr1nceton MATT Report llll (1975). 



RF HEATING 146 

TRANSFORl.!ATION OF ELECTRON SOUND WAVES IN A HOT- ION PLASl.!A 

N,F.Perepelkin, 0 .14,Shvets , M. P.Vasil'ev , A.G.Dilcy . 
Physical- Technical Institute, Academy of Sciences of Ukr,SSR, 

Kharkov, u.s.s.R. 

The current- carrying plasma instabilities in the anomalous 

resistivity regime were studied in the "Uragann stellarator in 

works [ 1, 2] • Intensive long-wave I\<<: l<d noises with frequency spec­

tra u ..... wp~ and- 2Wp~have been observed, and these noises were ex -

plained as a result of the transformation of the short-wave 

(K,-11t-'*.'I i on sound waves excited in a nonisothermal plasma (Te> ll. 
However, at a quasistationary current heating these noises were ob­

served in the form of separate short bursts followed by t he bursts 

of hard X- rays from a t raget in a plasma,as well as by microwave 

(UHF) superthermal noises.These circumstances caused some diffi­

culties for interpretation of results.In this respect the current-

less plasma,where the quasi-stationary acceleration of electrons 

is absent, is more suitable for investigation of the turbulence. 

In this work the microinstabilities of a plasma with hot ions 

were studied during the ion-cyclotron heating(ICRH) in the"Uragan" 

stellarator. The noise spectrum in the vicinity of Wp~ was investi­

gated by two methods.In the first method these noises were picked 

up by means of the magnetic loop outside the plasma. Relative in-

tensity changes of these noises were studied varying the magnetic 

field within the resonance curve of the ion-cyclotron l'laVe (IC\'/) 

absorpti on. In the second method the fluctuation-spectral charac­

teristic nt2(1l) = Sai'.-(Q) of the thermal UHF emission of the hot- ion 
JAW 

plasma was determined (see [1]) and compared with similar charac-

teristic of the UHF standard black-body radiation.Here S6 o.((tl, S • ., 
are the fluctuating and statistical parts of the varience of noise 

Fig,1 

on the exit of square- law UHF detector; Q is the 

frequency of fluctuations ; ~W =1056Q =1 Gcps is 

the bandwidth of analyzed frequencies Sl and the 

UHF band-pass ; Ml is the bandwidth of the low-fre­

quency analyzer. 

Ion heating in the stellarator was realized at 

magnetic fields \\ =5,8 k0e ; 7 k0e;12,6 kOe, that 

being in agreement with the condition of ICW ex­

citation in plasma for two gases ; hydrogen and 

deuterium at pumping frequencies 5 =5 , 2 and 9,4 

Mcps.The typical behaviour of plasma parameters 

is illustrated in fig.1, where; 1 - current in the c oupler ( i 
9 1 4 Mcps); 2 - plasma density 1 17•1o12cm-3/div ; 3 - diamagnetic 

s i gna11 . a7.1014ev•cm- 3/div ; 4 - UHF noises A•2, 5 cm; 5 - inten­

sity of radio noises n = 290 Mcps(time scale is 0 , 2 msec/div).The 

distinguishing feature of plasma behaviour at fast switching-off 

(-10 sec) the pumping generator is a slow decay of the diamagne­

tic signal (3) and the UHF noise (4) and a rapid decay of noi ses 

in a radio frequency band (5).The behaviour of ion temperature 

( 1<.) , plasma density ( tl.e) and radio noises ('w ) at changing of mag­

netic fie l d strength in the vicinity of ICR in deuterium plasma 

~Ml ... . " 0.6 ' \ ~· 
o.~ ·. '•, 

l "···.Tl 
o.~ ' w · ... ·· ..... . 

0,91 f.11{) l08 l l6 

-'kiri 
Fig.2 

is shown in fig.2(at t =0 ,7 msec),Regime of 

experiment was chosen from the condition of 

maximum excitation of turbulent noises.These 

conditions were l. >->Te which were realized 

when _HH .-1,The noise intensity W decreased 

" at the transition to the higher magnetic 

field J:!... ,,.1 where plasma density increas­
Hct 

ed and ~ -1.The similar character of ICIV absorption was observed 

in a hydrogen p lasma. 

The spectrum of plasma radio noises for the moment of O,? msec 

was obtained by means of a magnet ic loop. Fig. 3 gives the relation 

of spectral intensitites ~. as a function of frequency n (here 

H' H11 

Hc,=1,015 and ~,=1,045,see fig,2),In this spectrum there are 

two maxima at frequencies 
g Lll 2Lll 
...cij~~~~-.-...-,-~~,-.,,=-,~r--.-n 

-lol I 11 1 I E; l.J 11 :::::~:et:~ ::e;w,~:i:~-
20 IOO !OOO perimental conditions W,.,»Wpc 

Q, Mcps this spectrwu is satisfac-

Fig. 3 torily described by the 

following relation: 

parameters rt~ t H 

?. wi 41 
Wi.. = li>"~Wc~l1+ ~) ..... w7p._ at changing discharge 

and f and ml. ,respectively.Additional probe 

measurements showed that KK...1: ~10 with } 1 =4+5 cm.All our data allow­

" ed us t o coll!e to the conclusion that t he turbulent noises at w-w,,~ 

are fast magneto-acousti c waves close to the lower hybrid reso -

nance which propagate across the magnetic field with the velocity 

V".a. ;;;: tfre • 

UHF ~mission (see fig. 1 (4)) took place at frequencies near W~= 

( IJ.l~,+W~.1 1 and i ts power Pi, was proportional to T, , The fluctuation 

l~-~LJW, 
2 ·---
1 

0 200 6110 IOOO 
\I, Mcp• 

Fig,4 

spectrum of this UHF emission obtained at 

the condition: tle =2·1012cm- 3 , T, =300 ev, 

r.•30 ev , H =3 , 8 kOe , J =5,2 Llcps i s presen-

ted in fig.4 (solid line) where for a com-

parison the spectrum of UHF- standard semi-

conductor noise source is shm·m too(broken 

line) .The odd harmonics of the lower hyb -

rid resonance W - U)L and-~~" ma;y be explained as a result of scat­

tering of thermal UHF radiation on plasma fluctuations with 1..u .... wi. • 

Relative intensity of the first harmonic ( S;'.'.'•1 - 5•10- 2) allowed 
JtiU: 

to estimate a level of turbulence a t w-w. as m- - 10-2+ 10-3 • 

The analysis of all available experimental data showed that the 

p l asma fluctuations at w-w, during the IC!lH might be a result of 

an electron sound instability [4, 5) ,According to this t?eor:y, a 

short-scal
5
e electron sound instability with W =K., (T,,,..-~ 11 0 • K>a! + 

+ K.2·ptW\e~)-l can be excited in a nonisothermal {i~>>Te)plasma by a 

transverse current when a current veloci·ty is 1..t., ~u;~. In our case 

at T' =300 ev 1 Te"' 30 ev , H,~10+20 Oe the transver-current veloci­

ty was U~"' 107cm•sec-1,,,u;,"' 1 1 2•107cm• sec- 1 , The long- wave plamna 

noises at W--W11~and -2Wri. are, in our opinion, a result of non- li­

near transformation of electron sound waves in the low- hybrid re-

sonance region of inhomogeneous plasma column. 

The conclusion about possible transformat i on of short scales in 

an e l ectron sound spectrum is in agreement with the result s obtain­

ed earlier in the''Uragan" stellarator (1 ,2 ] when the ion sound de­

cays in hot electrons pl asma have been studied. 

The authors are grateful to Prof .K. N. STEi'ANUV and Dr . V,A, SUPRU-

NENKO for useful discussion, 
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WAVE PROPAGATION AND RF PLASMA HEATING NEAR AND ABOVE 

THE LOWER HYBRID FREQUENCY IN THEW II A STELLARATOR 

P.Javel , G.MU\ler, A. v .H. van Oordt, and U.Weber 
Mox-Plonc.k-lnstitut fur Plosmophysik, Gorching b. MUnchen 

and 

R.R. Weynonts 
Loborotorium voor Plcsmofysico, Assodotie EURATOM­
Belgische Stoot, Koninkli jke Militoirc Schoo l, 1040 Brussels 

Abstract: Strong absorption of e lectron plasma waves whic.h leads too very localized 

energy depesition vio tho resonance cones is observed. Ion heating by parametric decoy 

is demonstrated. 

Introduct ion. The target plasma used in the RF heating experime nts now being conduc­

ted on the W II A stellarotor [I J is produced with radio- frequencies and sustained by 

elect ron p lasma waves. Owing to the self-consistent propagation of these waves, the 

energy transfer con be studied under conditions quite similar to present lower hybrid 

wove experiments. An importan t aspect is the oc.c.urrencc o f resononc.e cones. In o pre­

vious paper [1] we reported on the kinema ticol aspects of the cone propagation . Here 

we describe some of the pronounced effects of the cones on the wove- p lasma interaction 

proc.esses, in particular on the electron and ion heating, 

Experimental apparatus. The machine characteristics ore R = 50 cm, o c 9 an, ond 

B z 5 kG, and the rotational transform is in the range o.c:.t~0.2. The gas used is 

H~ at Filling pressures of 5 . 10-
6 

to 5. 10-S torr. The coupling structure is o metal 

ring 10 cm in diom.; Pinc1' 300 W cw at 35 MHz-S r~200 MHz. Breakdown requires 

from 30 to 200 W in the specified pressure and frequenc.y ranges . After ignition, the 

plosma can be maintained with a power as low as 1 W, and the coupling eHiciency 

ranges from 70 % to 100 % without the use of a matching network. The diagnostics 

comprise Longnuir probes (only at high pressures) for ne and Te, 4 mm interferometry 

for ne, and elecirostotic analyser for Tj near the plasma b:Jundory, and Ooppler-brood­

oning spec troscap:~f Ba+ impurities for Ti and coaxial RF p robes. 

Interdependence betv.ccnrcsanance cones, density and temperature profiles . Wi th increa­

sing power, at fixed frequenc.y, the line densi trfae dr varies as shown in Fig. I. A cor­

rei.ponding set of radially resolved ion-saturation current measurements is olso shown. 

These results con be explained in terms or the existence domain of the e lectron plasma 

waves . Unde r the conditions studied here, the maximum ottoinoble densi ties ore such 

that the c.orresponding lower hybrid frequency (flh) equals the applied frequency. These 

densit ies are indica ted in Fig.1 for o square profile of 6 cm or o parabolic one of 9 an. 

For the higher frequencies the lower hybrid density is not reached since profi le broad-

ening results from o sudden density redist ribution in which the tota l number of porticle5 

is conserved for power leve ls critically dependent on ( . The profile flattening strongly 

affects the wove propagat ion. The ang le of propo9otion of the cones with respect ta the 

magneti c axis is given by 

where fpc is the electron ploSlllO freq..iency ond flh proc.ticolly equals fpi" IF the cone 

enc.ounters a high density as soon as it enters the plasma, the energy will hove to travel 

a long way be fore reaching the center. In order for the energy to pervade the whole 

plasma column, {a) the lower hybrid layer should be present along the densi ty profile 

and (b) the absorption length must be longer than the said poth length . Colli1ionol ab­

sorption lengths ore expected to be of the order L :z (JO-I .•• 4)tV V-l cm (where >' 
c pe 

is tho collision Frequency of electrons with ions ond neutrals), i.e. typical values of 

100 to 1000 m. Londou damping is expec.ted to take even longer. In contrast, on energy 

packet leaving the RF 1tructure would reach the cenler after passing 2 (5) m through o 

square p lasma profile wi th a density va lue equal to 50 % {90 %) of the lower hybrid 

densi ty. 

Figure 2 shows a set of radia l electron temperature profiles for different powers ot f = 
35 MHz.. With increosing power, heating prererentiolly occurs towards the outer plasma 

layers. At fixed power, porobolic profile1 can be found at the higher frequencies, ond 

a strong non- uniformity develops a t lower frequencies even under conditions where 

tho maximum density remains we ll below the lower hybrid density . These resu lts point 

to absorp tion lengths at least two orders o f magnitude smaller than L,. These might be 

brought about by the observed porometric decay of the ele ctron waves into another 

electron plasma wove and on ion "1/ove with a frequency slightly oOOve the ion 

cyclot ron frequency . 

Of course, decreosed heat deposition in the center is not enough to explain the ob­

served temperature minimum. From the heot balance equotion it is dear thot this 

power hos to bo more than balanced by o loss which is not due to conduction. On the 

basis of the measured field distributions and the density decoy times, we conclude that 

ionization, heating of the newly c.reoted particles, and radiation constitute a plausible 

explonation. 

Ion Heating. Ion heating might occur os o result of ion- electron equi libration with a 

power input P . = 1.3 • 10-2~n 2 T. - l/7w/cm-~n in cm-3 and T. in eV). ;<.is o 
Cl e I '{ e I 

fun ct ion of T / Ti which varies only sligh tly a round a mean va lue o f about 0.3 in the 

range l .5""'l /Ti < 10. Equo t ing Pei with the ion losses (elasti c collisions wi th neu trals, 

diffusion, and conductivity), one expects T, to be about 0.6 to 2 eV for densities or 

5· IOIO to 3· 1011 cm -3 ondp~10-5 torr wit~ o T.::. n2/ 3 dependenc.e. Fig.3 shows o 
I 

typical radial distribution or Ti and the corresponding Te. The presence or o Ti mini -

mum cannot be accounted for by equilibration heating since P
0

i is practically uniform 

over the plosmo radius . Equi Ii brat ion i5 also insufficient to explain the high ion temper­

a tures measured ot law density (low frequency) and the observed power dependence. 

Howevor, the porometric decay phenomena mentioned appear to supplement the 

equilibration healing adequately: 

(i) The spat ial field distribut ion of the ion waves shown in Fig.4 is "cone-like" (see 

a lso (ii)), and simi lar a rguments as for Te con be deduced. 

(i i ) Preforcntia I heat ing a t low frequencies is expected on the bas is of the Manley­

Rowe relations, wh ich a re found lo a pply . 

(; ;;) It;, found tha t the ; ncremcnt of T; w;th respect to the value before threshold;, 

correlated with the measured instability amplitude. 

It wos not possible to de termine ta whot exlen t the ion heating al low frequencies is 

favourably influenced by the fact that the lower hybrid density can practically be 

reached . 

Conclusions. The experiments c.onfirm in toroidal geometry the good source perfor­

mances reported in Ref./J]. Pro limino ry efficiency eva luations turn out to be quite fo­

vouroble at high frequencies although both part icle and energy losses ore expected to 

be occ.cntualed ot higher power levels since ionizat ion and heat ing inc.reosingly oc.cur 

in the ou ter layers. 
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+)The spectroscopic ion temperature measurements were performed by E. Hinnov and 
H. Ringler. 
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PLASW. HEATING DI A TOROIDAL TRAP BY A HELICAL 
H,F. 14ULTIPOLE MAGNETIC FIELD 

R.A.Demirkbanov, A..G.Kirov, S.E. Il ' insky , S.N.Lozovsky, 
V.B.Maiburov, I.Ya.Kadysh, L.Ya.Malykb 

Institute of Physics and Technology, 
Sukhumi, USSR 

~2~~£~~ : The results of experimental studies on plasma 
heating in a stellarator "R- 02" by a helical quadrupole h.f. 
field are given. During the heating, t he h.f . field energy is 
transported predominantly to plasma ions. Possible mechanisms 
of beating are discussed. 

Tbe methodB of plasma beating at frequencies W < w8 , 

attract some attention last time . The experiments in this 
field are presented, in particular , by TTlJP method /1/. 
Another possibility is indicated by us in /2/. In the present 
paper which continues /2/ we give experimental results of tbe 
ion beating by a helical quadrupole b.f. field. 

The exreriments have been carried out on a circular 
stellarator "R-02" with a plasma resistively heat ed in advance. 

The parameters of the machine are the following: 
the quartz discharge chamber - D = 130 cm , d = B cm , 

Bo= 15 kGs, i o= 1 ,5~ 1 

Ip.; 2 k:A. 

The h . f. field is generat ed by B helical windings . They 
make } turns around the minor secti on of t he chamber when one 
turn along the torus is lllSde , tbe winding system being similar 
to a helical stellarator winding . A whole set of windings 
and condensers forms the closed Le- line fed at a resonance 
f r equency by a four-phase oscillator with independent excita­
tion c.nd maximum power-40 MW. In the neighbouring windings, 

the b,f. currents are shifted in phase at 90° . As a result a 
~elical quadrupole (m

0 
= 2) h . f. magnetic field (W= B.106sec- 1 , 

B., = 150 Gs, pulse duration 't "' 1 , 5 msec) rotating around 
and running along the plasma column is created. Six perioas 
(n

0 
= 6) of the h.f . field with the period length X = 66 cm 

are arranged along the plasma column. 

The plasma density averaged over the niameter has been 
measured by the microwave inl;eri'erometer w1 th ;>.. = 2 , } mm , 
the specific plasma energy averaged over the cross- section 
has been registered by diamagneoic probes . The elecoron tempe­
rature 1Vas deduced f roc the pl asma conductivity 6-Uj;'• . Tbe 
t emperatures of impurity ions were estimated according to 
Doppler broadening of spectral lines (Sill, Silll , OII, OIII 
etc .). 

The ohmically heated discharge was unstable and tbe plasma 
escaped rather rapidly. On switching the h . f. field the 
discharge was getting more stable /}/ and the plasma density 
r eached the value cor responding to the density of neutral gas 
(He or H2) before breakdown. 

The b. f. field interaction with the plasma shows a 1vell­
defined resonant character. At a certain densi ty value in the 
range of magnetic fi elds B

0 
= B .;.. 15 k.Gs there exist such va­

lues of B
0 

at which the b. f . power is effectively absorbed 
by the plasma which is intensively heated in result, Two regim­

Fig. 1. 

es of the resonance beating for plasma 
densities n = 2 . 4• 1013cm- } and 
n=5•1013cm-} are shown in Fig., where 
tbe specific plasma energy is presented 
VS B

0
• It follows from the experimental 

data tbat B
0 

- n 112• At the same time , 
for a hydrogen plasma, the b.f. energy 
effective absorption at tbe same magne­
tic field occurs at the densities which 
are four times the density for helium, 
i.e.,(B0 )res - (llfili)112 • .la a whole , the 
stationary magnetic field resonance va­
lue satisfies fairly well the relation: 

d..: 1+2 (1) 

The relation (1) being fUlfil l ed, the specific plasma 
energy dependence upon the h. f. field strength is shown in 
Fig.2. It is seen that the b,f. field strength threshold value 
exists at which an i ntense hea-
ting beings. 

The maximum specific plasma 
energy averaged over the cross-
s ec ti on obtained from diamagnetic 
measurements is= 1,6•1016ev•cm-3 , 
the corresponding diamagnetic tem­
perat>~re being Td=Te + Ti== 450ev 
at tbe plasma density n=2 , 5 • 
. 101}cm- }. 

The spectroscopic measure­
ments averaged both over the dis­
charge duration and the plasma 
cross-section give the Si++ ion 

'---1 
. I , 
-·t--j 

I t 

·1 
--~--~-

Fig.2. 

temperature Tis==250 ev. The spectroscopic measurements carri­
ed out at various strengths of tbe h.f. field show that the 
ion spectroscopic temperature is proportional to the diamagne­
tic temperature: Tid=Tis' The electron temperature estimated 
from the conductivity is Te= 50 ev. 

All these facts indicate that it is ion component of the 
plasma that is effectively heated. One of the most probable 
treatments of the observed plasma heating effect is the mecha­
nism of tbe resonance excitation of proper helical modes of 
the plasma column by the h,f, field. The theoretical analysis 
l eads to the following expression for the h.f. field Bf -com-
ponent excited by a helical b. f . current in an uniform cylin­

dri cal plasma column w1 th tbe radius rp in which a stationary 
longitudinal homogeneous current flows : 
- 411" - ( r )m,-qdcf(i+~q.\ , 
B.,.(r) = c Joz re 2kMf(q.J-w~' 

F(~)" f + ~ + m.(m.-1); 
l' "•9- 2n!q,' 

- _ - l (wt-m0 'f-k,2), 
J2 -J.~e , 

(2) 

J __ k, rcj 
.,- rno z I 

B. r, 
where re is the radius of the current sheath, q=s,,(r,).R is the 
stability safety factor , B0 f is the poloidal magnetic field, 

2 B2 
CA=--•- . 

4frnm, H 
The resonance condition 'f"i ,,_ 0-\liTcW = l<w (3) 

Y·unmt. i 
coincides , naturally , with the dispersion law for helical mo-
des ~4/ (in their s t ability region) . It foll ows from (3) that 
(l\)res -vnm:_ (the remaining parameters being fixed) which 
agrees with the experimental data given above . 

Dissipation of the b.f . power absorbed by the plasma at 
the resonance is realised probably by means of nonlinear mecha­
nism of parametric excitation of short- wave oscillations which 
can et'fectively dissipate due to collisions or Landau damping. 

The temperature of hel ium ions was not determined because 
of l ow luminosity of Hell lines and small light-power of the 
apparatus. \Ve have also not yet defined the percentage of i m­
purities in pl asma. 

These two circumstances lead to some uncertainty in tbe 
treating the experimental results since the cyclotron frequen­
cies of impurities (Sill, Silll, OII) are in the region of ope­
rating values of B0, and the effect of cyclotron beating of 
impurity ions is not excluded. 

We express our acknowledgements to V. A.Miloserdov for 
help in work and F,M,Nekrasov and J..G. Elfimov for useful 
discussions. 
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PLASMA ELECTRON HEATING AT FREQUEt;CIES ABOVE TIIE LOWER-HYBRID 

FREQUENCY BY PARAMETRIC EFFECTS IN A BOUNDED PLASMA. 
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W. VAN HOVE 
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~ Two parametric instabilities have been simultaneously observed 

above .o. certain pump threshold. The pump and the first decay wave are iden-

citied as Trivelpiece-Gould 1CC>des of the bounded plasma and the second decay 

wave i s id@ntified e i the r as a n ion-acouscic oode and/or an ion-cyclot r on 

tt0de . Spectroscopic meaaureo:.ents show strong increa s e of electron temperatu-

re with increasing pump amplitude . 

During the last few years plasma heating via the excitation of para.-

metric instabilities has been of considerable theoretical and experimental 

interest ; see e.g. l - 4. Al an ex.aople, the pump wave (e .g. Trivelpiece-

Could (T-C) mode , fLH<f<fpa'fce) excites, above a certain threshold, an ins­

tability whic h produces simultaneously two decay modes i.e. an electron mode 

(e. g. T-G 1110de) and an ion mode (e.g. ion-acoustic (IA) mode , f ~ fci. or 

ion-cyclotron (IC) mode, f .t, fci). The decay modes then interact with the 

plasma particles resulting in plasma heating. Such pa rametric instabilities 

have been observed in the present nonl i ncar experim:ent in which both the pump 

wave a.nd the decay waves obey the linear diepersion re l ation of the bounded 

plasma systeir.
5 

A schematic diagram of the experi11ental apparatus is shown in Fig. l. 

The pump wave is excited by one section of the s plit-cylindrical coupler 

shown. The pump and the decay modes are detected by spatially movable Rf dou­

ble probes and a speccruo analyzer; k 11 is meas ured by the interferometric 

technique. Electron temperatur e is measured s pectroscopically (hel ium line-

intensity ratio technique). Basic plasma parameters are N
0

2 1•1010C111-1 ; 

B
0

=0.B-2k.G; TemBeV ; lenath of the column • 1m; diameter ~J. Zcnr and helium 

gas pressure .. 4x10-tt Torr . 

The dispersion diagram of a wane- electron, co ld- ion,magnetized plasma 

waveguide (plasma radius =a , metal tube radius =d) is shown in Fis. 2 for 

the azimuthal mode 11=0 . v5, V
8 

and VA represent pluma sound speed, electron 

thenaal velocity and Alfvfn velocity respectively. Warm phs1:1a effects ap-

pear above the Ve line. There are four sets of modes viz . T-G modes , surface 

wave, IC modes and IA modes that exist in the frequency domain shown. By 

linear excitation, existence of these waves and the ir dispersion ch.nracte­

riatica have been experimentally v erified5• At highl!r RF power, excitation 

of the IA and IC modes by nonlinear coupling has been observed. In gene:ral , 

the frequency spectru1:1 is complicated with side bands and harmnics appea-

r ing on both sides of the applied s ignal in the T-G mode region. However 

fot certain ranges of parametets , the situation schematica lly shown in Fig. 3 

is observed. Below thre1hold, the frequency spect rum consists esaentially 

of a single peak at the pump frequency. Above • first threshold (a few Vol ts 

on the coupler) a sharp lower aide band and a low-frequency decay t ignal 

(kHa range) appear in the 1pectrum. Above a second threshold (which can be 

lower or higher than the first one depending on plasma parameters) , a ra-

ther broad lower side band and a broad low-frequency decay mode (MHz rang!!} 

appear at shown in Fig . 3. 

The frequency spectrum conta ining the kH:: signal and one side band is 

shown in Fig. 4 for certain parameters. The amplitude of the side bandC/
1

} 

ia about 20 db below the pump (/
0

) amplitude but that of the low-frequency 

mode C/
2

) could JlOt be compared due to the frequency- dependent capacitive 

coupling of the probe. The frequency condition f
0
=f

1
+f

2 
is satisfied. Axial 

wavelength measurements of the pump and decay waves provide k1/ f
0

J=O. 6cm-1, 

k111 ff1J=l.6cnr1, k112<t
2

J=l.lcm-1 and roughly satisfy the condition ~10=k111 

- k
112

• The high-frequency (i.e. t he side band) and low-f requency decay 

satisfy the dispersion relation of T-C mode and IA mode respective ly. 

Figure 5 shows the spectrum containing the mode that appear in the 

NHz range with f0=f1+f2• Bue it is difficult to verify the k11-selection 

rule since the frequency spectrum of the decay t..lave is r a ther broad . Never-

theless, the low-frequency and high-frequency dcc;iy waves lie in the lC and 

T-G mode regions. 

When the pump amplitude ia increased beyond both thresho lds we fi nd 

that : (i) The spectros copically measured Te reaches a value whic.h is rough­

ly twice that o f thl! initia l T
8 

as shown i n Fig. 6. (ii) The f igure a lso 

indicates that electron densi ty decreases. Such a decrease in d ensi ty has 

also been observed b}· Hende l and Flick6 in their study of TA decay ins tabi-

lity. !.'hen the pump amplitude is several times t he threshold , there is a 

saturation of T
0 

and the pur.lp power a lone i s able to sustain a plasma i n the 

machine 11ith modified paraJ!leters. (iii) Concerning the IA decay wave , we fur-

Cher find that f 2 (IA) incre.uea when Te increases while always obeying 

w~= lfKT/rt1i and the corresponding dec r ease of f 1 (T-C tr:ode) is such that 

/
0
=f1+f 2 remains fulfilled . 

Two parametric instabilities have been simul taneou sly observed in our 

linear machine and these are accompanied by a doubl ing of electron tempera-

ture and a decrease in plasma density. 
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QUASI-LINEAR APPROACH TO THE ABSORPTION OF AN RF FIELD ANO 
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ABSTRACT: The absorption of an RF electric field and heating of 

a parametrically unstable magnetized plasma are discussed in 

the quasi-linear approximation. Comparative heating of electrons 

and ions is considered fo r the resonant parametric excitation of 

a lower-hybrid and an ion acoustic mode . 

INTRODUCTION: The possibility of transforming the electromagne­

tic energy of an intense RF electric field into thermal energy 

of plasma particles t hrough the e xcitatio n of parametric insta­

bilities is considered among the various schemes proposed for 

the heat ing of a thermonuclear plasma . Particular attention is 

given to the frequency range around the lower hybrid resonance 

( 1 ) where instabilities can be prametrically excited via both 

the three wave resonant interaction and the mechanism of inver-

se nonlinear Landau damping. To estimate the rate of plasma hea_! 

ing due to an instabili ty requires a nonlinear description of 

the instability which gives the level of fluctuation at which 

the instability saturates( 2 l. A quasi-linear desc~iption of the 

instability although insufficient to give a full solution of the 

heating problem allows nevertheless to compare the ion and elec­

tron heating to establ i sh whether an efficient direct heating 

of the ions is poss ible . On the other hand.once the level of 

s;:itur;:it inn nf thP. i nst.ilhi 1 i t:.y is known the e lectron and ion hea!_ 

ing rates are f ormally obtained from the quasi-linear energy EqUations. 

Here by making use of the quasi-linear approximation we 

evaluate the absorption of an homogeneous RF (lower hybrid) 

field and derive how the electron and ion temperatures increa­

se for a plasma which is unstable with respect to the resonant 

decay ins tabi li ty . 

OUTLINE OF THE GENERAL PROCEDURE: The pres ence of a spatially 

homogeneous and monochromatic pump field §p (tJ =-# (€0 i?._;w.,c s c.c-) i s 

described by expanding the distribution function }"' of parti­

cles of species cl. (and the self-consistent electrostatic f ield) 

in terms of.d harmonics of the pump frequenf.y 
1 

WD , . _ f ~J - ,..() -<Jw,<tt .<·('-'<J -••<-',t (1 ) 
J.c(!,'!',lJ=2 ~1 (~,I) +L +_ (~.w .. ~..,,)e. • - e. - -- e . 

11,,_ ,., .,.)!to tl{~ 
Here each component F~ ( ~. l ) of the background distribution func-

tion and W~ (~)=W~(t)•~~lt)are slowly varying functions of time; 

!:_l.": '!! ~ 'Y<i is the particle velocity in the frame oscillating with 

velocity y", d.~/a,~11,;<,~with JI." =q.,B,f..,,,,c .§ .• ~/~·land 
d.~</41= Y •• J(2 f;:i.t"-',)"!:e-~"'·:c.c.where !;)~!"' •) is the mobility 

tensor of the species c< 

Expansion ( 1) is now used in Vlasov equation to obtain an 

equation for the !: = 0 part of the distribution function (in 

fact this corresponds to an infinite number of equations, one 

for each r) 0 l) and an equation for i~~ where we d isregard the 

nonlinear terms. By combining these equations one is l eft with 

a set of quasi-linear-type equations for F .. }"'' which can then be 

used to express the vel9city moments of F~"')in t erms of the fluc­

tuating self-consistent fie ld . 

ABSORPTION OF THE RF FIELD: The anomalous absorption of the pump 

field by the particles of species cl.. is related to the work,ave­

raged over the pump period 21!/W0 , performed by the pump on the 

particles , 

<Ep (!)' j)<J>: q. ( ~p(!)J~l F~~)(~,!J /"w·l1u.>='1., Reff.:;~ f~''l'1-, 'lcl'u}j 2) 

By making use o f the equation for the first hamonic of the back­

ground d is tribution function F~1 J one finds that, at the lowest 

significant order in the pump field,(~p('l·J,/1>~3'(w,)cp! (w_.-w, ), 
with<:\>~ the Fourier component of the potential. We no te that in 

the random phase approximation this term would be z e ro . By 

making use also of Poisson's equation and the expression for 

the growth rate If, (1 
I , _ 

<°' (!J- 1 (•J> ,4zw ir.:ii;cw,-w,;,,·1 (w- w,>1h,.§;j~~.E~•""(>l•i'i,J~ <J> 
- ? _.( IC °C! 7J(W0 -W•} ! ~ -J b: ( E'. (w 1)2 !' 

whereE,.(w.):E 1~ • .t.E-~::112. f,.. . (w~ J is the (linear) di;ile~tric 
- - - • o< • • "?( 

function with absence of pump field ; b«~ :e.. .... ,...! }!·~«(w~y-f./wa J 

?("! is a phase angle; ~_k' (Wl'·'4J,,)=- ·/ f~~ (w'!·W~J(/!TT iS the spectral 

energy density . 

From (3) one gets the average work performed by the RF 

fie ld on the plasma (3) , , 

<£e(!J· )(!J> :<Ep(()·;? i, (•J>, .2 2 w,l-f. '.)£, <'",-lw,iJ .( (w,-1w,1JlC (w,-1".1)(4 > 
• - • o( -" ~ • IJ(Wo- fw,. 1) - !J ! · 

2 l l • . • . 

From (3) and for.11:._ «Wo <dl.'t-i t follows /<~p· ~...:>/<f<> '~e>j= O(ll;(w,) 
so that the absorption o f the pump takes place essentially 

through the e lectrons , <.f p · J) "' < {p · 1 c> . 
ENERGY BALANCE AND PLASMA HEATING: The time variation of the 

kinetic energy density of particles of species o<. , averaged 

over the period~IT/w•J J (~, Y• )/?,, """/'<(i..'. :lF}''/;i~d.'L<.), at lowest 

order in the pump amplitude is expressed by the equation : 

';J\'>1 ,1<_,) 2 2{ (t. ;)(•..>! f~, (w!J W E" (w J t (w !) + (5) 
~::. ! ~ 'JWt -i. ~ .A.!' ! j ! ! 1 

+ same term with w~--t' wo.":: 1 w~ 1 } ' 
a result which is independen t of the phase relationship of the 

unstable modes. The terms on the r . h . s. of (5) proportional to 

f '! refer to the sloshing energy, while the terms proportio­

nal to the imaginary parts of the d ielectric susceptibilities 

E~~ are r elated to the therma l energy of the particles of 

species p1, , i.e., characterize t he r ate of heating of the par-

ticle species °J('"fl..oT~YJ t"' By using (5l and the Manley- Rowe 

n1lation one o ht.illni:;; the energy conservation.2[{11 •1<.t-1~J=<fp·j>, 
IQ. - - "' 4' - ?! 

where G~=~l c!(w!',q .+- c~ (W~-(w..,/,t!jand,at the lowest order in w~rw~ . 

Zl('ll,'l') 'J - "') - .. ~ _ _ .,__/c_,,,,,o: :22 W,E. (w,- jw,1) (, (w, - fw.J t} . 
'.Jt 'Jt'"' ! - . ~ - ' ( 6) 

FINAL REMARKS: As a specif ic application, we consider the reso­

nant decay of the pump into a l ower-hybrid and an ion acoustic 

mode in a Tokarnak-like plasma. WithW0 ,.w. ~ :.)W?;,_, (i . e . , 
13 14 -3 P• , m"' 

'h 0~10 , 'n.m~-= 10 cm ), Te= 300 eV, B.,= 50 kG, £..,= 750 V/cm 

and a RF power input of 1 MW, we obtain ({~ ~ 2 . 10 
7 
sec - l and 

2 ~.(w,-{w,1)1rf.5 . 1o- 5 . By comparing (6) and (4) 1 only 5\ of the 
I( ft,, 

absorbed RF energy goes into thermal energy , i.e . , before wave 

saturation, the pump energy is mainly converted into wave and 

sloshing energy. Also from (5), ~'JTe/'Jt)/(JT.:./);1">)1 . One can conclu­

de, therefore, that the q.l . regime of the instability hardly 

affects the ions. 

In the presence of non linear saturation, it is reasonable 

to assume that {6) is still valid with £~ representing also 

the non linear dissipation, if in such re~ime ( ~ :0, ~k::cc-.J~ 
'C! /'l'l/T' << 1. Indeed, this is i n agreement wi th- the r~quest of 

a heating time Z:h~ 1 msec, since from (6)1 !~/"rl,.rr-:: 1/2 thw,; E.~1 

which is satisfied for the above plasma figures . Whether the 

saturation occurs at that turbulence level and what is the ratio 

£;,(f,~ ,(';!Te/n)/{JT;/n)is related to the specifi c nonlinear 

phenomena, which can occur . 
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Oll THE THEORY OF ELECTRONCOUSTIC WAVES IN PLASMA 
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Abstract: The character of electr oacoustic waves iD plasma 

with the negative dielectr ic permittivity at t he strong HF 

fiel ds whan the HF wave presaurs is greater than that of hyd­

r odynamical is investi gat ed. Under these conditions the el ec­

troacousti c wave is the wave of compession . 

The propagetion ot the electromagnetic waves in plasma 

can be accompanied by the electroatriction effects which are 

manifesting i n the fact that HF field pressure changes the 

density and at the same time the medium dielectric permitti­

vity. These modulation processes lead to the generation of 

the sound oscillations which ere propagating i n plasma with 

the negative dielectric permittivity in a form of solitons 

(l] . In these works HF electr omagnetic 
2 w~ 2 

E"' < 2 I C:(w.)\ -;::;> Ee. 
L 

field was assumed weak, 

(l) 

where ttii e 2 
flo 

- --- ' m, 

T. » T~ I 

n 0 - nonpcrturbed densi ty of part icl es , Wo - 111' f i eld frequen­

cy . The condition /1/ is equal to t hat of HF pressure small-

ness 1-n comparison wl t..11 t.l.Jtt l.aj'd~:vdynamical pre.3!'5Urc. In the 

case of stationary waves , when al l values depend upon the 

argument ~ = J< - u + the r eleti ve perturbation of the 

density is n- 110 
:.. .:!__. , where V - is the projection of 

'10 u 
the hydrodynamical velocity onto X axis (we consider smell 

perturbations V << U ) . Since the hydrodynamical pressure is 

greeter than t bat of ll.F , the force caused by the full (hydro­

dynamical + high frequency) pressure is d irected against the 

wave propagation . Hence , V < 0 and always we have the wave 

of exhaustion n - no <. 0 However , if HF pressure is grea-

t er than hydrodynamical one , the ful l force changes its di­

r e ction , the vel ocity being V > 0 , and the soliton has a 

character of the compressi on wave . 

The electromagnetic wave propagation is described by the 

system of L1axwell equations and the equations o! the plasma 

hydr odynamics . We will not restrict t he amplitude value of 

HF field assuming that electrons i n HF f i eld may possess high 

velocity ( up to relativistic values) . With i!F field the search 

values contain together with the slow dependence upon t he 

time , the fast dependence with the characterist ic t ime 2;{:
0 

The fast changeable ion motion is neglected . If tbe spatial 

dependence is considered sufficiently smooth L_ >> .!_.':'..!. 
<Jo 

( J.. - the characteristic distance of the variat ion of slow 

or fast changeable values) the procedure described in /2/ can 

be used . By means o! averaging over the period ~o the f ast 

changeable motion cen be i sol ated from the slow one . Since 

we take into account tbe rel ativistic charact er of the mo-

t i ons of e l ectron s in the t1•ansver s HF f ield t be moment um of 

the fast changeabl e motion may be found in a form of /3/1 

When the condition of the quasineutrality is realized 

the equatioc of fast changeable motion has a form 

~ (· + ~)'.'2 I(. • ' - l 
"'e c. 

where PfT'I - maximum value of electron momentum . The momentum 
c. E., 

P0 is connected wi t h IIF field amplitude by P0 = 
Wo 

The propagation speed of tbe sound wave and the re lative 

change of the densi ty are determined by the expressions 

~ Q_ "1e \ .I l 

u = s + ~ "f"I A 
2 c , 

~ =- A~ (,, ... 1 
no \......, 

where s ~ : ~ and the value A determines the maximuia 

"'' deviation of the density from its value no on the infinity 

~ - ~ ~ • ?or a compression waves A > 0 , ond for the 

waves of exhaustion A - 0 . The value A satisfies the 

equation: 

A 
2 

• 2 \ 
(3) 

- !l 
1

::, k .... = v . 
11; <<. c ~ is accounted for t he above formul ae . If \ ~(w.)\> 

1 ' > ~ ~ the equation (2 ) has a soluti on vanishi ng on the 
C. 

1 
l'1 o

1 ~ ~ ;f 

infinity / 1/ . I n t he oonrelativistic limit P. ~<. "' • C 
~-11.., I\ I "' )'.4 ) this solut ion has a form P.(.1) ~ p_ (,\, l T~ o("·) - Zi -~ J 

Tbe anal ysis of the solution of equation ( 3) leads to 
"'• I st l.J.1. t be following conclusions : if - K~ > 2 \ fl'-'.) -;: --, 
M; C ~~ 

the 

only solution sat i sfyinG the conditions 

I ~l'-'•)J' ... ; ) .. . ) 0 
'""'Li ~ 

(4) 

bas a form 
' ,...,c ) ~" 

A ~ o ~ \ o ~ !! ~ K~ l - ' (5) 

. I ... ; "'< ) k'. I I ..... + :. ~ a':::. 2 \ w/ ~ ~ ,.., - fll..lo) ~l c.:i 

For realization of the first condition (4) i t is n•cessary 
Me_ I 10L )'' that \ f.(u•)\ )-;:;: \-;::;;; • As it follows from (5) A )I) , we . . ~ ; 

have the compression wave end l) :> S . It k,..., '>"> Q I f.(• .... JJ we 

obtain in the noarelati v i sti c limit 

Yl- .,., .,. 

..... 
' , 

For the weak HF fields ~ K ... < 2 \i(vo)\~ fJ
0 (tbis con-

' ,...,: cl. "' ... ! 

dition is equal to that of (1)) , the solution of the equa-

tion (3) , satisfying the conditions (4) leads to the re­

sults or /1/ . 
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Abstract: We study the performance of a simple azimutally symme­

tric gap for coupling r.f . power into a plasma filled waveguide. 
power flo"1 and input impedance are computed in terms of normal 

modes. 

we consider a cylindrical waveguide of radius a, filled with a 

cold inhomogeneous p lasma and oriented along a magnetic field. 

To a gap of width d around the plane z = owe apply an r.f. vol­
tage u = Uo eiwt. The boundary conditions for the electromagnetic 

fields t o be met are 
Eyl•,.;.)~o , ,; (l) 
e, (t, .. ) • /J, · ;;z {..,- - diz f H' Vz 

By superpositi on of two independent solutions y a (l ) and y a (2 ) 

we get the unique solution for the fields in the waveguide 

~- If, r) • { Ll~, ii., ~J /11,, (i,r. )j. E, (,, ") 
where y (k,r) is the electromagnetic field vector Ya= 

{Ez' HZ~ E't'' Hf' Er' H .,._J , and 

I/ ';J~''( ', r) '/~J /~ ,-) /J 
,1•l (,,,)• 11 )~''((,.~o.) j~'(ft,AJ// 

(2) 

(3) 

The field; in coordinate space are obtained by reversing the Fou­

rier transform in equ . (2) . Since along the real k axis equ. (2) 

shows singularities whenever 

c.13 (k = kn • a) = O , (4) 

which is the dispersion relation for normal modes in the plasma 

filled wavcguide, we apply residue calculus to obtain the follow­

ing normal mode expansion for the fields: 

I 
.;•;,..11,<11t1 - ,,.L t1 ··'4J . ·I ~ > "',;, 

1•/t,r").t{,I_ F,,3(~.,.,.) e':"-.I• -%) - /;l../1,d,t,) •·f ~< - clt, 
" ·(d -il..f,1•"ik) ... ~.11 -"&J "(/'1<""'-2,. e +e 1 "' ~ 

(5) 

with F,,,I~ •.• ), tl•Jlk..,,-)11-- [-1 I' !) 
I """ tlj k;a. J.; k., 

Computing Poynting's vector and integrating over the cross-section 

we can evaluate the power flow along the waveguide and also the 

input admitt ance of the gap which is: 

z-<_ Z = 2 /; C< 2_ F_.({. ,t1.J {H.-• 6.J 
0 • 

with H«Z(.w.,.J.,/,.d)//l.d)': G.•(.;,;,.l,o/,/t,.o/,)1; n•W:: . 
(6 ) 

A more rigorous theoretical derivation can be found in /1/ . We 

have numerically computed the fields, the power flow and the i n­

put impedance for the p at.ameters ..,/.:..._: v . ., ; w;"Yw~'- "'o . .f · e1p[. (%CJ Y) / 
a. ~.:/c .: S- J for which we do not yet have a lower hybrid 

layer in the plasma. But depending on a we may have a cutoff 

layer w
0

(r) = w within the waveguide. The main characteristic 

of the Solution is shown in fig . 1 where we show the magnitude 

of the real part of the Poynting vector,/ Re { S(r,z>JJ as it de­

velops due to interference of radial modes if we take more and 

more of them into account in computing ya(r,z). The resultent 
maximum moves radially if we move away f r om the exciting gap , 

until i t reaches the opposite wall where the energy is reflected . 
Its trajectory is known as the 'resonance cone' from a number 

of electrostatic calculations /2-4/. The power flow thus is spac ­
ially confined, its radial extent increasing with the gap width 

d . Integrating over the cross- section we get the axial power flow 

which is seen in fig . 2 for various plasma profiles how it deve­

l ops with the number of modes bei ng taken into account . For a 

homogeneous plasma , fi g . 2a, we see that for a gap width d = o 

(O(z) - exciter) each further mode still contributes to the power 

flow , while for increasing gap width we reach pretty soon a 

saturation, i.e . the higher modes don't contribute anymore to 

the power flow. In this exampl e of the hcmogeneous plasma this 

is solely due to the (sinLcVt /t""h ) decrease of the external 
excitation of the higher modes. The resulting input impedance 

also shows kind of a saturation and is listed in t able I . 

Let us now look for effects due to a density profile. In fig. 2b 

we do not yet have the cutoff layer within the waveguide. In this 

case all the essential features remain the same as for a homogene­

ous plasma: There is still a pronounced maximum in the Poynting 

vector due to interference of the radial modes . For gap width 

d > o we get again saturation of the axial power flow. 

For steeper profile s , where we get a cutoff layer within the 

waveguide, the axial power flow now shows saturation even in the 

case of a 0- function excitation a lthough from the external spec­

trum, g(k) = 1, all the higher modes should be excited with 
equal strength . They are however less e xcited due to their ra­

pidly increasing wave impedances. The onset of this saturation 

occur s the earlier the farer away the cutoff layer is from the 

wall. In fig. 2d for example only the fi rst three radial modes 

are of importance. Lacking the higher order modes, the power 
flow is no longer confined t o a narrow cone, but the 'cone ' is 

smeared out over a large radial extent. 

All profiles treated have one thing in common: the real part of 

the input impedance remains nearly independent of the gap width 

d within its range t reated , although the actual distribution of 

the power f l ow changes with d . The imaginary part however is 

nearly proportional to d. This fact might be important in de­
signing a coupling device for high power p l asma heating . 
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Table I. Input impedances for the various profiles 

treated, Z/z. = x + iY. 

0 .8 0.65 

x 0.03 0.1 2 0 .23 
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ABSORPTION OF THE MICRONAVE POWER Ill A TOkOIDAL 

PlAS!!A 

V. Kopeckj , J. Mu• il, F . Zacek 
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Nademljnskil 600 , 180 69 Pregue 9 , Czechoslovakia 

~; This paper deals with the experimental verifica tion of 

the pos s ibility of effective sbuorption of the micro­
wave energy in the toroidal plasma a t high l!lllGfletic :!'iel<ls aati­

s!"ying condition W <we-~ , where w and 4{-t' a r e the? fraqucnc:,.· 
of :nicro·:1ave~ and the electron cyclotron frequency respectively .. 

Recently has been shown that the microw·eve cnorgy can be 

effectively absorbed in an inhomogenoou::t plusUla also a t m::tgnetic 
fields which are higher thon magnetic field corresponding to ECil, 

i.e. at '47-'w > 1 [ 1- 6] . This finding has the fund amental impor­
t ance especiall.Y for h . f . heating of p1Aslll6s . The experimentol 
results obtained up to no\1 are 1 however 1 not sufficient to judge 
the perspective of such nbsorption for h . f. heating of C'XR plas ­

ms . One of very important t8sk is to verify this electromagnetic 
wave energy absorption f3nd its efficiency in toroida l configura­
tion , see for instance [4]. 

Such study was carried out in the toroidal device I nt•r­

me zzo . 3esic parameters of this device Are following ; stainless 
steel vacuum t.oroidal chamber, major l'adius J 5cm, minor radius 
4 . 7cm, limite r radius J cm, continuous toroidal magnetic f ield of 
up to 2 . 5kG. Inside the vacuum chemt.>er two identical spirol slow 

down structures a re diemetricall~ placed . These structures ~re 
coaxially f ed from the magnetron GO SA 51 lf2= 2. J5GHz, I' = 0-
- 2kW) or from the magnetron 62 SA 51 ( f 1= l. 25GHz , P = 0-JOk'I/) 

in pulses 'l: = 200-500psec \Yith repetition frequency !'rep= 50Hz . 
The absorption of the microwave enerBY at high niagnetic fie lds 
<..1% > 1 requires u preionizetion l 6 }. The initi al plosm11 is ge­

nerated by the d irect heated cethO<le and the plasm8 density N 
can be varied fr om II = lol0 cm-J to !I= lc12 cm- J . 

... 

.. 

Wain resul ts of 011r t:!Xperiment::1 ttre givt:!n in figures . 

Fie. l shows t he depen-

dence of n mesn electron 

dens ity NHbs of the hyo­
rog~n plt:1Sllla crecii.ed af­
ter absorption o~ the mi-

1

, crowave power with frequ­
ency f 1= l. 25Gliz and f 2= 

~·., __ "_"''"'"" = 2 . J5Gliz in the initial D~1- ~. 'IO TM't' 

plasma on t he mngnetic 

field~· Since the de-
• g.reE:!' of ioni zation ofour 

initial plos mo WAS very 

Slllt3ll t!S 1%) end procti­
colly all the absorbed energy went into n~utrol btrS ionization, 

' •ufw 
FIG. l 

the density Nabs can be in the f irst epj)roximAt ion considered a s 
a measure of the ebsorj)tion of the microwave power in the initi­

al plasma . From these measurements it ie clearl y seen that 

( i) a t high magnetic fields ~~w> 1 the absorption of the mi­

crowave power prccti cnll.y docs not depend on the magnetic 
field ; 

(ii) the density of t he plasmn c r ea t ed a t high i;u,gnetic fields 
"<o/t..1 >1 i s considerably higher than at low l!lllgnetic fields 
t...(.~w<1; 

( iii) at (.)''%..,"- 2 an overdense (l;/!1 c » l ) plbslllB can be generated; 

after absorption of the microwave power in th~ ini t iol hy­

drogen plas mn a t pressure p =- 1. 5xl0-41rorr creates pl.asmn 
with density 

a) N/Nc "' 15 for 
b) )I/Ne "' 70 for 

and 
ond 

f 2= 2 . J5GHz 
f 1 = l.25GHz. 

Fig. 2 shows the dependence of t he p0\1~T renection 

coefficient IRf o:!' microwaves (f1 = 1. 25Gllz, P inc= 10011) d elive­
red into toroid by the first spiral structure on the density II 

of the plasma generu ted independen t ly by the vari nble microwove 
power a t frequency f 2= 2. J5GHz by means of the second spir al 
structure . The plssma density N wos regulated by the change of 
the microwev~ ; ower t 

2 
~om 0 to 2k\'I . The metisurement. was CHr ­

ried out at~ .. = 2 end <'T't..1 .. = 4 . The character of both curves 
g i v~n in Fig.. 2 is t he same. From these cw·ves it con be seen 
that 

... .. 

FIG. 2 

(1) at N/Nc "- 1 the reflec ­
tion io high and the 
system slew down stru­

cture - plnsma repre­

sents for the incic\ent 
v111ve practically a 

"!~., short circui t; 
( ii ) in the interval 16N/Nc<f:10 t he reflection utrongly aec­

reases from lilf = 0 . 9 to IHf = O. l ; 

(iii) a t N/Nc;:,,10 the reflection i s very smnll \IHf"' 0 . 05) and 
the system slow down structw:-e - plasma represents for 

the incident we•1e almost total impedance :oatching .. 

io'' ~o 

H~Nf)•1• 15.ld1f9"' 

1, · 12SGHi , Nt2,'IJ .. etro' 

"'"/u • 4 

The further important re-
sul ts of ouz• uicosureccnts is the 

tlependence of the mean electron 

<lensi ty of the hydrogen plasmu 

Nabs ' crested after absorption of 
the microwave en~rQ' r1 in the 
ini tial plasma with N; 2xi:>11cm-J 

11t t.Jce'ttj"' ; 4 • on the incident po­
wer given i n Fie. ) , This depen­
dence can be di vidcd into Uu·ee 

regions: 
( i) r egiou of o strong increase 

of Hobs, here i l is clearly 
seen the threshold of' the i n -

FIG . citlent power from which an 
<:ibsorption st~rts; this fact 

supports the ic.leo t hot obsorpt i on nech~nism i::> n onlincar one; 

(ii )reg ion of th• linear incres•e of N
3

bs in the i nterval Pinc• 

' < 7 to l~ > k\Y; 

( ii i)region of e slo·..,. incrcbse of H;;tbs ot PincJblltkW . 

The consideruble decelerH tion of the density Lricreeze in 
third region is now unaer study . It is not excluUed that the de­
crease of the density incrcttse is causea by a strong <1ecre£se o'! 
the density of neutral particles . In this reeion the uegree of 

plasma ioniza tion is already high and it approaches to 50/.1 (col­
culated from the mecn electron pl asma densi ty) . 

Very important results of our i:::eesure1oents i s also f&ct 
th&t the reflection of the microwave power delivered into o den­
s e lN/Nc »l) pl asmr:J is very low not only et small powers of in­
cident wove {see Fib. 2) but that it r el!mins ol~ost ze ro also in 

the whole e vi:: ilable intervol of inc ident power ?inc = 0 to JOkW 
ond the sy a t em slow down S tl'uctw~e - uense pl asm.'.l r·epr2sentt:i for 
the generator b matching load . \'le cnn expect thut the same s i tu­

ation will take place a l so in the cuse when consioerably higher 
powers Pinc> JOkl'I wil l be delivered into the dense pl csratt . 

Conclusion: Our experiments clearly demonstrated the possibility 

of the efficient a bsor p tion of 1oicrowave ener gy i n 
the dense (N/Nc"•l) toroidol plasma Dt high m!lgnetic f ielcs""'•..,>1. 

The existence of such absorption seeos to us very pro.'.Ilising for 
h . f . heating of CTR pl asma. The plssto& heating can be realized 

at relatively l ow frequencies in bands of cm 6nd dm wuvea and 

this i s grea t advantage. Today there are cm cmd dm generators 
of very high powers of the order of i.r;,. and greLter which or e 
suffi cient to heat pl asm.a in large volumes . 

Very important is also the fact tha t the system a l own down 
s tructure - dense ( N/Nc»- 1) pl osma represents for the incident 

wave matched losd and the microwave energy fro:n generutor ccn be 
practically without losses transferred into pl&sma. 

The authors would like to thank Drs. J . Ostlov a nd L. Kry~ko 

for developing of the directi onel couplers nt f = l. 25GHz which 

enabled us to perform measurements given obove . 
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NONLINE!'tR BEKAVIOR AND STRONG DAMPING OP LARGE AMPLITUDE 

ALFV£N WAVES 

E. Berger, G. Mi.ll l er, E. R.'iuch l e and P . G. Schilller 

Institut fi.lr Plasmaforschung , Universi t ::lt S t uttgart, Federal 

Republic of Germany 

Abstract: The influence of the ampli t ude of torsional Alfven 

waves on wave field and wave damping in connection with 

plasma heating were observed experimen tal ly . Strong wave 

damping is explained by turbulent resistivity . 

Introduction : Propagation of large amplitude Alfven waves 

and associated pla sma heating was observed experimentally / 1/ . 

There resul ts a s t eepening of wave fronts to switch on shocks 

because of the relatively l ow frequencies and large plasma 

radii . Strong wave damping was found at pertubation rutios 

Bf / B
0

z of about unity. 

In this paper amplitude effects of almost monochromatically 

excited t o r sional Alfven waves propagating in a cylindrical 

plasma parallel to a homogeneous a xial (z-direct ion) magnetic 

fie ld B
0

z up to 9 k r are reported . 

Experi ment: Experiments were carried out in a quasis tationary 

(200,. .. usec) p lasma generat ed by a discharge between electrodes . 

P l asma parameters: length 1 m, diruneter 5 cm , fill ing pressure 

0 . 15 torr hydrogen, ne ~ 2 · 1015 cm- 3 , Te• T1 ~ 2-3 eV. 

AlfvCn waves wi t h azimuthal wave ampl i t udes e 1 up to S kf"' wer e 

exci ted by a ringing capaci tor d ischarge i n a frequency range 

of 600 kcs/sec . A coaxial wave g un was used as a n tenna. 

Measurements : In the c ase of small amplitude s (Bf. ~ 100 f1 
nor mal wave propagation was found . Under t he condi t i on of small 

nonlinearities (Bf~ SOO r ) harmonics of t he excitati on f r e ­

quenci es were observed. Fig. 1 shows t he original excited e, 
component of the wave at r = 8 IMl (the point of maximal wave 

amplitude ) and t he B
2 

compone nt a t the s ame position, c r eated 

by nonlinear wave-wave interaction . The Bz component is c o m­

)'\ (I\ r IA 

rJ \' 'v 1-/ 

s, 
[\, .v, \., IV' ~ 

·-
~ ~ 

Fig . 1 B'f and Bz a t r 8 .... 

81(1,,,;J/!. 
o,.tm. J • 

•""-~~~~~~~~~~~~~---

' 
Fig . 2 , Amplitude of double 

frequency Bz as a function of a, 

posed o f a de and a d oubl e 

frequency part . The non linear 

terms (~grad)v and j x B 

in the equa t i on of motion 

are responsi ble for the ob­

served nonl inearity. Per­

t urbati on theory leads to 

t he r e l ation 

B2 ( 2 w 
0

) oc By (OJ 
0

) 2 

which could be verified ex­

perime ntally. The measured 

Bz (2 w0 ) as function of Br 
is shown in figure 2. 

For the above amplitude 

r ange, the damping decreased 

with increasing amplitudes. 

If the amplit udes are f urther 

raised , a stro ng increase 

of the damping was observed . 

Fig . 3 shows the observed 

damping constan t d <8tooe e -dz) 

for two differe n t magnetic 

f ield strength s B02 = 5 k r 
and e0 z = 9 k r as a function 

o f the wave amplitude B .p • 
In the low amplitude case , the Alfven waves are damped by binary 

collisions (Spitzer 's resistivity) . The ohmic heating of finite 

ampl itude wave causes an electron temper ature raise connected 

with an increase in electrical cond uc t ivity, which leads to the 

reduced dissipation . Electron heat ing is observed by the appear­

en ce of multiply ionised impur i ty lines , s uch a s O II , C I II, 

CIV o n t he axis , where t he wave current d ensity is concentrated. 

Ion temperature i ncrease up to 20 eV was measured by Doppler 

broadening of He II 4686 line . These measurements show that the 

electron temperature raises faster than the ion temperature . 

0 o ~~~~~o-,s~~~~-io~~~-.!!L--> 

kr 

.f!L_ 
'''· ""'ts 

' 
' ' 

' 
' ' - o,.s100r , 

-··· B,• 1,111f '\,' .. 

,. -

,,- " 

Fig . 3 ' 

Damping constant d 

( e,.oce-dz) as a 

function of the 

amplitude Bf 

Fig . 4 ' 

Normalized radial 

amplitude profile Bf 
and c onnected c urrent 

density j z for t wo 

different wave ampli­

tudes . 

' ' ' ' 

The region where the increase of the damping r ate begins does 

not depend on t h e perturba t ion ratio B'f /D0 z but on the amplitude 

B 'f only . At these arnplitut.1es the current dtmt11lly j
2 

of l..he wave 

is so large on the axis that the electron drift velocity exceeds 

the ion sound velocit y combined with Te> Ti. This i s the 

condi t i on for the a ppeare nce of the i o n sound i n stabili ty, 

which r esults in a r eduction of e l ectrical conducti v i ty and 

the s trong wave damping . Duri ng the excitation of the wave 

e l ectrosta tic fluctuations were observed in the fre quency 

range 50 Mes/sec - 500 Me s / sec by means of electrostatic 

probes, as used in /2/ . 

A decrease of the electrical conductivity on the axis leads 

a l so to a radial displacemen t of the wave field to the out e r 

region . The depende nce o f t he r adia l wave prof i le o n the 

r adial prof ile of the electrical conductivity is known unde r 

l inear conditions /3/ . The measured normalised profiles of 

B"f (r) and t he relat ed current densities jz (r) are shown in 

figure 4 for d i ffe rent wave ampl itudes . 

Conclus i ons: Nonlinear effects at the propagation of torsional 

Alf ven waves can be observed at perturbati o n rati os o f some 

per cent already . At relative ly small amplitudes of 10-20 ' · 

strong wave damping is observed which does not depend o n the 

perturbation rati o but on the wave amplitude only . This and 

the fact that the conditions for the ion acoustic instability 

are satisfied, leads to the conclusion that under the given 

experimental condi tions the torsio nal Alfven wave are damped 

by t urbulent resistivity. 
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R. F. HEATING BY MEANS OF Botr.iDED ALfVEN WAVE RESONANCES 

IN MAGNETI CALLY tNHOP.!OGENEOUS PLASMAS. 

A. H. H.ESS IAEN 

Laborat oin de PhyBi.qU4! das Plasn:z.s - Laboratorium V001' Plar;mafysic:a 

Association "Euratom-Etat belge" - Associatie "EIU'CJ.tom-Be lgische Staat" 

Ecole Royals Militair• - 1040 Bl'uBs'1ls - Koninklijke Militaire School 

Abstract : A grad i ent in the steady magnetic field such as occurs in large 

l ow aspect ratio tori only affects the magnetoacoustic resonance spect rum 

by i nte rnal coupling of d ifferent azimutha.l modes . Furthermore the conflu-

ence be t ween compressional and torsiona l Alfven waves increases s trongly the 

absorption. This e ff ect combined wi th the exci tation of a bounded p l asma 

resonance p rovidu an a ttractive heating method. 

Introduction. Recent hea ting exper i ments made in the ion cyclotron domai n on 

the tokamaks TK- 1[1] 1nd ST[2 ) have s hown the important role of the magneto-

acous t ic (H.A. ) resonances [l , 4} in coupling rf energy to the plasma. Even 

i n lar ge machi ne• thes e reaonances ahould p lay an i mportant role [S]. He re 

the effect of steady aagnetic field inhoaogeneity on these resonances i& in-

ves tigated. This includes also the study of the e ffect o f the confluence be-

twecm t he fast H. A. wave (cha r acterized by the perpendicular wave number k.1.3 : 

see details in 3,4) and t he torsional Alfven wave (k.L
2
). The behavior of ki2 

and k_i3 is g i ven i n fig . l : the confluence occurs for w = wK and the zeroes 

of kJ._
3 

at 'U::: ~52 and w53[ 4). Typ ical abs orption spectr.i in t he ho mogeneous 

case are given in fig.2 for axisymmetric (rz.:::o ) and dipolar (rz.:::1) excitation. 

Resonance 111\" occur s a t: w .::: wK and the M.A. r esonances for w > w
53

. Recent 

related work appears in ref.(6, 7 , 8 , 9) and preliminary results of t his study 

are g i ven in [4 J. 

Mode l. The pr oblem i s so lved ana lyt i cally us ing a plane slab mod el wi th :!1-o 
~ = ik

11 
and 8

0
= B

0
tzJla (see fig . 3). Choosing an externa l e-1'.wt exci t a t i on 

characterized by H:a= Fcoah(hzJerp(i.ly1z.J (w i th h ~ ~~- k~) the mode l stud ied 

is analogous t o t he cylindrica l case wi t h an axisyu:metric excitation, t he 

corre s pondance between axes being :r-r, y-e . ::..,..:, The exciting field i nduces 

a scattered f i e ld outside the plasaa ( .. e.ipl- hlz J)) . The field s induced i n 

the plasma can be derived from the so lutions of the followi ng d i fferential 

equations (k~= ..,2,
0

u
0

) : 

The £ 's are the cold plasma permittivity t e nsor element s (including phenome-

nolog i cal collision fr equencies va and vi and kinetic co rrections of order 

zero in kJ.V/wc ). Eq . ( 1) describes the fast (M.A. ) and s l ow mode of Fig. l ,whe­

re WA~ w52 and w53 ar e now% dependent . Except nea r t he confluence(wK(xJ=w), 

thete modes are approximately decoupled and (l) can be then repr esented by 

g i on of the firs t H.A. resonances for typical values of large machines (5 ) ) , 

8
0
lz) =(Horr 112B

0
(o ) a nd constant density. Th en x"=lr+m i s used as a new va­

riable . Th e domain Rg (X) is d ivided i n five domains (see fig. 3) in which ap­

propriate asyoptocic solutions are. derived . For IXl< J i;l .:::lk~kh£Y£3 j , a fourth 

order differential equation i s derived from (1 ) [ 4 } and its solut i ons are gi­

ven in [10]. Th is enables the proper connec t i on of t he s olut i ons of (2) and 

(3) a cr oss t he con fluence . The tangen t ial fie lds ar e t he n ma tch ed at x=±a 

and a nor malized ab so r bed power i s computed <J'J' .:::{ P(x.:::-a) -P(:;r;=a)] with 
abs 2awu. )PI 2 

Discuss ion of t he results. 1) The spec t r um of magnet oacoust ic resonance s{1, 0,• 

2, 0; 3 , 0 •• ) i s on l y sligh tly affected by the inho mo geneity of 8
0

; t hey remain 

even if the confluence is in the plasoa a t the resonance frcq uency(see fi g . 

4 ) . Of course , the fields inside the plasma become vt: r-y asya:ae trical (se:I!. 

f i g . 5). _:>The mean .1.bsorp tion level is strongly incuased (even a t very lo:.. 

v) when c:he confluence Ri: ( XJ=c 1 ies i n the p l as;aa . The frequency zone in 

w-h ich this condition is f ulf illed i.•idens as o incrcucs . This re:gio n of en-

hanced abso r ption has sharp edges and becomes t he resonanco A of fig . 2 in the 

limit o --o , ]) The r esults pertaining to w«lk1/ el or w» lk,.
1

V11 1 are qua. li tati­

vely similar except for t he d etailed coupling be tween Cy (fas t w9vc) and E
2 

(s l ow wave) at the confluence ( see fig.5) . ~) 1£ the homogeneous pl<:1s ma i s 

exci t ed by a dipolar B:.: f ield ano ther set oC resonances i s excited (0 , 1; 1, l ; 

2, 1 of fig . 2) . The first of t hcsc . (0, 1) , occurs near ...=wK if (klfV.'_J 2«w~i l3 . 

4 , 5J. Inhomogeneity gives an internal coupling to the dipol.lr resonanc es 

even though the B
2 

exc i ta t ion i s symnctric{ll] . This i s sun in fig.4 . In 

particula r, for sufficiently high a , the first dipola r r esonance (0 , 1) leads 

to s trong cnhanc;enent of the field in the region with high damping due to the 

confluence . This last property suggests .:tn i nteresting heating r.:iethod for 

large ioachines : for well chosen u , a ny exciting acrucc:ure such that kt<< 

(11Jci/YAJ 2 will excite the (0, 1) resonance , enhancing absorpt ion due to wave 

confluence . This heating is very effective : in t he case of f ig. 4 t he abso r -

bed power P abs i s ....,10 times large r t ha n for electron TTMP at Te=la8K (compa­

rison ma.de both nea.r and far from a M. A. resonance). Con t r a ry t o TTKP, Pabs 

r emains largely i ndependen t o f Te or v down to very low values of these para-

meters. 
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FILAMENTATION INSTABILITY OF AN ION-SOUND WAVE 

£, CANOBBlO 
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GREllQBLE CEVEX I f11.a11ce) 

~ : Ion-sound waves propagating in a noo- iaochermal umaagnetized 

homogeneous plasma on unstable again!lt modulation in the direction perpen­

diculat to their propagation for all amplitudes . The relevance of this and 

other mo re general inltabilitiu from the viewpoint of plasma heating and 

confinement is briefly discuu ed. 

THE GROUND STATE . We consider an unmagnetized homogeneous uxwellian plasma 

in the presence of an intense electrostatic wave 

i • 2~ k cos (°k • ;-fll t) , Im (E ) • 0. 
0 k 0 0 0 0 

0 

The ground state of the plasma ia adequately described by the collia ionless 

Linear theory if /1/ 

(I) 

where vii is the ion-ion collision frequency, vti • (2T/mi) 
112 

i a the ion 

thermal speed, and +0 • - i E/k0 . If we also assume 

(2) 

where >.
0 

ia the Debye length, then 

()) 

where wpi is the ion plasma frequency . Clearly, conditions (2) and (J) i'caply 

that in the pump the ions behave as u culJ ideul fluid , whi. l a cha • lectrnn111 

remain in thermal equilibrium. Moreover, in view of condition (I) we have 

l•~/T0 I « t {2T/T_>
513 

« I. 

PERTURBATIOO Of THE GROUND STATE . We res t rict our treatment to those 

three-waves parametric proces ses which involve a low frequency electrostatic 

wave (w, k) with Jui I « w
0

, and with wave nUlllber k such that 

Here w/k± is the. phase ve l ocity of the side-bands whose presence in the plas­

ma it required by the usual phase matching condi tiona. 

Under the previous assumptions , !wl « k v t e , while lw/k v ti I is arbitrary. 

As a ruult, the electrons remain in therm.al equilibrium both in cho side. ­

bands and the low- frequency mode . In contraat , the ions behave as a cold 

ide al fluid in the side-bands while at low-frequency the Vlasov equation ia 

needed in o rder t o desc ribe their motion correctly. 

Coupling between the two species aa well as between the various modes is 

provided by the electrostatic potential which we Fourier expand in the follo­

wing way 

The Fourier coefficients of the ion density may be found with the help of the 

Vlaao v equation. We obtain 

whe re 

4nen;o) • - k\;o)~{o)_ k' ~$0 ti pt ~(t l) 
e 

4nen(±I)_ - k1'x(il)~(tl)+ ;~o [4wen(o)+) 
l. l e 1. 

2w'. 
Xi (w, k°) • --...e.!:. (I • x Z.(x)) x • w/kvti j 

k1v2. 
Cl 

(4) 

here Z. (x) is the Fried and Conte Function. Higher order Cini > I) coeffi­

cients and corrections are negligible. We notice at this po int that the 

effect of collisions would be simply to repla ce w by (w + i vii) in Eqs. (4). 

The electron-den s ity Fourier coefficients conesponding to Eqs. (4) are 

given by the Bolczma..nn equilibrium equation . 

THE DISPERSION RELATION. With the help of Poisson Equation we m4Y obtain two 

homogeneous equation• for ni (o) and "e (o) leading to the Dispersion Relation 

where 

T. k
2 

l+ {y/x )'{ 1+2F{y)) f + F(y) - Q [ F - 3 J o - O. 
e (y/x)'+ ~(k/k0)'( l+(y/x

0
)'J 

2 et) w • 
y • - i w/kvti' F(y)-. J-\fi'yey· crfc.y, and Q • I T0~,? 1 1 2 . 

• 0 

As convective instabilities cannot develop in our case, only purely growing 

m0des are possible . Marginal stabili ty (y • O) corresponds to curve A in the 

(\flf, (k/k
0

)
2)-plane (Fig. J) , whi le the growth rate becomes formally i nfinite 

on curve B as sho\olll on Fig. 2 for several values of Q. Of course, .our theory 

breaks down as soon as lwl ... w
0

• As a matter of fact, very close co the cur­

ve 8 the instability becomes explosive in nature and has to be treated by a 

nonlinear theory similar to that of Ref. /2/. The main result here is that 

the amp li tudes become infinite after a finite time - 1+
0

1-2
. 

CONCLUSIONS. The pure ly growing mode described in this paper , is t he low fre­

quency version of the fi lamentation instability which produces st;anding den­

sity striations acroas the incident pump wave . Other instabilitiea may be 

found if we take k.k
0 

~ o. They include in par ticular induced Compton back­

scattering. 

As it will be shown i n a s ubsequent paper, filamcntation and backsco.t t ering 

instabilities may occur, also in their explosive versions, in a variety of 

physical aituaciona which include R.F. plasm.a heating and neutral beam injec­

tion. Althought parametric i nstabilities are usually quoted owing to t hei r 

beneficial effects on hea t ing. we should bear in llind that they aay also 

constitute a potential danger from the point of view of conf inement upecial­

ly when they occur at the periphery of the plasma and the excited waves have 

rathe r long wave lengths. As indicated in Ref. / I/ , such instabilities may 

expla in easily both the level and the parameter dependence of the pumpout 

observed in the Transit Time magnetic pumping experiments. Recently , anoma­

lous plasma behaviour has been obse rved a lBo in an ion- cyclotron heating 

experiment /3/, when the RF-energy sent to the plastn.i1 exceeds a few hundred 

joules, independently of the power level. Althought our understanding of th i s 

matter is still very poor , one is tempted to attribute thes e phenomena to 

some exploaive parametric inatabi li ty. In t his cue , i n fact , the produc t : 

(explosion time) x (RF- power of the pump) ia a constant /2/ . Then, depending 

on the va l ue of thia constant compared, for instance, with the thermal ener­

gy of the plasma, one might expect the instability be disruptive or not. 

Similar bypr oducts of parametric instabilities may not be the exclus ive pri­

vilege of RF-heating. Indeed, poloidal plasma r otations produced by high 

power neutral beam injection may also be expecte d to excite parametr i c ins­

tabili tie.a with comparable effectl. 

~· /I/ - E. CANOBBIO, IA£A Conference (TOKYO 1974), paper CN- 33/C4-J 

/2/ - V.E. ZAKHAROV , Soviet Physics JETP, 11_, (1972), 908 . 

/3/ - J. ADAM et al., IAEA Conference (TOKYO 1974), paper CN-33/A.3- 2 

.J 
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ALFVEN WAVE HEATING IN THE CONTINUUM BY KINK- LIKE MODES 

A. Pochelon, R. Keller, F . Troyan, R. Gruber 

Ecole Polycechnique Federa t e de L3usannc, Switzerland 

Centre d e Recherches en Physique des Plasmas 

Abstract : the mor.l MHD spectrum of a screw-pinch is determined numeric.ally. 

It is shmm that modes in the Alfven continuum can have a kink- like behavior 

with the singul arity deep in the center. Heating of the plasma by excitation 

of these modes is proposed. 

Introduction: Heating by absorption of singular Alfven modes in the continu­

um has been suggested some time ago by W. Grossmann and J. Tataronis [1,2] . 
There ate two main problems : the first is t o understand the absorption and 

conversion mechanisms at the singulilr layer, the second is the problem of 

accessibility of the plasma core. We are concerned here with the second 

problem . 

To g.:iin some feeling for the spectrum and for the dependence of the modes 

structure on the various parameters of the equilibrium we use a lD code based 

on a finite element expansion [3] which approxi mates well the continuum as 

well as the discrete part of the spec trum already with few points. As equi-

1 ibrium we choose an infinite plasma cylinder of circular cross-section 

confined by an axial and an azimuthal f ield , sur rounded by a concentric conduc­

ting shell, with : 

p( r ) 
p(o) 

- - 2- [ l +p + {1- p ) cos !E.] . 
a n a 

il is t he plas ma radius and R is the shel 1 radius; 

The m = l spectrum 

The computed low- frequency part of the spectrum is shown in Fig. l , for the 

following values of the parameters: B .. . 2 , P.:i"" . 2, B
0

(a)/liz(a) "" .02, R - 5, 

representing a screw-pinch equilibrium. In abcisse we have the safety fac.tor 

q at the plasma surface q """ -ka Bz(a)/B
9
(a); the frequency is normalized to 

an AlfvE!n transit frequency 0:2• ,} a
2 p(O) /B~(a) . 

The fast modes, also called magnetosonic , fo rm a well sep.:lrated discrete 

spec trum in the frequency rang e l '< (}2 
"<10

3
; they are not visible on the 

scale of Fig . l. The slow wave, or sound wave , continuum extends downwards 

to n • 0 fo r all q . This is due to the asslll'!lption t hat it is the temperature 

which vanishes at the edge of the. plasma and not the density . This is mare 

reasonable than the inverse. The Alfven continuura is in an inteTI11ediate 

range of frequency, extending down ton • 0 \.'henever q(r) vanishes somewhere 

in the p l .:lsma. The discrete mode which sec.ms to pass through the continuums 

without Loosing its character is the kink . For q » 1 it l ooks very much as 

the lowest member of the fast wave family. As q is lowct"cd, it becomes lost 

in the AlfvCn continuum in the vicinity of q • 1 . At the same time the 

weakly unstable internal kink mode, which is already unstable at q = 2 . 3, 

suddenly changes character , g iving rise to the much more unstable external 

kink, as if the descending mode was reemerging from the continuum.As q 

becomes negative the kink becomes stable again, crossing the slow wave conti­

nuum with no change and eventually entering the Alfven continuum, As it ap­

proaches the continuum it retains i ts c haracter of a g lobal mode, except (o r 

a progressive peaking at the c enter 1<11hi c h will turn into a singularity at the 

o rig in as it reaches the e nd-po int of the continuum (fig . 2). for values of 

q a nd n near the point of contact the eigenfunctions i n the con tinuum stilt 

look like a kink mode except for the singular surface deep in the plasma. 

The heating scheme 

We propose to make use of the good coupling between the core of the plasma 

and t he vacuum surrounding the pinch by exciting a mode in the continuum 

which has a f requency n and a wavelength q in the vicinity of the merging 

point . Because o f the long wavelength the excitation of the kink- like mode 

will be e.:isy . The values of q and n 11re not critical as long as they are 

adjusted to keep the singular point in the core, which means staying close 

to the lower edge of the continuum. 

It should be noted that the value of I q i at the merging point i s larger 

than the limit of stability of the external kink, but that it falls in the 

range of the internal kink which does nor usually bring problems. le may be 

safer to push the operat i ng jq j above 2 and raise the heating frequency 

accordingly, while still having good coupl ing to the singular layer . 

Extension to other conf i gurations 

The scheme is based on the fac t that the l ower boundary of the Alfven 

continuum at the merging point co r respo11ds t o modes having a singularity 

at the center of the plasma. In genera l the l ower boundary is given by 

There are three possibilities: t h e minimum is reached at t he center of the 

plasma, at the edge of the plasma and a t some intermediate point . In the 

second case the kink will evolve differently near the mer ging point, peaking 

at the surface whe r e the singularity will first a ppear. This is a bad case 

for the heating since i t wou l d be only peripheral , I n the th i rd case modes 

near the Lower edge of the con tinuum h.:J.vc two singular points. Only t he 

most exter ior one is re l evan t . If it is deep enough the scheme will work 

just as well as in the first case . 

Taking realistic p rofiles for pinches or Tokomaks we find that the second 

c.:ise never occurs, but the third case docs occur frequently . I t turns out 

that the minimum is very sensitive to details of the fiel ds and density 

profiles, particularly an their rela t i ve wid t hs . lt shoul d be noted t hat 

for sufficiently large values of jqj t he minimum a l ways occurs at the 

Center . 

This work was suppo rted by the Swiss National Science Foundation . 
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Abstr act : In thi s paper we consid er the effec t s of r esistive 
aissipation on the energy absorption by the s pat i ally localized 
Alfv~n waves whi ch form a part of the continuous spectrum of 
ideal magnetohydrodynamics (Mtm) . We demonstrate that the 
strong absorption rate found in ideal MHD is unaltered for plas­
ma resistivit ies on the order of that found i n Tokamaks 1 thus 
implyi ng the po s sibility of effectiv e heating of t hese machines 
by Alfv!Sn waves. 

It is well known t hat supplement ary heat i ng will be neces­
sary t o bring t he Tokamak plasma into the igni tion regime . One 
of t he many methods currently propos ed for Tokamak heating is 
through use of r esonant Alf ven waves . l The b~sic theory of the 
energy absorpt i on has been given by Tataronis using tre ideal MHD 
equations of motion . An extension of the plasma model to that 
of t he guiding center plasma (GCP) has also been made and the 
results of thes e basicall y ideal (inviscid , perfectly conduc­
t i ng ) models indicat e t he possibility of very eff ective en ergy 
absorpt ion at f r equenc ies much l ower t han i on cyclotron or lowe r 
hybri d . This paper conc e r ns itself with an i nvestigation of 
non-ideal eff ects on the energy absorption . In particular the 
effec t of resistivity is i nvestigated . 

The bases of the abs orption process in ideal MHD a r e the 
logarithmic s i ngularities wh ich occur in spac e in the distribu­
tion of the linearized plasma velocity of the Alfv~n mode . 
These singulari ties render the continuum eigenfunctions of the 
linearized MHD oper ator non - square i ntegrabl e and the e nergy 
cont e nt of t he mode unbounded . 2 As an exampl e of t he rate at 
which energy c an be transferred t o t hese s i ngu lar modes , we show 
in Fi g . 1 a possible coil structure yielding a surf ace current ~ 
with periodi c i ty >. along the z axi s of the plasma column . We 
assume that t he frequency of i is la) and we measure the absorp­
tion in t erms of the real part or t he 1mpedence Z of the coil, 
where the real part of Z i s a consequence or the singularities 
in t he Alfv~n mode . 2 Fi gu re 2 shows the absor ption rate for 
plft!'ima parameter s typical of the ST Tokamak . Since ideal MHD 
has no dissipation mechanisms , the energy absorbed is not trans­
forme d to heat . We there fore introduce here a non- zero resis­
tivity in the fl uid e qua tions and calculate the Ohmic heating 
rate in t he Alfv~n mode . It will turn ou t to be identi cal t o 
the i deal MHD a bsorpti on ra t e f or the small r esi stivities found 
i n Tokamak s . 

The specifi c pl asma configuration we study is identical to 
that of Ref . 2 , namely , a p l anar sheet pinch with the equilibri­
um magnetic field , ~' paralle l t o the z - axi s of an x , y ,z Carte­
sian coor dina t e system . Al l equi librium quantities depend on x 
alone . The p lasma i s confined to the region - b < x < b , and is 
surrounded by a vacuum region , where an externally supported 
sheet current is present parallel to the z-ax i s similar to Pig . 
1 . Assuming incompressibility , the linearized resistive equa­
tion s are t hose of i dea l MHD2 but wi th Ohm 1 s law in the form 
q;+l(;x~) • n>1, . 

We fourie r analyze the perturbati ons wi th respect to t i me 
and the coordinate z and combine the linearized equations to 
form the following system: 

(A< >' k
2

Cx • f&cQ~ '" -2k2< '+kqQ,l (la) 

Q~ ' • (k2 + µ~"')Qx - ¥ Cx (lb) 

where f • kB(x) and A(x , w) • p(w2-1..2). Herek ls the wave num­
ber along t he z axi s , n i s the resigt1v1ty , C a nd Q a r e re­
spectively t he x components of the plasma dis~laceme1't and the 
perturbed magne tic field , w~(x) (: f2/pµ) i s t he squar e of the 
l ocal Alfven f r equency , 1.1 i s the permeability of free s pace , 
primes ( 1 ) denote partial differen tiation with respect to x , and 
i has been wr i tten for r-I . If 11 i s formally set equal to zero 
i n Eq . (la) , one recover s the i deal MHD equati on for C , the 
solutions o f which can possess a logarithmi c singulari~y about 
the zeros of A, x 0 (w) , i. e ., where w equals the local Al fven 
frequency . This singularity is not present for 11 different from 
zero , implying the existence of a resistive boundary layer for 
small fl about x0 (w). The energy whi ch accumulate s at x0 i n ide­
al MHD is d i s sipated i n t his layer . To compute t he rate of en­
ergy dissipat i on, the s y s t em (1) is scal ed with respect to n and 
t hen solved in t he resistive layer . 'l'he solut ions are t he n 
matched to t hose of t he outer regions describable by t he ideal 
NHD equation s . 

The ~elevant scalin~ in the resistive l ayer , as establ ished 
by Boris , is x- x ~ O( n 13) . Therefore after int r oducing the 
normalizea vari ab£e s by (x- x0 )/a = .,_lds where s ~ 0(1) and E 
is dimensionless and of ord er n, the system ( 1 ) can be developed 
inn and combi ned to yield the following equation for ex: 

-2-
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it 
1 

' ' 

1 

+a (s( 
1 

) ' = O ~ a depends on the equilibrium and is taken 
toxbe consti.nt in the layer . The asymptotic form of the solu­
tions t o this equation are trivially shown to be the following : 

• (2) 
{

-:!; + ln( - s) + c 1 + . .. , s •- • 

tx ""' !£ + ln(s) + c 2 + ... , s ... ., 

wher e c 1 and c2 are constants . These asymptotic solutions are 
connected onto t he i deal MHD solutions f or tx i n the outer re­
gion by imposing con tinuity of (l;~;,x) a t the limits of the 
boundary layer. Recognizing that to leading order , Eq . (2) is 
identical to the connection formula that one must impose across 
the logarittunic singularity in ideal 1-!HD,2 one concludes that 
the fie l ds outside the resistive layer are ident i ca l, to leading 
order i n n, with the corresponding fields found in Ref . 2 . 
Since the impedance of the external coil is derived from the 
vacuum fields, one can then conclude that the coil impedance im­
plied by the resistive equations assumed here is identical to 
the impedance found in Ref . 2 to l eading order in n and hen ce 
that the absorpti on predicted by ideal MHO implies Otunic heatin g 
in the resistive l ayer . 

To obtain an e stimate of the time required for the absor bed 
energy to be dissipated by the resistivity, we need the time be­
hav1or of the perturbed fields in the resistive layer . It is a 
straightforward cal culatton to derive <,Cx,t) from the incom­
pressibility condition 'x- ikCz • 0 and rrom the integral f orm of 
txCx , ~) in the resistive layer . After performing an inverse 
Fourier transform with an external force assumed at frequency 
w

0
, one f i nds 

lw t J t I 3 1 C ( x , t) ~ e 0 exp (- ( t / t) ) dt 
z o n (3) 

] 3 
where t "'-' J/ce , c being a constant independent of ri . Let th 
be the t'ime a which t • 1, i . e ., th • n- 113/c . Then for 
t << th , Eq . (3) reduces to Cz(x,t) ~ t exp(iw0 t) , which is the 
behavior of <z found in ideal MHO , 2 while for t » th , Eq . ( 3) 
implies a pure sinusoidal oscillation at w0 . Therefore , for 
times up to th , one finds (z growing linearly in t with the en­
ergy simply accumulating in the layer without dissipation . Be­
yond th , the fields saturate , and the absorbed energy is d i ssi ­
pated . We therefore take t h as the heating time . It can be 
shown that th is related to t he equ ilibrium fields in the fol­
lowing way : 

1/3 ' ' 213 
t • ( 2""") (~ - lLJ -

h ~ B p 
(4) 

A computation with parameters typical of the ST Tokamak yield 
th "' lOlJ sec . Si nce the confinement t i me tc of Tokamaks is on 
the order or m sec . , one has th << tc. Th1 ~ rAt'!:t t.ng;P.ther \'fi th 
the large absorption rates shown in Pig . 2 suggests significant 
energy transfer to the plasma . 

One f i nal estimate that we make here is that of the e f fec­
tive width o f the resi s t ive layer in Tokamak devices . Thi s i s 
accomplis hed from the rel a t ion dW/dt • J nJ2d , as deri ved from 
the equati ons of motion . \'J is the total plasma energy and the 
integration is carried out over the resistive layer . By using 
for dW/dt the expression given in Ref . 2 , one finds from the 
above rel ation Ax , the width of the resistive layer : 

bx = 8• (_!1._) 1/3 (2B ' _ £..'..) -1/3 
µw

0 
B p 

For typical ST parameters this evaluates to about 10 ion Larmer 
rad11 . 
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EXPERIMENTS ON MAGNETOACOUSTIC OSCILLATI ONS 

IN A ROTATING PLASMA 

E. 'l'ennfo rs, J . Ber gstrom and M. BureM 

Royal institute of Technology ,S-100 4 4 Stock holm 7 0 , Sweden 

~: The damping o f o scillations in a tuned external cir­

cuit is used t o determine the coupling of RF-power t o a r ota ­

ting f u lly ionized plasma . The l owest magne t o a coustic r esonance 

seems to o ffer the best coupling in the present case, but other 

resonance s a r e also observed. 

1. Introduction : In the internal ring device FLASK FIVB a fully 

ionized rotating plasma is created by means of crossed electric 

and magnetic fields . To enable magnetic shielding of the sup­

ports of the internal ring the rota tion has to be stopped and 

the associated heating mechanisms replaced by some other method . 

The lowest magnetoacoustic resonances about 1 MHz has earlie r 

been used for this purpose [l , 2, 3] . This resonance has a l so been 

studied by the excitation of eigenoscillations during the rota­

ting phase [4 , 5] . The a im of the p r esent work i s to examine the 

coupling between the existing external coil systems and the 

plasma when the f reque ncy is varie d and the plasma is sust ained 

by rotation . 

2. Experimental arrangement : The FLASK F I VB [},6] is. run wi t h 

an average magnetic fi eld B
0

=0 . 33 T in the mid-plane . The fil ­

ling gas is hydrogen or deuterium with an initial pressure of 

30xl0- 3 torr . The particle d e ns ity i s 10 21 m- 3 

Two pairs of coils are available in the device . The coils 

earl ier used for heating [1- 5] (the "generator 11 coils) encircle 

t h e plasma about 10 cm above and below the mid- plane respect ive­

ly . The o t her pair (the "pulse " coils ) were used for the current 

pulse which excited the eigenosci l lations [3 , 4] and are located 

clo s er to t he mid- plane . The circuit is tuned by a variable ca­

pacitor and closed by an ignitron . The energy initially stored 

in the c ircuit is small compared to the p lasma energy content. 

3 . Experimenlal re5ult5: The radial cur rent Jr and the vol tage 

~12 across the rotating plasma are shown in F i g . 1 as functions 

of time for a hydrogen plasma . The external r inging circuit is 

f ired at t
0

=4 00 µs when the voltage and thus the velocity of r o ­

tation is 

r a ther high . ol 
The damping 

2 
of t he cur-

r ent oscil- J, [k.AJ 
l ations is +,,[l<v] 
determined 

I. 
for va rying 

freque ncy 

and differ- O 

ent combina-

t i ons o f 

1 : A 
•' . ......, ~ 

" ~ ; 

·~ \, i..-!"'-. 

~ 

_...,... ......... -· 
-- t --........ 

1.0 

-

t 
2l> [ms] 

the coils . 

A rogowski 

coi l around 

F ig . l . Radial current Jr and voltage ~12 for 

a rotat i ng hydrogen plasma in F I VB . 

the plasma measures the azimuthal plasma cur ren t J'f' . In addi­

tion to the forc e d oscillations, J~ shows that eigenoscillations 

are excited . In t h _ case o f Fig .l, the eigenfrequency turns out 

to be 0 . 85 MHz while the external current oscillates at 2.15 MHz. 

The damping o f the o s c illations can be e x p r essed in terms o f 

equivalent series , rs, o r paral lel, RP, resistance in the 

ext ernal c irc ui t . l/Rp is a measure of the total power loss in 

the s y stem for a given voltage over t he c oils . 

Fig. 2 shows the rs - and l/Rp- spectra for coupling between 

t he "pulse" coils connected in series with currents in the 

same direction. Open circles refer to the damping i n absence of 

the plasma. Bot h r epr esentations reveal a strong resonance just 

below 0 . 9 MHz in agreement with the measured eigenfrequency . 

An additional smal ler peak is observed at :::2 .1 MHz . Parallel 

connecti on o f the coils give higher frequencies and i ndicates 

a peak between 3 . 5 and 4 MHz . When t he current is reversed in 

one of the pul se coils , only a weak r esonance at ::. 2 . 8 MHz is 

observed. 

Fig. 3 shows the situation 

for the "generator" coils , 

10 cm above and below the mid­

plane . Again, the coil s are 

connected in s eries and car­

ry curren ts in the same di­

rection . The reso nance now 

appears at =1.1 MHz. Pa rt 

of the earli er observed dis­

crepancy between the e igen­

frequency and the optimum 

heating frequency ::.1 . 3 MHz 

[l-5] seems to be due to 

the location of the gener a­

tor coils . The remaining 

difference may be expl ained 

by the change in resonance 

frequency with the veloci-

ty of rot ation [4' s] . 11ith 

reversed current in one coil, 

the first resonance remains . 

This indicates an asymmetry 

in the coil-wall current 

system . Higher frequency 

r esonances seems to be poor­

ly coupled to the "generator 11 

coi ls. 

[:q 
10- • pl ;um 3 

:I , ._,. .. 
-· ·· . ~ I I 

0.5 1 10 MHz 

~[ms]t 

"' 
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,.J 
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05 1 2 S 10 [MH<:) 

Fig , 2 . Equivalent resistance 

spectra for the " pulse" coils. 

In part of the eigenosci llation measurements, [ 4 , 5J RF- power 

at 2. 8 MHz was fed t o the plasma by the "generato r " coils with 

currents in oppos ite directions . The present results show 

significant resonance there for hydrogen. For a deuter ium plas­

ma a small bump occurs arou nd that frequency . 

The level of l/Rp i n t he cases earlier used for heating and 

t he voltages then applied over the coils a gree with the e s tima­

ted power inputs of 0 . 5- 1 MW . 

The equivalent series resistance, rs ' increases steeply at 

higher frequencies in all the cases . I t is not clear if this 

is a characte ristic of the plasma or of the external circuits. 

4 . Conclusions : In the p r esent 

set-up only the lowest mag- [~ + 
netoacou stic mode ca n be 

used to increase the power 

to a few MW with rea sonable 

coi l voltages . The f r equency 

has to be more carefu lly 

chosen than before a nd the 

" pulse " coils s hould be used 

to get t he highest coupling . 

The other peaks may grow 

with plasma tempe r a ture, 

but are poorly coupled to 

the present coil systems . 

Earl ier i ndirect estima­

tes of RF- power coupled to 

the plasma [1-5] are con­

fi rmed by the present mea-

surements. 

This work has been sup­

ported by the Swedish Atomic 

Research Council and t he 

Bank of Sweden Tercentenary 

Fund . 
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EXPERIMENTAL INVESTIGATION OF THE INTERACTION OF MODULATED 
UHF OSCILLATIONS WITH PLASMA 

S.I.Naoobasbvili, G. I.Rostomasbvili, N.L.Tsintsadza 

Institute of Pil.Ysics , Academy of Scieoces of tbe Georgiao 

SSR, Tbilissi, USSR 

Abstract: Tbe possibility of HF eoergy ioput to tbe ultrabigb 

frequeocy discharge plasma by mesas of UHF power modulation 

is experimentally s hown in t his paper, when the modulat ion 

frequency is equal t o tbe ioo- cyclotroo one. 

As it is known, recently beatiog by means of electromag­

netic waves of UHF and HF raoges is successfull y used as an 

additional method of plasma heatiog io tbermonucl ear devices. 

!.~ethods are being worked out and experiments are in progress 

on the heating of both electroo and i on components of plasma. 

It i s taken into account tbat in tbe re al thermonuclear de­

vices, at temperatures close to thermonuclear ones, the ener­

gy excheoge time between electrons and ions will be mueb 

less tban the time necessary for its containmeot. Hence it 

is of co meaning, in which componoot the energy should be 

introduced . However , it is noteworthy, that for providing 

the greatest stability in the heating process it i s desi­

r able to have a possibility of realizi ng of independent bea­

ting of electr ons and ions . As t he experiments show, while 

the e l ectromagneti c energy input i nto the thermonuclear de­

vices in OH.F range may be realized comparAtively easily , in 

HP range essential technir.Rl difficulties have to be over­

come. 

Therefore, i t is of int erest to study the possibility of si­

multaneous HF and UHF energy i nput into tbe plasma by means 

of modulating of URF oscillations wit b a l ow freouency , It 

is t aken in mind , that tbe carrier (UHF) freauency sbould be 

close to tbe f r equencies wbicb are cbaracteristic of plasma 

electron component and the modulation frequency- to t be fre ­

quency of plasma i on componeot.In tbis paper the possibility 

Of modulated UHF oscillatioo input into the magnetoactiva 

plasma is experimentally investigated.The experi ments were 

performed on tbe stationary davice described in / 1/. Plasma 

was created in tbe quartz vessel, dia . 5. 7cm , l eogth llOcm 

2 

1. Solenoid 

2. Quartz tube 

3. Waveguide 

'I- . Electrical prob 

Fig.l 

(Fig. l ).The vessel wAa loca-

ted in t be cylindrical wave­

guida intended for tbe pro­

pagatioo of the wave of TE11 
type in 12 cm wavelengtb 

r ange.For matching with 

waveguide tract tbe end of 

the vessel was made of coni-

eel shape . The UHF radiation 

source operated in tbe con­

tinuous regime at tbe frequ­

ency of tbe order of 2. 4GHz 

and power 20w. 

By means of a modulator it wes possible to reali ze the modu­

lation of lJl!F oscillations amplit ude witb adjustable modu­

lation deptb (up to tens perceot) in t be wide range of ite 

frequeocy variation (50Hz to 5 MHz). The discharge vessel 

witb the wavaguide was located in tbe stationary homogene-

ous magnetic field wbicb was smoothly cbaoged from zero to 

electroo-cyclotroo value (He=650 Oe) .Io tbe described expe­

riments argon was used ae an operating gas. Plasma was formed 

in the electron-cyclotron resonance regime at the pressure 

of tbe operatiog gas in the vessel of tbe order of 7•10-3torr. 

Io tbe course of tbe experiment the amplitude of the 

low frequeocy compooeot of ampl itude- modulated UHF power i o­

cident ooto the plasma was register ed by meeos of tbe probe 

iotroduced across the waveguide in the cooical par t of the 

discharge cbamber. Tbe detected signal from tbe probe was 

r egistered by tbe low frequency spectrum aoal yser. Io the 

experimeot tbe modulatioo frequency of UHF signal was smooth­

ly cbsoged at the fixed m•gnetic fields, tbe modulatioo deptb 

beiog maiotaioed at tbe same level. It turned out that tbe 

amplitude of low frequeocy compooeot of modulated UHF signal 

has ao explicitely expressed mioimum wheo the modulation fre­

queocy ( W., ) approaches the i OD cyclotrOD frequeocy ( W H• ) • 

This depeodeoce is sbown io Fig.2. Ooe c•o see the soalogy 

1.0 

" 0.6 
.; 
,; 0.6 

0.'1-

0 

v 
Fig,2 

betweeo this pbeoomeooo sod 

the decreasing of the vol ­

tage in lumped circuits wbicb 

is associated witb the dec­

rease of tbe quality of tbe 

contour; in our case t he mo­

dulatioo f r equency at tbe 

ion-cyclotron resonance 

(W.,. = w.,) is absorbed by 

the plasma . It is also expa­

rimeotally established tbat 

with tbe change of tbe magnetic field shift of the freauan­

cy of the minimum takes place corresponding to the change of 

ion- cycl otron freouency. As conceros the cbange of the modu­

lation depth , it does not practically affect oeither the po­

sition of the minimum of the modulatioo frequency , nor tbe 

relative value of tbe minimum itself. 

Tbe experimeots have sbown that tbe change of t be modu-

1 ation deptb in the wide r ange (from O to 50%) does not 

cause the appearance of tbe UHF signal supplied to tha proba 

i n t r oduced in t be end of the cylindrical wavegui de and tbe 

l imits of tbe range of plasma existeoce in tbe magnetic f i eld 

do not change and coincide witb the limits defined in /1/. 

It can be apparently concluded from these data that the ampli 

tude modulation does not affect tbe efficiency of the absorp­

tion of UHF wave itself and does not cbenge the mecbanism of 

its absorptioo which was studied i n many papers (see for 

example /2/). 

Tbus tbe performed experiments have s hown the possibili­

ty of HF eoergy i nput into tbe plasma by means of UHF power 

modulatioo that all ows to beat simultaneously both electron 

and ion components of plasma. 
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THE COLLISIONLESS DISSIPATION OF J.!ICROWA VE RADIATION 

lN BOUNDED PLASMA 

V.I.Barinov,I.R.Gekker,V.A.Ivanov,D.M.Kar:fidov 

P .N ,Lebedev Physical. Insti tute,Moscow, USSR 

Abstract:For initial conditions favouring and not favouring 

the linear transformation of waves, a series of experiments 
were performed on the interaction of S-band electromagnetic 

radiation with bounded isotropic collisionless plasma ce~>.i 
over a wide range vE/vTe~10-5-6, 

Collisionless plasma heating by electromagnetic radiation 

in the absence of an external magnetic field is a problem 
arising in the study of laser thermonuclear fusion.!.iodel expe­
riments in various renges of wave length A and of plasma size 
e are important for a better understanding of the physical 

processes.For example,under laboratory conditions dissipation 

Of microwave radiati on is studied in a plasma with e =(0.1- 10)A 
/1, 2/.In this work we were founding conditions for the effici­

ent collisionless dissipation of S-band el ectromagnetic radia­
tion in a bounded plasma with e.,;._ • 

The investigations were conducted on an installation (Fig.1) 
with H11 wave in a circular metal waveguide 10,the inner dia­

meter of which was d:14cm"-A9,whereA9 is the wave length in a 
vacuum waveguide.The flo w 1 of collisionless plasma (V/W-"J0- 5) 
created by a spark 

source 3 was in­

jected into the re­
gion of interaction 
with the microwave 
through a diaphragm 

w:I. th a metal grid 
in the movable pis­

ton 2.Plasma veloci­
ty 1vas '='107 cm/sec 
and electron tempe-

5 6 8 9 10 

Fig.1 

rature Te=3eV . Plasma density was measured by miniature, scree­
ned single-electrode probes 6 and 9 .Multigrid probe 7 and pro­
be-plate 8 analysed currents of fast electrons ,A reflected 

microwave impulse :power vrns registered by a direct coupler. 

The coefficient of microwave absorption D2=1-R2 ,where R2is 
the coefficient o:f microwave power reflection.The gas pressu­
r e was ....... 10-6 torr. 

For the creation of 1ni tial conditions favouring the linear 

transformation of waves,the flow diameter was limited by a 
special di aphragm 4 with orifice d1=3cm<.<d<A3/3/, Piston 2 was 

placed at a distance of:.o70cm from source 3.The auxiliary 
plasma cut-off system 5 /4/ formed a sharp plasma flow front 
e1-o.1J.-8(Fig.2a,the lower trace is a signal from probe 6 with 
and without plasma cutting) or short plasma bunch es-y2 (Fig. 

2b,the lower trace is a signal from probe 6).The plasma den­
sity has a parabolic radial profile. 

In weak fields (vE/v 10-5; v =eE /mw ,E -maximum travel-
E~ E o o 

ling wave field, vTe='ITe/m · ) the microwave absorption in a bunch 
e5<-)/loccured only if at a point on the e;ld.s at a distance 

-'a14 from the plas .. a cut-off system 2 the plasma density n
0
7'nc, 

where nc is the "critical" density. The absorptio~ increase 
with n

0 
and D2 amounted to tens persents (Fig.2a,b, upper trace 

is reflected microwave signal).This dissipation is associated 
with linear transformation and the experimental curve for n2 

correlate well with the theoretical calculation /5/. 
An absorption process began instantly at all level s of elec­

tromagnetic f ield E
0 

(vE/vTe=10- 5-6).For example,oscillograms 

of reflected microwave power in Fig.2c are for vE/vTe=6 and 
initial n

0
/nc=2.5.The higher impulse corresponds to the reflec­

tion from piston 2 , the lower 

impulse to reflection from 

plasma flow, which has a 
length e = ).~.For this plas­
ma flov1, the experimental 
curves of n2 as a function 

of n0 /nc and vE/vTe are 
plotted in Fig.3a.The expe­
rimental data are taken for 

t =0· 3fsec 71=- ~where t.f is the duration of the microwave impul­

se front.If vE/vTe=10-5-10-1 , values of D2 are close to one 

another,but with the an increase of the value vE/VTlo.1 the 
coefficient n 2 decreases"This decrease can be attributed to 

intense plasma decay throughout the microwave impulse front. 
Complete decay of dense plasma (n

0
7nc) takes place during t.,; 

0.5f•sec if vE/vTs>>0. 1. In the dense plasma,fast electrons were 
generated a:i:ong E.The average e.'lergy of fast electrons (n

0
:=o 

1.5nc) was Ge(keV)• 1 .5E
0

(kV/cm),l'he current of fast electrons 

j-E
0 

but reached saturation when vE/vTe~o.5.The maximum _ 
energy of accelerated electrons then exceeds by more than 10" 

t imes the thermal and oscillatory energy of electrons.The 
energy of ions in radiaJ. directions reached a value -10keV 

f or vE/vTe --1.li n
0
<nc , mi.crowave absorption and fast electrons 

had not been observed within the l imit s of sensitivity of t he 
apparatus. 

In the next series of experiment~ /6/,piston 2 was placed 

at a distance of 5cm from solU'ce ,3 . How the initial diameter 
of plasma flow was 8 or 'J3cm.Plasma flow had practically homo­

geneous density distribution along the radius at a distance 
of 40cm f r om piston 2 .This in combination with the high den­

s ity gradient near the waveguide wall was a guarant ee of the 

absence of intense linear trnnsformation in the initial dense 
plasma. The microwave generator was sv.ri. tched on when the plasma 
:flow was i n the region o:f probe 6 ,which located at a distance 

p' 

3 n,/n, 

t.,wc 

IO 

B 

2 

of ?Ocm from plasma source 3.hlaxira.um clensi ty was Il:::::2nc at 

this point. 'l'he l ength of plasma front reachede~= (1 .;.2)}. ~ .In 

these experiments,intense absorption occured with a time de­

lay, and if vE/vTe 'p 1. Tllresllold field corresponds approximate­
ly to equality of wave pressure E~/81l and plasma pressure 
n T .In Fig. 5b are plotted the aver aged dependence of time c e _ 

2 delay t and Dmin vs vE/vTe"A similar result was obtained also 
in the case of formation of sharp dense plasma front Cj'0.1 A~ 

at a distance of 70cm from s ource 3 . For vE/vTe=5 ,oscillogremc 
are presented in Fig.2d,where the upper trace is a reflec­

ted microv1ave signal and the lower trace is probe 6 signal. 
Investigations with t\·ro plasma probes placed in the same 

cross section at 40cm from probe 6 showed that during tlle 
time delay t plasma was retarded and deformed. The plasma 

front density increased especially at the centre of wav eguicle, 
where E2 was a maximum .?low def'ormation was practically ab­

sent when vE/vTe>,0 . 7 . I:f pulse duration<"7t and vE/vTe>1, 
intense decay of plasma flow waJ> observed .. The control expe­
riments showed that artificial deformation of plasma density 
profile can create the conditions for intense absorption 

even for a weak electromagnetic wave owing evidently to li­

near transformation. 

Thus,in a bounded dense plasma with f<.A, ,intense and momen­

tary collisionless microwave dissi pation takes place in a 
strong field (vE/vTe-1) if the initial conditions are favour­
able to linear transformation. In the opposite case,in tense 

dissipation occured with a time delay, and only for vE/vTe'-'-'I • 
Deformation of pl asma front preceedes the beginning of micro -

wave absorption.This ma.Y indicate that occuring process is of 
the l inear transformation type. 
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EXPERIMENTAL INVESTIGATION OF THE INFLUENCE OF LIMITERS IN 
r . f . HEATING DISCHARGES 

A. Lietti 

Ecole Polytechnique FEdCrale de Lausanne - Switzerland 
Centre de Recherches en Physique des Plas mas 

~: I n linear rf discharges with diaphragms the current is not limited 

by the Kruskal-Shafranov condition but by the electron density of the gas 

surrounding the plasma column. The experiment a grees with a recent theory 

and accounts for previous controversial reports on the efficiency of limiters 

to improve oscillating field penetration . Energy transfer in the discharges 

have been investigated . At lower densities, anomalous conductivity has been 

observed. 

The apparatus has already been described elsewhere (1). Hydrogen gas is 

contained in a discharge tube of 15 cm diameter and 114 cm length which is 

equipped with end electrodes and situated within a solenoid which produces a 

0 .4 T axial constant field. The filling pressure ranges from 5 to 180 mTorr. 

To ensure breakdo\.11\ at lowest pressure and p<trt i al preionisation, a 6 MHz, 

40 KV prepulse is applied to two auxiliary electrodes. The 6 ~s, 2.7 ~lllz, 

non decaying main discharge is produced by special line generators . The cur­

rent ranges from l to 20 k.A . 

Two quartz diaphragms with an hole of 4 cm diameter and placed 74 cm apart, 

operate as limiters . 

Controversial results have been reported about the efficiency of the limiters 

to control an rf axial current and to improve the penetration of the oscil­

lating magnetic field [2-5]. I n this experiment the dynamics of the plasma 

column has been investigated as follows: a) analysis of the voltage- current 

function [l]; b) magnetic probe measurements; c) image-converter camera 

photographs. 

The result of these ml!asut'ements is reported in Fig. l and 2, The existence 

of a critical current l r [" is evident. The expansion of the plasma column when 

I > lcr cannot be r elated to the Kruska l-Shafranov instabi lity m • l mode, 

which occurs in unidirectional discharges, for the following reasons: 1) The 

column expands faster with increasing density (Fig . 2), the contrary could be 

expected in the case of K.S. instability. 2) Photographs do not show any 

m .. l instability, but only symmetrical expansion of the column . 3) The 

growth rate of the K.S. m • l mode in the equivalent d.c. discharge has been 

estimated to be in all the experimental conditions smaller than the rate of 

change w of the oscillating current. As a consequence, dynamical stabilisa­

tion would be expected. The observed expansion of the plasm:i column agrees 

with a recen t theory [6] which considers the propagation of Alfven waves in 

the space between the diaphragms , the critical par<l.meter being E "" w L/2 VA 

(L • tube length, VA• Alfvi!n speed) . When E « l the discharge is controlled 

by the limiters . The electron density in the space surrounding the plasma 

column has been deduced from interferometric measurements . We found that the 

density increases with current, and that c • l corresponds to a current of 

4 kA. In fact , we consider this result as approximate . The Alfven speed has 

been deduced from the estimated density, on the basis of the filling gas mass . 

This way impurities can somehow introduce an error . Even if we consider this 

point, we believe that the observed enhanced expansion of the plasma column, 

as well as the pressure dependance, agrees reasonably well with the theory . 

The plasma produced by the discharge in the 15 - 20 kA range has been inves­

tigated as follows : 

1) Average electron density has been measured with an He- Ne laser Hach­

Zehnder interferometer (7) . Fig . 3 shows typical radial profiles, n being 

Rod1us 

? c; - - - - -- --- --- - Wall 

JkA 

- ---Um!lt'fS 

F'ilhng prHsurt' 5 mTorr 

~ Time evolution of the plasma 
column radius at different 
discharge c urrents. 

RadlUS 

7 ~m 
Woll ·--------- ---- -

~--------'• 
I 2 3 4 5 6 7 8 k.A 

~ Dependence of the plasma 
column radius on the cur­
rent at differen t filling 
pressures . 

t he ratio of the electron dens ity to that which corresponds to complete 

ionisation of the filling gas. 

Consider the discharge at 10 mTorr, 20 kA. We note that after 5 j.J s, n > 1, 

meaning that additional particles (wall interaction) increase the density . 

2) The average transverse energy w1- k (ne teJ.+ "i Til) has been eva l uated 

by diamagnetic. measurements obtained by means of an clcctrosta tically shielded 

loop in the center of the di s char ge tube. The measure has been carefully 

checked, as usual, to insure freedom from secondary effects originating from 

plasma mass motion and from rf spurious coupling. Fig. 4 shows the time 

evolution of the 10 m!orr, 20 kA dis charge . From Fig . 5 a nearly linear de­

pendance of W.l and I~ is ded uced . 

The electric.al conductiv i ty 0 has been deduced from the skin depth meas ure­

ment , which has been made by means of a probe introduced normally to the axis 

in the center of the discltarge tube . Fig . 6 shows the time average of the skin 

depth and conductivity as a function of the fi lling pressure. We note that a 

has a maximum, correspond ing to a critic.al pressure per · If p > per' a de­

c reases . This behaviour agrees with a classical conductivity, the temperature 

indeed decrenses with increasing pressure. On the contrary the decrease in 

o if p < per shows an anomalous heating, whi ch cannot be explained by the 

classic.al theory . At the l owest press ure an average electron temperature 

of 40 104 K0 has been estimated in the 20 kA discharge. This results 

nt' 10m Torr. 20 k.A 

li 1onm1 (w) rodlus,cm 

"I ~ 
w.I kYm' 

2 

\OmTorr, 20k.A 

1011 s 

~ Time evolution o f the electron 
density at d i fferent radius . 
I • 20 kA 

z 

w. 

'• 
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lli.:._2 Transversal energy density as a 
function of the current . The dot­
ted line represents 1 2 dcpcndance. 

1· 
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~ Skin depth 6 , and 
electrical conduc­
tivity a as a func­
tion of the filling 
pressure 

from simultaneous measurements of average density and therraal energy, as dis­

cussed before, and from the assumption Te» Ti. On these g r o unds t he measured 

conductivity is 15 times lower than the classical one . This shows that, at 

lower densities, the conductivity becomes anomalous in this discharge. We 

mention that the behaviour of a a s n function of pressure is consistent with 

previ ous measurements of the total electrical resistance of the discharge [ l] . 

At the maximum thermal energy, shown in Fig . 4, the ratio of the drift velo­

city to the sound velocity has been estimated 1,3 . Ion- acoustic instability 

can therefore produce the observed anomalous conductivity . 
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HEATING OF PLASMAS BY CURRENT- INDUCED TURBULENCE 

IN A SMALL TOKAMAK 

H.W . Kalfsbeek , B . de Groot, T.G.A. Winkel, 
H. de Kluiver, and H.W. Piekaa r 

Association Eura tom- FOM 
FOM-Instituut voor Plasmafysica 

Rijnhuizen, J utphaas , The Netherlands 

Abstract : In a small Tokamak-like device hydrogen plasmas with 

densities between 3 ~ 10 1 9 - Sx 10 20 m- 3 are heated by induct i on 

o f supe rcri t ical toroidal currents (u > cs; l T = 3 us) . Anoma­

lous plasma conductivity has been deduced . Appreciable e l ectron 

and ion heatinq o ccurs . 

The apparatus 

The vacuum vessel is a four-segmented quartz - torus , 

R = 0. 4 6 m, r = 0 . 09 m. The torus is surrounde d by a thick cop­

per shell , divided into four 90° segments connected t o heating 

and prelonization banks . The shell serves for the toroidal cur­

rent conduction as well as for plasma e qui libr i um. The main 

hca ting bank is 125 kJ, 50 kV . The maximum loop voltage is pres­

ently a pproxi mately 50 kV, corre sponding to an E-field o f 20 

kV/m in the plasma. The current can be crowbarred at a preset 

time. 

Plasma f ormatio n is brought about by r.f .-power capaci­

tively coupled to the plasma volume in combination with a 10 kJ, 

5 kV Oi T - 70 \JS) high induc tance capaci t or bank . Plasma den­

sities could be varied between 3x 1Ql 9 - J x1021 m- 3 . Btor is 

2 Tesla . Ver t ical f i eld coils can slowly adjust the position 

of t he plasma column. 

Diagnostics 

Data of voltage and plasma current are taken ever y 100 ns . 

The plasma resistance has bee n c o mpute d a f t e r correction f o r 

inductive terms . The plasma p ressure and t he posit i on of the 

column have bee n d e duced from d iamagnetic l oops and set s of 

sine- cosine and Mirnov coils, r espec tively . 1.'he plasma density 

has been monitored by mi crowave inter f ero metry a nd laser 

Thomcon-cc~ ttcring di~gnocticc . The occurrcr.cc of ion-;:ic ouctic 

instabilities is sensitively demonstrated by the e . m. - radia­

t ion s ignals near fpi (0 . 4 - 10 GHz) . 

The e l ectron temperatures have been measured by Thomson­

scattering with a ruby lase r. 

A pre liminary determination of the ion energy d istribu­

tion has been obtained b y means o f time of f lig ht measurements 

of charge-exchanged neutrals near the periphery o f the plasma 

column with a seco ndary emission dete ctor. 

Results and discussion 

In F ig. 1 a, b , c , and d, vo ltage, current, radiation b e ­

tween 0 . 4 and 10 GHz , and plasma resistance are shown as a 

function of time for a specimen discharqe . 

Fig. 2a shows thi e nerqy density w(T) of the same shot, 

both from w( T} = V~i 6 r 2 (t)R(t)dt and the diamagnetic loop 

signal; Fig. 2b gives the corresponding poloidal B. 

Voltage and current traces o f numerous discharges show 

that up t o 4 ps a strong anomalous resistiv ity e xis ts . The 

t e rmina t i o n of this anomaly i s evident b y the abrupt disappear­

ance o f e .m . - r adiation in the ion-electron t wo-streaming and 

ion-acoustic reg ions. 

Data for the effective resistance have been derived by 

R(t) = (v(t) - L d~~t) ) /I<t), during the period of turbulence . 

A high fi r st spike is always found during approximately O .1 u s 

pro bably due to a skin- like current layer . This curren t l a y e r 

diffuses rapidly onto a rather uniform current profile , as is 

confirmed by measurements of B$ (r) with an array of small mag­

netic pick- up coils . From o ur r e sistivity data we f ind 

veff ~ 0 .5 wpi " This value is accounted for by the mechanism 

of the g rowth and the saturation o f strong ion- acous tic i nsta­

bili ties1 ) . 

Evidently , below a certain threshold f or the E-f i eld and 

for t oo low a value of Te/T
1

, the turbulent friction rapidly 

diminishes, preferably first near the plasma axis, where t he 

conditions for the onset for instabi lities are marginal. This 

gives rise to a peaking up of the current profile (magnetic 

probe measurements) with an appare nt increase i n the r eal part 

of the p lasma impedance by dLP1 / d t . 

Theref ore, the integral expr essi on for the energy density 

w(t) is only reliabl e up to the time of termination o f plasma 

turbulence. After crowbarring t h e total c ur r ent decreases rap­

id ly, p r eferentially near the plasma (llmiter) boundary at 

r = o . 085 m, due t o skin effects resulting in a further 

steepening of the current profile. This deteriorates plasma 

confinement in the crowbar stage. 

By insertion of the r adial current p rofile in the a fte r ­

glow, as measured wi t h t he magnetic multiprobe - the current 

decay can be completely account ed for by computer simulation . 

In Figs . 3 and 4 the energy d ensit y, w ( t) , in kJ /m3 and 

(Te+Ti) in keV are g i ven as functions of bank voltages and 

plasma density, re spectively . Figure 4 also shows 6 pol at 

t = 8 µs, derived from the diamagnetic l oop signal
1 

Diamagnetic 

loop data for w(t) agree with t hose obtained from f t 2 (t)R(t)dt. 

At a density of 6 x101 g m- 3 Te i s 400 eV, as deduceS from l aser 

diagnostics . At l ower densities the energy distribution is not 

completely Maxwellian, consisting of a colder part near 200 eV 

and a hotter tail of e l ectrons heated up to 1000 e V . 

Presumably in the skin r e g i on the ions are heated up to 

1000 eV, whereas the ion temperature near the axi s is a few 

hundred ev . 

Th e position of t h e column never changed more than 

1.0 - 1 . 5 cm during turbulence and a fterglo w . During the heat­

ing the q - value a t the plasma boundary is never much below 1. 

In conclusion 

It has been found that effective electron and ion heating 

occurs in p lasmas, near 10 20 m- 3 by strong i o n - acoustic turbu­

l e nce in a Tokamak-l ike device . No major plasma losses occur 

during the heating process. For plasma conf inement after heat ­

ing power crowbarring is found to be necessary . 
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PLASMA BEHAVIOUR IN STRONG EL!x:TRIC FIELDS : A COMPARI SON 

BETWElll COMPU'l'ER AND L.\BOAA'l'ORY EXPERIHWl'S 

S .M. HAMBERGER, L.E. SHARP , H. WOODWARD' and W.H.H. CLARK/ 
Culham Laboratory, Abingdon 1 Oxon, OX 14 3 DB, UK. 

(Euratm/OKAEA Fusion Association) 

The results or laboratory turbulent heating experiments anel computer 
simulation are compued and contrasted for the casea of strong, quaai­
steady applied electric fielels, and shown to disagree quite markedly. 

Many canputer simulations 11 3 have been made to explore the reaponse 

ot collision-free plasma to quasi-steady (T > wp~> , strong (E ;i. m Ve Wp1/e) 

applied electric fields. All ehow ecusentially the ea.me behaviour, despite 

4i1'!er ences in dimensionality, Te/Ti 1 etc : there is first a period o! free­

acceler ation vhile the dri!t velocity vd(t) increasee to vd - ve(O); once 

v
4 

:t: ve, two-stream electrostatic instability occur5 (with k1 >.n - 1)j the 

ensuing turbulent fluctuations then scatter (heat) the drifting electrons 

until v
8 
~ vd, thus removing the source of instability ; the '"'hole procesa 

then repeats indefinitely on a time 5cale .... 10 w-i_ . Thu e: the system stays 

cloee to marginal etability, i.e. (;:;m> ., ~) where averaging is over 

timee .... 1owpl . Provided.. (as in the simulations) energy ie conaerved.., it fol­

lows that (a) vd ~ ve a: t, i.e. the current and temperature increase inde fi­

nitely with timej ~b) the e ffe ctive collision frequency v"' r 1 and the 

conductivity a - .n;- t. Hence the plasma r eBponds ns an ~ rather 

than a resistive circuit element (i . e . conductivity is an unsuitable para­

aieter), while electrons still runaway deepite the fluctuations, whose spectrum 

remains concentrated at abort wavelength (ion- acouetic in.stability is too elow­

growing to be important) . 

Table I Parameters o f the Two L9.boratorv E>rnerimente -

Configuration 
TWIST THES!ilJS 

Toroidal Stellarator Linear Q-Hachine 

Pla.sma density «• .... ) 1o'" 10• 

Ion n+ K+ 

Plasma dimensions (cm) r = 5 , R = 32 r = 1 . 5 , L = Bo 
Voltage puloe (ux) 10QkV 100V 
E(V/cm) (max) 500 1 

Pulse c1.uration (µs) 0 . 3 2 
Imax (A) s 10 • < 1 

Teo (eV) - 3 0 . 2 
Te (max) cV > 10• 20 - Bo 
BI (kG) 3 3 

Diq:nostic" 
Magnetic 1 Microwaves, Electron Wave 

X-raye, etc . Dispersion 

Repetition rate (sec-1
) 10-" 1d' 

~ 

.Stellaruor .. 
1:1v1 111pi 

•pi T -200 

"" 

Q-Jlachlne 

2 - ? 

- 80 

Quite di!!orent behaviour is, however , 

socn in two laboratory experiments which, al­

though very diaaimilar, both satisfy the 

necessary criteria. (strong, quasi-steady E i 

sufficient energy confinement) and whose 

para.meters are aummarized in the Tables. 

;; - 1 - 10 ... 
~ 

)IC 10-2 ,. 10-11 

Typical results from TWI ST3 are 

shown in Fig. "1 : the conductivity, 

which is derived !rom the current and 

voltage vaveforme while making a 

proper allowance tor circuit induc­

tance (i.e. introducing a self- consis­

tent current diatribution), remains 

approximately constant around the 

value a""" 0 . 5(.!!)!w round earlier • m pe 
at I= 0 in strong electric fields • . 

The current wavefona i s resistive, and v
19 

with peak value -8 kA. A prediction '°1

0 100 
lOO 

baaed on the computer experiments (shown li1111lnd 
JOO 

in Fig. 1) vould be a longer rising current pulse vi th maximum value ... SO kA 

(corresponding to an inductively limited current) . Although the highly resis­

tive phase clearly etarto at the appropriate threshold for two-stream instabi­

lity (vd ~1 . 4 v9 (0),.. 2 x 108 cms..l) it persiste well pa.at current maximum, 

i.e. for vd/ve 6' 0 . 1 . Electrostatic probe s ignall!I show a wide frequency spe c ­

trum• including evidence of two-stream. instability, despite the fact that 

vd <Ve. The electron temperature CBtimatco (from X-ray spectra) are coneiB­

hnt with SOOd confinement of the diasipated electrical energy. 

In the line~ alkali-plasma experiment 8 the electrical data are supple ­

mented by tizne resolved measurements of long- wavelength electron wave disper­

sion from vhich instantaneous values of n
9

, v
4

, v and higher JIOmenta or 

t(v) can be obtained. The solid pointo in Fig .~ show how a varies with 

vd/ve(O) !or d..i.!Cerent applied fields: it fall.8 rapidly when v j) 1.3 v (O) 
(the theo ti d e 
a re cal threshold for inetabili ty when Teo = Ti0 ) and reaches a.n 

PPTOXimatei., constant value which again correaponds closely to the empirical 

l0?'1:1.J.la quoted above. The values of a at peak current in two toroidal 

experiments &.re also shown for comparisont appropriately normalized . (In these 

casco T8(0) >T1Co) so 

the threshold is lees 

well-defined. ) Typi­

cal t emporal behaviour 

is shown in Fig.3: 83 

100 

TORSO ll 
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TliESEUS • 

* 

Fig . 2 

.rltZclricol miiosurement 
d1ss1pation from 
dispersion mr:osuaMnl 

inFig . 1,instnbility~ 
6 

:• 

occurs when •o> v0 (0) ""'•()i\)\ "'~* ·. 
:h~:h1~: ::::: 0r::::: , --- -l~~~-/3 .--1·-·--···*·······--··- -· · 

: 0 •••• 
than vd so that •a< 0·5 · -- - -;-- ---o-o · -0· · ao- --- -- -0- --·-- ----o 
v e . The conductivity 

remains constant, while 

the rate or electron 

heatina agrees well 
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Evolutai of etKtron density, n , drift wfOc.ity, Yd. 
and r.m.s. ¥eolocity v •• (in tht tlectron drift frame) 
for thrt't' different voltage pulses. 

H/m = 100, E/E0 1t11 1 

is shown in Fig.4 

which illustrates 

the same behaviour. 

Thus we are !orced 

to conclude that 

s ome other form of 

plasma instability, 

probably not purely 

electrostatic in 

nature, must be in­

volved in thoae 

situations . 
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ANOMALOUS RESISTANCE AND TURBULENT HEATING IN A Q- MAC!llNE 

S. M. HAMBERGER and W. H. M. CLARK * 

Culham l.9.bora tor y , Abongdon, Oxon, OX 14 3DB 1 UK . 
(Eura tom/UK AEA Fusion Association) 

Anom9.lOu$ resistance and non- clae;sical electron heating nre 

obser•1cd during the pnssage of large current pulses (vd> veo , 

t - 2 µs) along a Q- machi ne plasma column . The results are 

quantitatively consistent with those found i n pulsed turbulent 

heating discharges in toroi dal de•1ices . 

Results on the response of plasma to strong electric field pulses, 

analogous to those observed in toroidal turbulent h eating experiments 1 
, have 

been obtained using a single- ended Q-machine plasr.ia (K+, n ~ 6 x 109 cr:i-3 , 

Te 0 =Ti0 = 2500 K 1r = 1. 5cm, L= 8ocm, B
0 

= 2kG) operating under conditions 

such that effect s caused by the electrodes ( e . g . energy losses and sheath 

accelerat i on) ru·e unimportant . A positive voltage pulse (Vs 100 V1 tr """20ns, 

length i ~ 2µ.s 1 repetition rate 1oos-1
) is appli ed t o the cold end-plate 

(Fig . 1(a)) j as a result .:ixiol cur- Pulst qu"rntor Sheath 

rents <;600mA, correspondi ng to ~-55;;~ i': , i,.mo \ Ji 
vd/ve0 -5-10, are passed. For corn- L __ j_ __ ] .., ..,, ~ 
parison 1 the temperature limited 

thermionic emission is ...., 6 A • 
y,._ \Is • Rp I • SOI 

Vs ..c 1l/} 

I n addition to the conventional (a) Scht matic arrar19rmrnt af the rxptrimtnt 

measure~r.ent of m<lcroscopic quantities 

( e . g . V , I) Fig. 1(b), the time- and 

spoce-resolved properties of the elec­

tron gas can be obtained unambiguously 
Currrnt 

by measuring the dispersi on of lightly 

d;.unped , axially propagating electron 

plasma waves, launched from a fixed 

exciter probe with known frequencies 

w (typically ..... 500 - Boo tmz) . Using a 

fast ( ..... Q. } ns) s ampling technique , the (b) 

Ti me 

Pla~ma cuircnt Fi g . 1 

local wavelength (and direction) of the excited waves coin be found with a 

time resolution .....,, 10 ns . 

Measurements nre made ( a) in the unperturbed plosma ( t < 0 ) i (b) with 

electron drift ; (c) against the drift (for 0 < t < T) . Typical results <tre 

sho'.m in Fig.2 for t = 0 , 300, and 1000 ns at a position hal f- way nlong the 

column. 

t.IOOOnsec 

· •O '·' 

1 . 1ooon~ v,• 51!02• 107(m sec ·1 

v ... 20 .!. 1s 10' cm sec~ 

2.0 

Propagation o.n tipa rallf'I ta the- f'lectron <h it Propagation paroU•I to lhe C'l•ctron drill 

Typical measured dispersion curves f« a pulse 
a mplitude of 40V 

Fig . 2 

For wavelengths much longer than those of ion fluctuations expected to 

be excited by the current-drive in5tabili ty (k).D ..... 1), the propagation depends 

on plasma properties averaged over many such fluctuations a.nd therefore can 

be r elated to an appropriate space averaged dist ribution function f(v) 

par allel to B . For lightly t1nmped waves (vq> = w/k p ve) the usual disper­

sion relat i on can be exprest>ed as an expansion in moments of f(v), i.e. in 

Ap = J )> f(v) dv. If w0 1 w+ , and w correspond to frequencies of equal 

wnvcnumber lk\ for the 3 cases above, then by taking the ratios (~
2 

and 
Wo /w-)" \~ for waves w• and w- •11hich have equal but opposite phase velocities 

\ vcpl 1 it can be s hown that the even and odd moments are related by t he fol­

lowing expr essions 

1 f,'w+\ :.o w::i"' n oi 

2 \\"W;;} • \ Wj J = ~ (1 + 3A2 x + 5\x •• • ) 

.:!. _.:!_ ;(.!!!.'..)
2 

- (.!!C.)
2 

'j = J!... (2A
1 

+ 4A;c •.. ) 
2 /x t.: WO WO no 

w~ere x = 1/v:. In this way we can follow the development of n/n0 , vds A 11 

Ve E A:;i , as well as the third and fourth moments . (In practice the r esults 

show that for times of interest, n ;:::i Const. and vd ~ I/rrr41 n0e . ) Typical 

VELOCITY 

x;odns·1 

LO 

10 

Fig . 3 

n.= 6x10
9 

cm·J 

IOOV 

~----•. ~,---~20~ ''~~1 

--~ v. 20 10 

40V -~. 

w~e (esu) Fig. 4 

1000 

100 

1~ 1
1

'' 
il~l113 

n • 6 x 109 cm"3 

l s l)JS 
rlettric.cl 

diuipationlfrom disprnion 
IMQwr emeritl 

I 
I 
I 
I 
I 
I 

- - - ; - - -- r--+-... -.... -,..:;- ::.-11 _ 
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1 

results are shown in Fig . 3 for three 

pulse voltages . ( Note that the el ec­

tron temperatu r e ri sezs to T 11 ...., Bo eV. ) 

By subtracting the sheath vol­

tttge ( 3Strnme t he perveance measured 

under stable concli tions ( v d < v co> 

remains constant) from that between 

the electrode5 the resistance of the 

Evolulion of eleclronl~nsily , n . dri:;ovelo:~;~Vd , plasma column can be obtained. Fig . 4 
and r.m s. v~locily V1.(in the e1eclron dr iflframe} shows the mean conductivity normalized 
for lhrE'E' different voltagE> pulsE>s. 

to wpe plotted against vd Iv eo for 

t = 1 µs , ~1hen the fluctuation5 are ~1e ll establis hed in each case . The con­

ductivity, which is essentially constant t hroughout the pulse, falls sharply 

for vd ;ill 1. 3 veo (whi ch corresponds to the theoretical threshold for i nsta­

bility2) ancl r eaches a roughly constant value for lar ge vd/veo in goo<l 

agreement with that given by the empi rical formula a=-- 0.5 (!:!)*w found in 
\rn pe 

high voltage toroidal discharges at higher densities 3 • 

The effecti ve electron-ion collision rate v (and u) can also be ob­

tained from the rate of increase of ve, according to err- (v!) = 2v v~ . Fig. 5 

shows a comparison between the measured increase in v~ and that calculated 

for two values of v or a assuming parallel energy is conserved. The 

r esults (also shovm in Fig. '1 for comparison with the electrical measurements) 

are again consi stent with the above formu la. 

-~~--~---~'o-----_.,_-~T 
0.5 1.0 IS t~ ~l 

Estimation of the electr ical conducl ivily . CJ" , f rom the 
elec t ron 'hea ling· rate 

Fig . 5 

Notice (Fig . 3) that 

t h e maxi mum temperature 

r ea..ched ( ..... 80 cV for V = 

100 V) depends on the energy 

confinement time which is 

given approximately by L/vd ..... 

1 µs . 

Measurements of \ and 

A" suggest that at l east for 

part of each pulse the drift­

ing velocity distr i bution is 

non-Maxwellian , with J v3 
f dv 

of opposite sign to vd (i. e . 

tm·1ards the ion distribution). 

Fluctuations with fre ­

quencies ~ 3 MHz appear 

du ring the t ime when the 

resistance is high. Their 

fr equency and wavelength 

spectra are currently being 

studied . 
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Mass Dependence of Ion Heating in Turbulently 

Heated Plasmas (THE MACH II) 

. .. . 
K. Adati, H. Iguchi, Y. Ito , T. Kawabe, K. kawasaki, 

T . Oda~ R. Sugihara a nd T . Yokota*** 

Insti tute of Plasma Physics, Nagoya Uni versity , Nagoya, Japan 

Faculty of Science , Hiroshima University, Hir oshima, Japan 

Al so Plasma Physics Group , Physics Dept., University of 

Tsukuba, Ibaragi, Japan 

***Physics Dept., Kyoyobu, Ehime University, Mat suyarna, Japan 

~ Mass dependence of ion heating (He+, Ar+, Kr+ and 

xe +) in turbulently heated plasmas is experimentally investi­

gated. It is found that the resul tant ion temperature at the 

peak state of heating is nearly proportional to the mass of 

ion. A model of the mechanism for ion heating is proposed. 

A previous paper (1) describes linear turbulent-heat ing 

experiments in which argon ions mixed a s test partic les in the 

helium pl asma are heated almost simultaneously to about 20 cV 

under a condition that an applied heating voltage is a little 

higher than the threshold volt age [ 2] . 

Further s tudies have been made of the mass dependence o f 

the r esultant temperatures of ions in the similar experi ments 

performed by usi ng THE MACH II device (3}, t he heating voltage 

having been much higher than the c r i t ical value. The device 

has a pair of hollow e l ectrodes with an inner diameter of 3 cm, 

separated by 135 cm from each other . A hydrogen p lasma pr o ­

duced by a titanium washer gun is i n troduced through the 

electrodes in the discharge tube, whe re a longitudinal and 

mirror magnetic field is applied . Its initial density and 

t emperature a re about S ~ 1012 cm- 3 and 8 eV, respectively. 

After the heating voltage is applied, the electron temperature 

rises to several tens eV in the f irst µs and then fur ther 

incr eases up to 10 keV , coincident with abrupt grow of the re­

sistance of the plasma. The detailed experimental procedure 

a nd the plasma bohavior are shown in earl i e r papers [3 ]. 

The i on hea ting is estima ted f r om the observed Doppler 

profiles of the i on spectral l ines, by using a mult i c hanne l 

Echelle s pectrometer . The line profiles have been measured 

along a chord t hrough t he center of the cross section of the 

plasma column . Both t he Zeeman and the Stark effects are all 

small compared with t he Doppler effect t o these lines in the 

present experiments. To supply the test ions, a mixture gas 

is filled in the vessel at a pressure of 2 x 10-4 Torr, before 

the titanium washer gun is fired . The mixt ure gas consists 

of hel ium (84 \) as the main ingredient and four k i nds of 

gases (4 \ each) as test ion s; neon, argon, kripton and xenon. 

Pi g . 1 s hows typical examp les of t he energy distributions 

of t he ions at various times a fter the onset of the heating 

current. Each ion line width con siderab ly inc r eases after O. 5 

µs and reaches a peak value a t about 1 µs , a litt le bit before 

the resi stive hump t akes pl ace in the heating current-voltage 

c urve . At thi s time the energy distribution fuc t ions seem to 

consist of two components except t he case of the he l ium ion . 

lnl 
lnl 

l.psec 

.8 

.6 

eV 60 30 0 30 60 

l. psec 

.. 
.v 600 300 0 300 600 

Fig . 1. Energy distr i bution .v 600 300 0 300 600 

functions o f the ions with di fferent masses. 

The lower component o f each test species is heated to only 

a bout 100 eV and there appear no clear ma.SS dependence i n the 

heating . It also seems t ha t the energy at t he transition 

points f rom the lower component t o the higher o ne in the dis­

tri bution curves are nearl y proportional to the ion ma ss . 

Fig . 2 s hows a mass dependence of the r esulta nt temper ­

a ture of the higher components a t 1 1.u;. Note t hat the i on 

temper atur e inc r eases with the i on mass a lmost proporti onally . 

Therefore, a mechanism may exist for t ho i on heating giving 

almost the same average speed 

to t he ions with diffe rent 

masses; t he i ons being trapped 
r, 

I eV 

in a certain wave i n t he 1000 
plasmas are accelerated to its 

phase velocity . The above ex-

planation may a l so be s upport- 100 

ed by the fact that the ion 

energy profiles have two corn-

ponents wi th different temper-
He Ar Kr Xe 

10 '--~....L-....L-~--'---'---' 
10 100 
Mass Number atures except the helium i on, 

a main i ngredi ent of the 

plasma . 

1 

Fig . 2 . 
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DETERMINllTION OF MICROFIELDS IN /\ TURBULENT PL/\SM/\ BY OPTICAL 

/\ND FAR-INFRARED SPECTROSCOPY 

W.R. Rutgers and H.W. Kalfsbeek 

Association Euratom-FOM, F0!-1- Instituut voor Plasmafysica, 

Rijnhuizen, Jutphaas, The Netherlands 

Abstract : In a turbulent heating experiment we observe three 

consecutive phases . Phase I : electrons are heated and e .m. radia­

tlon with frequencies below fpe is emitted . Phase II: Langmuir 

and ion- acoustic oscillations are present. Radiation up to 

10 fpe is observed . Phase III : radiation spect rum consisting of 

discr e t e maxima at n • fpe caused by strong Langmuir turbulence. 

Experiment: A schematic drawing of the plasma heating experi­

ment TURHE is given in Fig. l. A plasma with a diameter of 

0.011 m and a density between 2 •1019 m- 3 and 2 · 10 20 m- 3 is 

for med by a hollow ea thode arc d i scharge. The plasma is made 

turbulent by discharging a high voltage capac i t or through it. 

The electrons are accelerated in the electric field creati ng a 

beam- pl asma type of instability . The nonlinear streaming insta­

bility generates fluctuation f ields in the frequency domain 

O. l fpe < f < 0 . 5 fpe "This phase can last for a few hundreds of 
nanoseconds. The electrons are heated from about 10 ev to sev­

eral keV during this time which will be denoted as phase I. In 

the next 1 to 3 microseconds the ratio of drif t velocity over 

the ion sound veloci t y ut'.cs > 1 and Te/T1 >> 1. In this period, 

denoted as phase II 1 strong ion-acoustic oscillations grow un­

stable accompanied by electron Lanqmuir oscillations . Ion heat­

ing takes place mainly by nonlinear Landau damping. Tempera­

tures up to Ti ""' 3 keV were reached 1) 

Fig. 1. Schematic drawing of the I inear turbulence heating experiment TURHE. 

Results from optical measurements: The fie l ds of electron Lang­

muir waves (f '\. fpe' the electron plasma frequency) and ion­

acousti c waves (f ~ fpi = lme/111 fpc) were measured in helium 

from the spectral profile of forbidden helium lines (e . g . 

2 t P-41 F at 4920 R> and its satellites at :!:_ fpe . A field 

strength of about 106 V/m was determined for both the h i gh and 

the low frequency oscillations2) during phase II. In hydrogen 

turbul ent microfields have been determined from the prof iles 

0 

-- time (p.S) 

~ 
Emit ted e.m . radlutlon as a function 
of time for a helium discharge. 
a) discharge current, b) total ra­
diation between t+O and 1000 GHz, 
c} after transnil s sion through a 
wire- mesh filter SS - 135 GHz, 
d) 95 - 230 GHz, e) 190 - 460 GHz, 
f) 430 - 1130 GHz. 

of hydrogen Balmer lines Ho., 

H8 , and "v· The fields give 
rise to Stark splitting of hy­

drogen energy levels . From the 

frequency splitting and the 

intensity of the different 

Stark components measured in 

two polarizati ons it is pos­

sible to calculate from an op­

tical spectral profil e the 

field strength of ion-acoustic 

waves and Langmuir waves. We 
found values f rom 2 • 106 V/m 

up to 5 · 106 V/m for the ion­

acoustic waves, depending on 

the voltage applied to the 

plasma column4 ) . The corre­

sponding field strength of 

high-frequency oscillations is 
between 106 V/m and 3 · 10 6 V/m. 

Far-infrared measurements : 

The mlcrofields in the plasma 
also cause e . m. radiation which 

is measured with a liquid he­

lium-cooled InSb detector . In 

Pig. 2b the measured radiation, 

picked up by a circular light 

pipe (diameter 0.025 m) placed 

at 12 c m from the plasma column 
is shown as a f unction o f time 

for a helium discharge. The radiation is also measured after 

pass ing through different band- pass filters (wire- mesh filters) 

shown in Figs . 2c .. . 2f , and a low-pass filter (polythene grat­

ing) . From this observation it is obv ious that during phase I 

the radiation contains frequencies below fpe while during phase 

II radiation with frequencies up to l~a fpe is emitted . During 

phase II the intensity decreases as f with a from 2 .5 for 

high densities (n ~ io20 m-l ) to a = 4 for l ow densities (n _. 

2 . 5 · 101 9 m- 3). In Fig. 3 this is shown fo r low density hydrogen 

and hel ium discharges (n ~ 4•1Q l 9 m-3). For a limited density 

range we do not observe a gradual transition to a normal resis­

tive regime at the end of the heating phase but a current dip 

accompanied by a strong burst of radiation (see Fig . 4) . This 

current dip has previously also been recognized by Watanabe et 

al . 4). The freque ncy s pectrum of the radiation emitted in phase 

III is spectrally resol ved with a far-infrared spectrometer . 

11 .. ':-R .... -~\·" 
11i 

' 16 
10' 

1 
\ 

u 

\ 
10' 103 

- - I (GHz) 

£.!..9...:..2.. Emitted e . m. radiati on measu red 
with a low-pas s po ly thene g rat i ng fi 1-
tcr (40 - 70 GHz) and four wi re - mes h 
filters . Full line: f- 4 spectrum. 
I t = 0 - 300 nanoseconds 
11 t '\. 2 microseconds . 

Strong Langmuir turbulence 

(W/ n kT > me/ Mi, W i s the 

energy in the fluctuat i ons) 

causes radiation, not only at 

f pe and 2fpe as reporte d ear­
lier1), but also at higher 

harmonics as shown in Fig. 5. 

After correction for the 

bandwidth of the spectrometer 

the intensity decreases as 

f - l . In phase III ion- acous­

tic oscillations can hardly 

grow unstabl e because the 

ratio Te/Ti has been decreas­
ed to about T0/Ti ~ 3 . On the 

other hand strong Langmuir 

turbulence is excited by 

bunches of electrons, acce-

lerated in the external elec­

tric f i eld. Density depressions of about 50 Debye length can be 
forme d in which the high-fr eque ncy oscil l ations are trapped . 

The cavity shrinks in the course of time to about one Debye 

length and decays afterwards with generation of e.m.radiati on. 

~ 
Frequency spec:trum of e . m.radi.otlon 
during phase ! l I me asured wi th a 
far - infrared spectrome ter. 
n • 2.5 · 1019 m- l, V • 45 kV/m. 
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MICROWAVE SCA'l'l'ERING FROl! A TURBULlJ11'LY HEATED PLASMA 

L . E. SHARP and S. MROWKA .. 

Culham Laboratory. Abingdon, Oxon, OX 14 3 DB, UK 

(Euratom/U KA EA F\aeion Association) 

The electron densi ty fluc tuation spectrum du ring the turbulent heating 

of a plP.sma hoe been derived lrQl:I the ecattering or A= 2 . 4QQ and 8 . &:.m 

rnici·owave beamG . There is evidence ot ion sound fluctuntions, (k .L B) 

while late ;n the heating phase large o.mplitude , long .-avelength 1 

high f r equency fluctuations k .L 8 are obser ved whose origin has not yet 

been identified . 

The density fluctuation spectrum Wich occurs during the current dri ven 

turbulence in o toroidal hydrogen plo.sma h"s been examined from t he scattered 

radiation of ).
0 

= 2 . 1Jam ond 8 . 8 cim ... ·a•.'ebngth microw9.ve beam. The heating 

curr ent ( T ...., 300ns) is produced by electromagnetic inducti on o! o etrong 

electr ic field (50kV m-1 ) parallel to the axial confining field ( 0 . 3 tesla) 

of a stello.rator (TWIST) 1 
• 

Figure 1 shows typical waveforms for the applied elec tric field, t he 

induced current, the electric conductivity and the electron thermal Ye drift 

v
0 

and sound speeds c9 • The observations are conce rned wi th the dcnsi t y 

nuctuation6 during the first 300r. <luring which most or the e lectrical 

dissipotion occurs . Within this period t he density (typically 2 x 10"1• m..3) 

r emains essentially conc;tant while the electron energy typical l y increases 

from - 10 eV to ae: high as 30 keV depending on operating conctitions l • 

From linear theory we should expect the most unstabl e w:ivenUJDbcr:; to be 

<: >..r,1 1 thus during the ob8ervation t he corr c:;ponding fluctuation wave l engtho; 

vill increase !ran 120 µm to 6 mm • 

When v
0 

> c8 ion sound can be generated. with i n the Cerenkov cone 

or anglo cos- 1 (v0 /cs) and with frcquer.ciea 0 < w < wpi . For vo > ve o. 

!luid ( t wo- stream) type instability can occur. In the frame of the ions the 

"" characteristic frequency i e w*- f (mi/m
0

) 
0 wpi =1 . 7 wpi for hydrogen . For 

n = 2 x 1018 m..,, we should expect fluctuation frequencie.:s 'V -6oo MHz for the 

latter and \J -28oMHz for the ion sound turbul ence. 

Considering the limitation of presentl y available signal eources and 

~eriaental acceas, the most sui table probing wavelengths were ).. 0 = 2 . 4 IMI 

and 8 . 8mm . With )..
0

= 2 . 4mm the rluctuation e: could be measured at t =9CJ' , 
?cf>, 3d' and <f with respect t o the current and with ). 0 = 8 . 0 at t = 9<f . The 

reBpectivo fluc t uation wavcnumbers arc 2 .7- 4.5 m.m-1 and 0 .8 l!llJ-
1

• The mini­

mum detectable fluctuation level or the sys t em were respectively S(k) :s 6 x 1a4 

and 2x 1o" set by the plasma. radiation l evel. Heterodyne detection followed 

by a mult ichannel filter array allowed the e:pectrum S(k, w) to be obt a ined 

•ilrultaneously at eight frequencies . For frequenciea below 150 MHz, S(k , w) 

was derived from t he Fourier tranoform o! the he terodyne video signal. 

In Fig. 2, S(k , w) for 0 =<J<f i8 plotted as a !unction of frequency !or 

T= 100, 1,50 and 250ns, where t he aa t a points reprc8en t the ensemble averaged 

spectrwa of 10 individua l sets or results. The open symbols are obtained 

f"ro:n the filter array and the filled &ymbols tram the Fourier analysis . 

Arter T = 150ns the spectrum is eeen t o widen rapidly t o include components 

"....aooKB.z well above "pi and 'V* and to maintain t his distribution for 

nome 150 nB arter which the scn t tered signtil falle ro.pidly belo•11 tho plasma 

radiation l evel. At the same time the con<lucti vi ty is obeerved to incr coee 

rapidly' euggeating an overall r eduction in the turbulence level. The tluc­

tua.tion s pectrum S(k ,w) at T = 250ns is plotted in fig . 3 for t = 9CfJ , ?<f , 30' 

&nd <f tor A. 0 = 2 . ltm.11 and in Fig . 4 at + • 9<f tor ).
0 

= 8 .8.a . Although 

•o >Ve (Fig. 1) for a short period and the el ectri cal conductivity is consis­

t&nt3 With the electrostatic two-stream inatabi lity, the .:scattering •easure­

aente were un.l.ble to detect t he aaeociated density Clue tuat ions as the !as test 

growtng wavenumber is outside the instrumental range . Fig. 2 .:shows a weak 

AaXi&ta. (correspanding to S(k) - 10•) in the spectrum at T = 150 ns which may 

arise f r om a cro.as field ion sound instabili ty3 although we have bee n unable 

to detect a eillilar peak !or saaller +. Thus a limit of S(k) <2x 10 4 can be 

aet for ion sound fluctuations parallel to the current a t this wovenumber. 

Juat after maximum cur rent (T > 120na) Fig. 3 shows clearly that high 

f requency components at k-3 . 5 mm-1 increase considerably ae: t i:s increased , 

i.e. they have wave- vectors predominantly perpendicular to the cur rent , with 

S(k.1.) = 108 >S(k.i)'i10" 1 The frequency range extend.a well above those osso­

ciated with electrostatic !luctuo.ti.ons (i.e. vpi 1 v*) . Fig. 4 (c:p = 9d', 
~o = 8. 8 mm) shows an even wide r spread of frequency with fluctuation.o: detect ­

abl e near vpe and with S(kJ. ) .... Bx 1015 , comparable 'lilith thoee at >.0 =2 . 4mm . 

I t is diff icult to reconcile euch wide frequency ruid wavelength 15pectra 

with electr ostatic modes or oscillation , whi le those wavelengths observed 

appear not to be associated. with any particulo.r frequency . Thus it appears 

thP.t the conditions observed corresponds to a high level of strong plasma 

turbulence . Considering that intense microwave continuum radiation" (- 105 x 

black body t1t T • 104 eV) i s ob~erved during this t ime , it is possible that 

the d.cn15ity fluctuations arise a.:s a result of sot'le form of electromagnetic 

(ri:it?ler thon electrostatic ) ins tability. It has not 1 however , been po!'Jeibl c 

to identify the origin of such an instabi lity . 
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NUMERICAL RESULTS FOR THE HIGH FREQUENCY CONDUCTIVITY 

OF A TURBULENT PLASMA"' 

K.H. Spatschek, P .K . Shukla, and M.Y . Yu 

Institut ftir Theoretische Physik 

Ruhr-Universitat, 463 Bochum, F.R. Germany 

Abstract: A consistent derivation of the high-frequency 

conductivity of a fully developed turbulent plasma is presmted. 

Numerical results are given for Langmuir and ion-acoustic 

turbulence . 

We investigate the a.c. conductivity (1,2) of a plasma in a 

turbulent steady-state described by a strong turbulence theory 

( 3) . Accordingly, for e l ect ros ta tic turbulence, the ve locity-

space d iffusion tensor in the equation for the space-averaged 

one- particle d istribution function of a homogeneous plasma in 

an external electric field E0 ez sin w0 t is 

' = 
o.(v)= d /dT""KKS(k,t; T)J (k·E.)J (k • E.) 
,..)- m. ~-- - n--J m- .. J 

J o k,m,n 
(1) 

exp{-i(nw -k·v
1

) T- B.T 2 +i(n - m)w t}, 
0 - - J 0 

where ~ ~ +~j wocoswot , :j ej~o/mjw~ and aj = 1(k
2
Djzz)

2

il. 

We note that aj and S(~ 1 t;T) are functions of the a.c. field. 

From the appropriate dispersion relation (4), one obtains 

exp(-i w (t-T)j-X+kexp(iw t) - X-kexp( - iw t) . Here, S' = 
0 - - 0 -_ 0 

<l6Ek("'k) I'> exp (-iwkT), with <l6Ekl'> being the steady-state 
- .. - -

fluctuation spectrum in the absence of the a.c. field. We have 

+ -1 [ NL NL ] defined Xj; = + 'NL("'k • w
0

)L;:ej xj (wk ± w0 ) - xj (wk) /mj . Here, 
- - J - -

£NL and xjLlw~) are respectively the nonlinear dielectric func-

tion and susceptibility including resonance broadening effects 

{4,5), i . e ., xN
3
.L = w1

. G 1 [(wk-k·vd.)//2kVT .]/2k2 VT2
., where 

PJ - - - J J J 
VT1j = vT1j + 2Bj/k1

, Bj = aj (Eo = 0), and VTj is the thermal velo-

city . In deriving the above equation, the averaged distri -

bution function <f j> is taken to be Maxwellian with a d. c. 

drift velocity vdj' 

The conduct ivity is obtained by taking the velocity moment 

o f the kinetic equation (3) and integrating over v and T. We 

(2) 

NL" ] meS~(X~-x=k) [ NL a NL ]} 
Xe (wk_l - ' ' 2xe (wk) + " k awk Xe (w~) 

2e k vTe - -

At saturation, the linear growth l:: Y~ of the ion-acoustic 
J J 

instability is balanced by the non linear damping Y~L - Y~ p r o -

duced by ion resonance broadening (5) . For y~L << wk , and assu­

ming that the spectrum is peaked at ~ ~ ( /2 Ae) -t e.
2

, - we obtain 

(3) 

where !Jt = w~/2k2VT21 , and w~ ~ 0 . 82 wp
1 

From eq . (2) the fluctu­

ation field energy density for ion- sound turbulence can be cal­

culated as J'<l6Ek' I'> = (1 4. 8//2if)8nnT (wk2 /(4jiw'.) - T1 k'X'/2TJ k .... e pi e e , 

Ae vTe/wpe-· Next, as origin of the Langmuir turbulence, we 

take the beam-plasma instability . Saturation occurs through 

e lectron resonance broadening due to both the plasma and beam 

electrons. Thus, y~L + y~L = O, where the subscript b indicates 

beam quantities. Noting that a~= s; and wk >> k VTe' we obtain 

for nb << ne and Tb << Te in place of eq . (3), 

<1 w' 
~x 10 3 

w ' 
pe 

..... 1 

1.13 
I 

..... -1 

..... - 2 

1. 14 
I 

Fig. 1 . 

t .. ig. "l. . 

1. 1 5 
I 

(4) 

where f3~/wp2e = wk! (41Ji w~e) - k 2 A~/2 , and wk is the solution of 

1 + x:L + x~L = o. -\'le have assumed that <fb > is Maxwellian. For 

a peaked spectrum, the fluctuation field energy density is then 

I.; <I 6Ek' I '> = ( 14 . B//2iT) Bn n T [ wk' I ( 4 w w ' ) - k' A' /2] 2 , k _ e e _ pe e 

For ion-acoustic turbulence , the conductivity i n Fig. 

(Te/Ti= 100, vde/vTe = 0 .1; w~ = 0 .69 wpi , k>..e = . 71) shows a broad 

peak above wpe . The reason is that Im(1 /£NL(~ - w
0

)] is non-

vanishing over a broad frequency range lwk - w
0

1 :::: /3 kvTe. 

Therefore, our result can be attributed to electron Compton 

scattering. For the case of Langmuir turbulence (Fig . 2; 

vdb/vTe = 5, Tb/Te= 10-
1

, nb/ne = 10-
3

; wk = 1. 14 wpe' k >. e = O. 25), 

the conductivity shows two spikes with opposite signs above 

wpe' This may be attributed to a three- wave i nteraction among 

the turbulent mode, the a . c . fie ld, and the ion-sound wave . For 

w
0 

< wk , energy is e xtracted from the turbule nt modes, resulting 

in negative conductivity . On the other hand , for w
0 

> wk, energy 

f lows from the a.c. f ield to the ion-sound waves and the turbu-

lent modes, leading to positive conductivity . 
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Anomalous Ion Heating and Thermal Energy Transport 

B.Coppi, F. Pegoraro and G. Rewoldt 

Massachusetts Institute of Technology , Cambridge, Mass., U.S.A. 

~: The enhanced ion heating, resulting from current driven modes 

about the ion plasma frequency when a fraction of the electron popula-

n ls trapped and the circulating electron dis t ribution tends to run~ 

as a whole, is treated and compared wi th the experimen~al observa-

ns. A new dissipative trapped ion mode driven by the impurity density 

dient is fou nd and shown to produce outflow (decontamination) of impuri-

s but also enhanced ion thermal conductivity. 

current driven modes with w/kll > (68/B) 
112 

vthe can be excited in re­

es where a fraction (68/8)
112 of the electron population is trapped 

the applied electric field is such that the circulating electron di-

ibutlon tends to runaway as a whole {slide-away regime) [l]. The relevant 

and es are electrostatic, with potential ~ .a:: +k exp{-iwt+iki.r.i.. +ikUt) 

treated in a simplified geometry where 1 indicates a distance along 

agnetic field line. We consider the frequency range n < w < o 
i e 

enhanced emission1over the thermal level, of electron cyclotron radiation 

has also been carried out . (2) 

2. We have found a new mode, in the trapped ion regime, that is standing 

1along t he magnetic field lines, has odd electrostatic potential around 

the point of minimum f ield, and whose growth rate depends on the collision 

frequency of trapped ions and on the density gradient of the impurity 

population . Th!s is of the order of 

[
_L_J

112 
vthi [!e_] (k P )2 Zeff 

~ieff rnI rn 1 z 

where L 
3/2 

is the magnetic field periodicity length, ~icff • (vthi /vi) (AB/B) 

the effective mean free path of trapped ions, r and 
n 

gradient scale distance for the main ions and impurity 

the density 

ions respectively, 

a nd Zeff the impurity and the plasma effective charge number respect­

ively. The considered mode is unstable if impurities are accumulated at 

the center of the plasma column, so that dtnnI/dtnnj > O if 

d::Ti [d::nir>t 

= eB/(cmj) being the gyrofrcquency of species j, and transverse wavele ng- Thus the instability produces and outf l ow of impurities (decontamination) 

S lJCh that Theref o re the ions can 

treat ed as unmagnetized and t he relevant wave- particle resonances are 

t he form 

ce the region o f positive slope in the electron distribution is produc­

by the circulating electrons v\\ )e :e., (6D/B) 
112 

vthe' effective ion 

ting can be produced only if v11 "" v thi . Therefore kL/k\\ ~ 

1/ 2 
/B) (vthe/vthi) and longitudinal energy of the current carrying 

c trons is transferred mostly as transverse energy to the ions. The 

(3), for a typical rel a t ive t emperature gradient that is mor e realistic 

and mna ller th_an that predic t ed by t he collisional transport theory . In 

particular, for values of the actual ion temperature gradient between the 

two critical temperature gradi e n ts , we can have a situation in which the 

impurities are concentrated at the outside of the column, with the colli-

siondl inward impurity flux balanced by the outward impurity flux due 

to the impurity-driven modes. At the same time anomalous ion 

thermal energy transport is produced but this occurs at a slower rate than 

that for impurity particle transport. (4) 

nsverse momentum in the electron-wave resonance is taken up by the magnetic • 

:ld while the longitudinal momontwn exchanged between circulating elec-

•ns and ions prevents the first population from running away and produ-

a finite resistivity. Consi dering the electron distribution 

composed by two Maxwellians i n the longitudinal direction, the rel evant 

:persion relation can be written as 

' De (Te/Ti)W(w/kvthi) + (n 1/n)N(w-k 11 u 1 /k 11vth;,) + [n0Te/(n Te0 ) J 

W(w/k II v theo1 

re ~De is the electron Debye length, the subscript 1 refers to circulat-

e lectrons and zero to trapped electrons,and W is the well known 

dau integral . We can see that the solution of this equation for w rea1 

two branches, one roughly corresponding to wpi , the ion plasma fre­

ncy, and the other to kl\wpe/k. The lower branch has a lower threa­

d, as measured by t • ue/vthe where ue = J/(ne) is the total elec­

n drift velocity. A quasilinear analys·is of the effects of these modes 

been carried out and correlated with t he onset of fluctuations , ob-

ved in plasmas produced by the Alcator device ; and of sharp i on heating 

<t > , an averaqe taken over t he plasma cross section,becomes larger 

n a critical value. The observed spectrum is sharply peaked around 

in the r ange 350 + 700 MH ; and has been s een to extend up to 4GHz. 

The a nalysis of electton- loss cone modes, tn order to explain the 
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EARLY STAGES OF THE EVOLUTION OF THE ELECTRON DISTRIBUTION 

FUNCTION UND ER AN APPLIED ELECTRIC FIELD . 

A.Airoldi Cre s centini , E . Lazzaro , A . Oref i c e 

La bo ratorio di Fisica d e l Plasma del CNR - Ist . di - Fisica 

via Cel oria , 16 - Milano - I taly 

~: We search informations on the ear l y stages of the ev2 
l uti on of t he electron distribution func tion , i n a collis i onal , 

fully ionized plasma 1 under the influence of a realistic axial 

electric field . A s i mulati on of the magne tic trapping effect 

e xpec table in a tor o idal device is included a nd discussed.~~ 

We empl:oy an e lectron kinet ic e quatio n with a Landau 

collision ope r ator : J ~, 

life_~ § .0 ro =- ~ L_ ..'.l..?__ ~ d~' 0 '.>! -Y' I 
i)t:' ,.,, oy 2 S,i..j ms <)Vi 'OV;OV) 

. [m £ (v1 ) 0 Jc _ "" £ (v)-,,fs 1 
s s - ~ vj e e - Q v; j 

(1.) 

The species (electrons and ions) are labelle d by "s" ; 

f is a l ong z , fl. is the coulomb logarithm and 

0.-, = L,ll"n e~A, ~s /M; i ~s = ts/!"e 5 Z eff 
Integrating eq . (1) o ver dy = dvx d vy and u s ing ~ = ~/v0 ; 

"C = 1i'e t/rrv:; ; Ee = m. '(..jel1"11
0

" ; F(u3, i: ) = v 0
3 5 d;,<;. fe 

where v0 = v t hermal (t=O) , we obtain( 1 ) an equation formally 

similar to the one obtained by Field and Fried ( 2) : 

oF l_ {rE - y;{u,_T~F1 = :!. ~ (D oF) (:z.) 
oT + clU,; [EG J L c U3 1I U3 

In our equati on '2. 

ltJ :L'><¥, :ll" lloL 1 --1!1.L.(~ "b
2

~. _ ""· 0~5 > • l):~n,D :!IL1s<Th> 
T s l < 5 S '> M .. I!\~ 2.. ~ rt15 oU~ / S I S Vo S oU~ 
and hs,gs are the usual "potential functions 11 of Rosenbluth , 

McDonald a nd Judd . The averages ~ and D have then the meaning 

of dynamical friction and diffusion coef ficients r espec t ively . 

We evaluate the collision i n tegrals h
5

, g
5 

wi th the subst i tu-

tion of a maxwellian f 1 for the ions , i n the limit me/mi-+ 0
1 

ccnte red in u3- O, and of a suilaLlt! mdxw~ll.id.n fe fo r the e le£ 

t rons : 

where the electron drift W( "'t' l and the function ~ ( "'t. )=vth( ""t: )/v
0 

kee p somewhat i nto account the nonl inearity of the problem . 

We assume that the averages 'fJ , D may be made over a single 

weight function , which is taken to be the transverse electron 

The following basic relation hold between y> s and Ds: 

llJ (u -c'\ _ 1..(2- b.,, W(-..) D ( u ;i:) (S) 
ls ;, I - ~ s > 

where 00 ~2. \ 

1\(u;,"t): :ztr'>. i__ ( d!' !'i. Bs(V~2+(L1~-~sWsf j (6) 
() LI~ J

0 
I 

".l. - l"'2. 

B ( ) { E , '\ r r ~ e €i ~ V ;~ with 
1 

.,, Y = r + 2. y ; e.,. r Es -r \ITT ; s = +;,, s +;,,. 

Plots of lfJs• Ds, ~, D are shown in f i g . (1), 

Ener gy conservation requ i res t hat ( 

~ (i:) :: 1. + 2) ~.,,.- i~) U:.
3 

('t") - Ll:(·c:-') with U:/i:) :i~3 U3 F • (1) 
0 

Momentum conservation Sugges ts t o choose t he dri f t W( i: ) , in 

the electron maxwellian, so as to avoid a non-physi cal momentum 

exchange in the e - e collisio ns: we are induced therefo r e to as -

sume 

In f i gs . ( 2)1(~),(~) we show the evolution of the reduced e l ectron 

dis tribution funct i on , of its drift W("C), of t he thermal vel o 

city norma lized on v
0 

( ')._ = vth;v
0

) a nd of the electr i c condu~ 
tivi ty normalized on the Spitze r value, cr' / cr'sp' with E/Ec= . 3 

As ~ ( T ) grows , the total e ffective frictio n force L}' (u
3

, '"t' ) 

decreases, thereby allowi ng an accel e ration of the electron p~ 

pulation . .Xl;ie corresponding evolut i on of t he electron distri­

bution f u nction is towards a s ituation in whic h it deviates pr£ 

gressively from a drift i ng maxwellian , developing a h i gh energy 

tai l . Anyway, it is apparent that e - e collisions , when proper-

w 

. 5 

ly considered t hrough a nonlinear term , do no t allow a s trong 

departure from a maxwell i an, a t least for the values of time 

a nd electric field examined here . It i s seen t hat, after a tra~ 

sient time , the conductivity cr' settles slightly over the Spi!_ 

zer value . The evolution of the e l ec tron temperature and drift 

agrees with Oreicer ' s results ( 3 ) ; our mod e l c larifies the e f fe~ 
tiveness of col lisions o n the k ine t i c beha v i or . 

Even though our model, as it stands , is not suitable to study 

3 - dime nsional effects as those due to a magnetic field , it seems 

i nteres ting to simulate the magnetic trapping effect expected, 

i n the ba nana regime , in a Tokarnak device<4 l . For this purpose , 

we impose a n electric fie ld of the form 

(~) 

where E. simulates a toroidal inverse aspect ratio . The introd~ 

c t i on of (9) i n to eq . (1) leads to the substituti on in eq . (2) of 

the term E/E with 

c -~Ji -e-><r{-u~ /e ~]} (10) 
The evolution of F Cu

3
, ""[ ) i n this case is shown in f ig . ( Sl . As 

c an be seen , the reduced distribution function undergoes , as 

time goes on , a much stronger deformil t i o n than in t he preceding 

cases , developing a second bump at high velocities . However i n 

this c ase our model is obviously much less plausible , so that 

this l as t result mu st be taken as merel y indicative . 
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THE TRAPPED EW::TRON INSTABI LITY 

R. N. FRANKLIN • and R . MacKINLAY • 

Culham Laborator y , Abingdon, Ox:on, OX 14 3 DB, UK. 
(Euratom/UK AEA Fusion Associ ation) 

The deformation of the electron distribution function in the pre­

sence of a l arge amplitude electron plasma wave is evaluat ed in 

the approximation of cons t an t wave amplitude, for vari ous i nitia l 

di s tributions . The stability or plasma for frequencies near the 

mai n wave frequency i s examined. We establish for this model a 

general r equirement for the initial distribution to be unstable, 

and comment on the relevance to the experiment al situation. 

The init i al observation by Wharton et all of t he generation of side­

bands by a large amplitude electron plasma wave propagating at phase veloci­

ties s uch that a s i gnificant number of particles a r e trapped in the poten­

t ial wells of the wave has led to a large number of theoreti cal t reatments 

and a number of more detailed measurements a • It still cannot be said that 

there is good agreemen t between experiment and theory to the extent t hat 

a ll feature s are well understood . Some of the difficulties ari s e because 

experimentally the amplitude of the main wave i s a function of positi on. 

The various theore t ica l approaches can largely be divided into those that 

consider the temporal evolution of some ini tially given distribution in phaBe 

space , and. those that t ake a stationary d.ishibutioo fWlction and ex.amine 

the s tability of plasma to excitation of other frequencies by the paramet ric 

process of mod.e coupling. This pi:lper describes s ome results obtai ned by 

adopting t h e former or •quasilinear' approach which sheds light on some of 

the theoretical work (Brinca 3
) a nd. some experiments . 

In the approximation of constant main wave amplitude , the trapped and 

untrapped particle orbits can be found in closed f orm (0 ' Neil4 
) . For a 

given i nitial distribution function at time t = 0 the paths of particles in 

phase space can be f ollowed and t he spatially aver aged di stribution function 

f(v,t ) found. Waves with phase velocity V such that ¥ (v,t) lv is 
q> v q> 

positive, will b e unstable according to linear t heory. The time evolution 

of fluctuations in the plasma Citn then be obtained by examining Aw , the 
t 

l ogarithm of' t hP wAvP. Rmpl i bu,P, whP.rf! Aw = J v( ~, t) dt and Y i s the 
0 

linear g rowth or damping rate . Brinca 3 gttve such a treatment for a linear 

(two-term Taylor) approximation to a Maxwellian. However 1 the variation of 

energy with orbit was not 

properly taken into ac-

count in the space a verag-

ing of f( x,v ,t) . Fig . 1 

shows the results of deter ­

mining f( v , t) numerically 

for a s mall o.mpli tude wave . 

For this case 1 t here are 

no waves in the resonant 

region for which there is 

any cumulative growth. We 

are a ble to recover the 

results of 0 ' Neil 4 f or 

Vq:> = WO/k
0 

, showi ng the 

oscillatory time depen­

dence of the main wave 

amplitude . I n Fig. 2, Aw 

i e plotted against v<p f or 

a large amplitude wave 

and an i nitially spatially 

,, 

Fig. 1 
f(v,t ) shown at i ntervals of Tt/2 for condi­
tions w0/k0 = 5.0 Ce , etp0/KB Te = 0 . 005 1 

(C: = K8Te/m) and f(O) = 106 

uniform Maxwel'.lian distribution, indicating tha t for lar ge amplitude there is 

the p ossibi lity of growth t .'.:Y~ '. ~·.r...,, .,, .. ..,_t~=tM'lb ltrl.-. 

4 • 4 . 
· J ·J 

t=3bf2 -. . 

for some frequencies . How­

ever1 a plot of f(x , v,t ) 

over phase space a t dif­

ferent times revea l s that 

t he effects ar e associated 

with 1 jus t- t rapped ' p01rticle 

orbits which would not be 

present experimentally for 

t imes long enough to cause 

our observed g rowth . 

The model can be taken 

further by examining ini­

tial distribution functions 

Fig . 2 other than Maxwellian. We 

Aw is plotted against velocity for the same have examined various ini-
conditions as Fig . 1 except ~,../KBTe = 0 . 5 . 
The unbroken line represents l:andau damping . tial distributions using 
The ' just- trapped ' growth ca.n clearly be seen . the ' quas ilinear ' model, 

with the empiri cal result 

that if f (x ,v,t = 0) its a 

monotonically decreasing 

function of vel oci t y , the 

plasma is stabl e except 

!or the 1 just-trapped 1 

cases already menti oner:t . 

For a ' gentle bump- in-tai l 1 

initial distribution one 

would expect i nstability 

without trapping (as in­

deed we observe) j however 1 

the effect of trapping is 

to modify this behaviour 

s ubstantially. Fig. 3 

s hows the distortion of an 

60000 

60000 

+ 
40000 

20000 

Fig. 3 
f( v , t) is shown at t== Tt/2 for a bump- in­
tail initial distribution . Here, wc/k

0 
= 

4 . 2 Ce and "l'c/RBTe = 0.5. 

i nitial gentle bump-in- tail distribution a t half a bounce period, Tl/'2, in 

the presence of a large amplitude wave . The growt h associated with t his 

di s tribution is shown in Fig. 4, where Aw is plotted against Vcp for various 

t imes , showi ng th e departure from exponen t ial growth expected for no trap­

ing . We have thus established the general r equirements for instability on 

a quasilinear model, namely there must be an initial inverted trapped part i ­

cle distr ibution . 

The experimental r esults of Barbian c. and Jahns and Van Hoven 6 show 

significant dis tortion of the distribut ion function from t he Maxwellian mea -

5ured i n the absence of per t urbation at distances from the exciting antenna , 

short compared with t he bounce length Ah , (the equivalent of Tb in the 

t emporal case) . Thu6 t he experimental situation appears to be one in which 

the effecti ve initial distributi on i s n ot Maxwellia.n 1 bu t closer to a ' bump ­

in- t ail' state s imilar to the case treated in Figs. 3 and 4 . 

We conclude that defor mation of the distribution function near t he 

exciting antenna can be an impor tant influence on the trapped particle insta­

bility as observed experimentally . Simultaneous measurements of the spatial 

evolution of the distribution f unction (and of tes t wave growth rate) ' quasi ­

linear ' theor y is adequate , or whether it would be more appropriate to use a 

parametric coupled-mode model. 
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Fig. 4 
Aw is plot ted against velocity for t he same conditions a6 Fig.3, 

showing wave growth due to the bump- in- tail distribution 

REFERENCES 

WHARTON , C. B., MAIJ1BERG , J . M. and O'NEIL, T. M. 1 Phys. Fluids,.!..!.• 
176 1 (1968) . 

3 FRANKLIN, R. N., HAMBERGER 1 S. M. , I KEZI 1 H. , LAMPIS , G. and SMITH, G. J • 
Phys. Rev . LettG . , ~. 1114, (1972) . 

BRINCA, A. L., J . Plasma Phys. , z, 385 ( 1972) . 

" O' NEIL, T .M. , Phys . Fluids , ~, 2255 (1965) . 

BARBIAN , E . P., 6th Eur opean Confer ence on Controlled fusion and Plasma 
Phys i cs, Moscow , (1973) . 

6 Van HOVEN, G. and JAHNS , G., Phys. FluidS 1 ~' 80 (1975) . 

Also at Dept . of Engineering Science, University of Oxford. 



173 WAVES AND INSTABILITIES 
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Abstract: The nonlinear shift in phase of an electron plasma wave is experi­

mentally de100nstrated by the measurement of the wave number shift of a 

transmitted small-amplitude test wave in the presence of a large-amplitude 

wave. 

Introduction : The damping of large- amplitude electron plasma waves deviates 

considerably from the exponential attenuation as described by the Landau 

theory . If these waves are propagated through a co11isionless and homoge­

neous plasma, then after the initial damping which is still governed by the 

linear damping rate, we do observe nonlinear osci llations of the wave 

amplitude . Morales and O'Neil (1] poi nted out that in this nonlinear 

situation both, oscillations in phase as well as in amplitude are to be 

expected. These authors start from an i ni ti a 1-va lue problem and describe 

the case with the wave number fixed and the frequency modified by oscilla­

tions in time. Both oscillations can be explained by equations descr ibing 

the conservation of energy and the conservation of momentum. In an experi­

ment the frequency is fixed and instead of oscillations in frequency the 

wave n1.1111ber of the transmitted wave wil1 undergo nonl i near oscillations and 

it is this case whe r eupon we want to put our attention . 

Theoretical and experimental work carried out so far. concentrated on the 

oscillation of wave amplitudes.mainly initi ated by the calculations of 

O'Neil [2] and others and by the observations of Malmberg and Wharton [ 3]. 

This work concerned both electron (4) and ion waves [5] and emphasized the 

role of trapped particles [ 6] and recently the strong influence of the wave 

particle interaction on the growth of the sideband instability [7,8,9] . 

Attention to the non-linear phase shift as a complimentary case to the 

amplitude osci llation was then given by Morales and O'Neil [lJ and others 

(10,11) and in recent experimental work this phase shift was demonstrated 

[12 , 13). The measured decrease of the wave number appeared to be a few 

percent only in ag reement with theory . The change of the 1-1avenurrber can be 

much larger, however . if a test wave of small amplitude is used in the 

presence of a l arge ampl itude wave, as will be di scussed here. 

Theoretical wave nuri>er shift : Together with the calculation of the damping 

of the large-amplitude elect ron plasma wave Morales and O'Neil (1] presen-

ted a time-varying frequency shift ~o,which 

t ions the value on = - 1.63 n
0 

with 

attains after several oscilla-

eE k ,.,2 a2f 
n = (- o ) l .:J>. ( o) 

O m kJ" -;;7 vp 
(1) 

eE k 
where "'B = (-,i'-) l represen t s the bouncing frequency of the trapped par-

ticles, "'p the plasma frequency, k the wave number, (a2f/av 2)v the second 

derivative of the electron velocity distribution at the value o~ the phase 

velocity vp . The factor (ac/a,.,)-l can be determined from the dispersion 

formula for electron plasma waves adjusted for the experimental case of a 

warm plasma (v~ = kT/m) using the dispersion relation 

,.,
2 3v~k2 

£ = 1 - ~ - -z (2) 

"' "' By an analytic transfonnation the calculated shift in frequency (1) can be 

transformed into t he real experimental situation of a fixed frequency and 

we get 

(3) 

where vg is the wave group velocity. which is experimentally detenninable 

from the measured dispersion curve !a)= f(k) in agreement with (2) . 

The experiment : The e lectron plasma waves are transmitted through the 

plasma column of a Q- machine (8) . The wave number (k = 2tt/w) is measured by 

an interferometer, the plasma datas (wp = 127 • 106 s-1 , kT = 0.19 eV) can 

be detennined from the measured dispersion. The density is constant along 

the plasma column (90 cm long, B- f i eld: 2200 Gauss) within a few percent. 

An energy analyzer mounted behind the movable cold end-plate can be used 

to measure the spatial evolution of the distribution under the influence of 

a large plasma wave (8] . 

Observations: When moderate large waves are excited at w = 1. 1 !UP we ob­

serve the oscillation of the amplitude with a bounce wave nunber kB= 0.16 

cm- 1 . All parameters in Eq . (1) can be determined with a good accuracy in 

the quiescent plasma. By using the measured datas w
8 

= 9.3 x 106 s-1 ; 
k 2 35 - l 137 106 - l 7 -1 = . cm , w = x . s i vt = 1.83 x 10 an s ; vp/vt = 3.2; 

vp/vg = 1.95 and calculating the second derivative of the undi sturbed dis­

tribution we get for the asymptotic value of the wave number shift i n 

1t 

-002 

~ -0.10 

-020 

'\ ,/'\ .... \ I \ 
.\ I · ....... _... ~ ' j ' •C • ' 

~) 
~- Shift in wavelength versus distance from the emi t ter probe (at 

x=O). The bounce wave number (kB = 0 . 16 cm- 1) of the main wave is deduced 

from its amplitude modulation. 

'" 
•J 

- 2 

-J 

- s 

~· Shift in damping coeffi cient versus distance. The linear Landau 

darn ping yl is measured with a sma 11 amplitude wave. 

Eq. (3): ok = 0.14 cm-l or ok/k = 0.06 which is still a measurab le quantity, 

though very small . The maximum shi f t detenni ned from the int erferometer plot 

of the large wave itself reached a value of ok/k = 0.06 with an asympto t ic 

value of 0.04. 

The wave number shift can be obser ved in a much more pronounced way if we 

use test waves. Together with the main wave which undergoes an amplitude 

modulation with kB= 0.16 cm-l the test waves (30 dB smaller in initial 

ompli tude) ore l ounched by o. probe . Their phase velocity is chosen to inter 

act with the strongly humped part of the distri buti on whi ch is known from 

measurement. Under these conditions now a much stronger shi ft of k (or>.) 

is observed (see Fi g. 1). The change in~ i s 20% at its most, with an 

asymptotic value O>./ ). = 0.8. 

In Fig. 2 we de100ns tra te the change of the damping rate at the same pa ra­

meters. The zero damping {or/yl = - 1) is at t ained both for the main wave 

(not shown) and the test wave (Fig. 2) at the same va lue of kBx N 2. 5 • · 

Both curves have the same characteristics as the calculated curves of 

Morales and O'Neil [l]. The oscillati on in ti.>.. appears twice as often in 

space than the oscil lation in or which has the same period as the ampl itude 

roodulation k8 . This behavi our is explained by theory as the change i n 

kinetic energy t akes place with twi ce the rate of the change in momentum . 

One remark might be added concerni ng t he enhanced damping o f t he test wave 

(up to 4 times yL) after the initial damping (yL),and aga i n after one period 

k
8

x . This is a special item which can be re l ated to the interaction with the 

positive slope of the humped dist:-ibution which i s established by the main 

wave. This situation was theoreti cally described by Brinca ( 7J and is rela­

ted with the physcial picture of the sideband instability. 
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and Mr. E. Gerlofsma for technical assistance. 

References: 

[lJ G.J. Morales and T. M. O' Neil , Phys . Rev.Letters£!!., 417 ( 1972) . 

[2] T.M. O'Neil, Phys . Fluids ]!, 2255 (1965). 

[ 3l J.H. Malmberg and C.B . Wharton, Phys.Rev.Letters _!2., 775 (1967) . 

[4] R.N . Franklin, S.M . Hamberger and G.J. Smith, Phys . Rev .Letters g_!1_ , 914 

(1972). 

[5J H. lkezi, Y. Kiwamoto, K. Nishi kawa and K. Mirna, Phys . Fluids~. 1605 

(1971). 

[6] W.L. Kruer and I.M . Dawson, Phys . Flui ds g, 2747 (1970). 

[7] A. L. Brinca , J.Plasma Phys.]_, 385 (1972). 

[8] E.P . Barbian, ?roe. of the Sixth Europ . Conf.on Controlled Fusion and 

Plasma Physi cs, Moscow, 465 (1973) . 

[ 9] G. Van Hoven and G. Jahns, Phys.Fluids .!J!, 80 (1975) . 

[!OJ A. Lee and G. Pocobell i , Phys. Flu i ds~. 2351 (1972) and.!§_, 1964 (1973) . 

l lll S. Tsai, J.Plasma Phys. g. 213 (1974). 

[ 12l P.l. Vidmar, !.H. Malmberg and T.P. Starke, Phys . Rev.Letters 11_, 646 

(1975) . 

[ 13 ] H. Sugai and E. Mark , Phys . Rev.Letters 11_, 127 (1975) . 



WAVES AND INSTABILITIES 174 

1011 ACOUSTIC WAVES IN A DENSITY GRADIENT 

N. D' Angelo 

Danish Space Research Institute , Lyngby , Denmark , 

and Research Establishment Rist;!!, Roskilde , Denmark 

and 

P. Michelsen and H. L. Pecseli 

Association Euratom - AEK , Danish Atomic Energy Com.mission 

Research Establishment Ris~, Roskilde , Denmark 

Abstract : The propagation of ion acoustic waves in a density 

gradient was investigated experimentally . A transition 
between damping and growth in relative wave amplitude was ob­

served at a wavelength le~ 2nl
0

, where 10 is the e-folding 

length for the density gradient . 

Ion a c oustic waves are known to p l ay an irnportanL role in 

problems of absorption and reflection of laser radiation in in­

homogeneous plasmas(l) . We investigated the l i near properties 

of these waves in density gradients( 2 ) in order to improve the 

knowledge of the basic processes . Study is also relevant for the 
problem of the heating of the solar coronaC 3> 

The e xperiment was conducted in a Cs - plasma column of a 

single- ended Q- machine . The plasma density was 1- SxlO 9 c m - 3 and 

the neutral gas pressure ~ 10- 5 mm Hg . A (variable) density 

gradient along the direction of the magnetic field ( 2- 3000 

gauss) was produced by surrounding a portion o f the plasma 

column with a metal tube . The more negatively biased this tube, 

the steeper the density profile . 

Measureme nts were per formed with a Langmuir probe movabl e 

along the column axis . The probe was a flat metal disc o r iented 

normal to t he axis . The zero- order axial density profile was 

obtained through measurements of the probe floating potential 

and the relation 2r(. Te~.::. en.ff- between density and poten­

tial gradi ents . With the same probe lhe flux Wd.ti ul>tit:rvt:d to 

decrease along t he axis when moved a way from the generating 

plate , thus showing the presence of radial plasma losses . When 

the zero-order plasma behavi our is analysed on the basis of 

continuity and momentum equations, includi ng a radial loss 

term, agreemen~ is found with the measured zer o- order quan­

tities . 

I on-acoustic waves were excited by a grid immeY-sed in the 

pl asma (no rmal to the axis of the column ) between the generat­

ing plate and the metal tube . The wave measurements were per­

formed with the probe floating electrically , since *-= ~ 
en is the perturbed density , • is the perturbed potential) . The 

results of the wave measurements are summarized in Fig . l . At 

any frequency , f , the corresponding wavelength is indicated by 

a cross . Above f = 2 kHz the waves are damped as they propa­

gate away from the grid, and 6d (with triangles pointing up­

ward) is the damping distance . Below f = 2 kHz the waves grow; 

6g (with tri angles pointing downward) is the growth distance . 

The measurements of Fig . 1 were performed with a t ube bias of 

- 30 volt, which corresponds to ln ~ 12 cm. From Fig . l we note 

first that the phase velocit y f). is constant = 1. 2· 10 5 cm/s 

~nd for f ~ 3 kHz , the ratio 6g/). 2 Q. S , bot h quantities being 

i ndependent of frequency as normally found for propagation of 

ion-acoustic perturbations in uniform plasmas when Te 111 Ti . 

Secondly, for f S 1 kHz, the growth dis-Cance 6g = 2ln is in­

dependent of frequency as predicted by a hydrodynamic model . 

Finally at f = 2 kliz , 6d and 6g become large, as expected at 

the freque ncy of transition between growth and damping . 

In Fi g . 2 we show the observed relation between 1
0 

and 

Ac . The uncertainty is represented by a rectangle . Assuming a 

linear relat ionship , the best fit to the measured points is 

very close to the line Ac : 2nln . 

As already mentioned, our results for t he low frequency 

part are predicted by a hydrodynamic model . For the high fre­

quency par t our measurements do not differ from t hose found in 

uniform plasmas a nd can be explained from a collisionless de­

scription . The transition region where A = Ac has been con-

· ~.6(cm) growt h damping 
x~ ~ · \...,. 

;J' 
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Fig . 1. The wavelength )., and the damping , 6d ' or growth 6
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distance vs . the wa ve frequency f . 
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Fig . 2 . The critical wavelength Ac vs . the gradient e - folding 

length ln 

sidered by Parkinson et a l. ( 3 ). They considered an isothermal , 

e xponential atmosphere, acted upon by the solar gravity , i n 

which ion acoustic waves propagate , and found a cri tical wave­

l ength A = 2•ln (when Ti =Te) . The overall agreement between 

our measurements and their results i ndicates that they apply 

to ion-acoustic wave behaviour in density gradients no matter 

how the gradients are produced . 
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Parametric tnstabilities Arising from 
Whis tler Wave Resona.nee Cone 

R. W. BOSWELL 

European Space Research & Technology Centre 
Noordwijk , Ne thl!!rl.ands 

~: Exper i mental r esul ts a r e presented wh ich show that the 

paC'aaetr ic decay of vh i stler mode waves launched from a point source are 

assoc i a ted with the large e lectric field o f the group velocity resonance 

cone . 

Host work on the right h3nd po larised wave which propaga t es below 

the e l ectron gyr o frequency, the so-called whis t ler mode , has been 

carried out u s ing either a plane wave theory or including cylindrical 

boundar y conditions . However, in many applications, suc:h as labor3tory 

experiments 3.nd in t he ionospher e, the source r egion is small compared 

to a wavelength and a theory including all possible al lowed wave vectors 

is required t o satisfactorily describe the radiation pattern. Theor e t -

i cal wor k ( l,2) a nd experimenta l observations (l,4) have shovn the 

existence of a r esonance cone where t he electr ic fie ld of t he wave 

becomes very l ar ge . The radiat ion pattern in the f a r fie ld hu been 

measured (5,6) showing that the field of the r esonance conc i s still 

approximate l y 1 Od8 above the wave fi e.ids , 

Previous experiment s (7 ,8) on parame tric decay of t he whistl er w3ve 

have no t considered t he effect of the r esonance: cone o n the wave fie lds, 

leading to doub t fu l estimat e s of the instability thr eshold e lec tric 

field a nd the mechanism of the decay pr ocesses . 

The exper i men t was carried out in a large voluoe m.3.gneto-plasma 

with an exper imental length of 120 ems and d i ameter of 60 ems , the 

steady magnet ic field 8
0 

o f 128 gauss being uniform to .:!::_ O. 6% over th i s 

volume. 

A plasm.1 was fo rmed b y RF ionisation in argon ga s at a pressure of 

Sx l0-
4 

torr with n density of a ppr oximatel y 5xl0 10 cm-3 and electron 

tempera t ure of 3eV. 

The waves were launched from a small I cm magnetic loop antenna and 

received on an e lectric probe wi th an exposed area 4 TllD l ong and 1 no in 

diameter which cou ld be rota ted abou t t he transmitter on a circle o f 

28 c m r adius . Al t hough the decay instability could be produced over a 

r a nge of pump frequencies , it was s trongest when the pump frequency was 

approximately O. 7 of t he gyro frequency f c . For these conditions the 

ax i al wh i stl er wa.ve l ength was 6 c11 . 

Figur e I shows the high and low 

frequency d ecay spectra for an input 

power of about 10 watts . Fro::a the 

r eceived signa l , the ampli tude of 

the pump can be est ima t ed t o be a 

few vol ts per metre. The frequency 

d ifference between the two high 

frequ ency waves can be seen to be 

equa l t o the low frequency wave 

Fig. I High a nd Low Frequency 
Decay Spectr a 

thereby satisfying the energy conservation condition w
1 

"' w
2 

+ w
3

• 

The e lectric fields of the pump wave 

and decay wave are shovn in Figut"e! 

2a) and 2b) as 11 func tion of ang l e 

to B
0 

for a pump f requency of 

250 MHz, which was a pproximately 

,, " _,........,, 
O. 7fc . Taking into account th erml 

corrections . the theoretical 11ngle 

for the resonance cone is 43 degrees. 
Pig . 2 Electric field of 

a) pump, b) decay 

The structure outside the cone is due to a s l ow plasma wave which has 

been analysed by Kuehl (9). The electr ic field of the decay whistler 

can be seen to be direc t ly a ssoc iated with the large electric f i eld of 

t he pump r e sonance cone and i t s struct ure, whils t the whist ler waves 

which propagate ins id e the r esonance cone have a wave fie ld which i s 

below thres hold for the parametric instability and no decay occurs . 

In a theor etical analysis by Porkolab ( 10) it was found that t his 

instability hod a mi nimum threshold for excitation if the low frequency 

acoustic ""ave had wavelengths perpendicular and parallel to 8
0 

which 

were approximately equal, i. e . the wave was travelling a t 45 degrees to 

8
0

. Since this is nearly the r es onance cone a ngle the instab ility 

should occur over a small range of f requencies around f • n . 7 f c for 

pump f ields just above threshold; much higher fi elds being required f or 

frequencies outside th i s range . This i s in good agreement with our 

experimental measurement s . 

I t should be noted that Porkolab ( 7) has measured two different types 

of decay occurring Ar r h P 1111mP fr,. qmmcy (f•O. 69f c) . Thlil fir111t ic 

pr obab l y du e t o the interaction between the cone field and the plaslll3 

wave which is assoc i a t ed with the cone and not with the boundar y effects. 

The second decay involved two whis tlers and produced a low frequency 

acoust ic wave with a wave length abou t f ive times longer than th at 

predicted by the linear dis persion relation. 

This appnrent contradiction can be r esolved by studying the 

rad iation pattern of the antenna used t o l aunc h t he waves (6). Since 

the wh istler waves are pr opagated out of a cone , the wavefron ts ar e 

formed by the addition o f many wave vectors. Consequently, close to the 

cone and at a n appropriate radial d i stance from the transmi tting antenna 

i t is possible to sat i s fy the momentum conserva tion rela t i on and al so 

the dispers ion rela tion f or the acous tic waves . 

A resona nce con e. also exists in the fir s t pass band f or t he cyc l otr on 

harmonic (Bernstein) waves and s imilar parametric i n teractions s hou ld 

occur in this frequency r ange. 
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Abstract The propagation and damping of small amplitude quasi­

~inal plasma waves in hot plasma in the presence of weak 

density and magnetic field gradients is studied. The efficiency 

of the wave energy thermalization in t he LH frequency r ange is 

discussed . 

The propagation and da~ping of externally driven quasi-lon­

gitudinal plasma (electrostatic) waves with f inite k 11 in hot ho­

mogeneous magnetized plasma has been s tudied in details / 1/. In 

order to give an insight into the lower hybrid (LH) heating of 

thermonuclear plasmas and to make the results pertinent to the 

present LH experiments in toroidal devices,in this oaper we 

study the propagation and spatial damping of quasi-longitudinal 

plasma waves in hot plasma in the presence of weak density and 

magnetic field gradients . 

we consider the wave propagation in hot plasma whose para­

meters depend only on one coordinate. The static magnetic field 

ls orthogonal to the ditection of plasma inhomogeneity. Regard­

i ng the plasma as a homogeneous medium having the physical lo­

c al properties of the actual plasma , we have solved numerically 

for a wide range of plasma parameters the full dispersion equa­

tion governing small amplitude quasi-longitudinal waves i n hot 

magnetized plasma /2/ , 

2w' e-Aar (A ) T · T nw 
o(w,k,c

8
)•k2 + & ~=-w pa 

2 
n a {~ +(z __!!!_ - ~)Z(z )} • O 

vtal Tai/ naTal/ v ta// n ( iJ. 
Here the c

8
' s represent the steady state pl asma parameters , 

v~a.1/n•2<Tal/H/ma , Aa =k lv~01/2wb.,, •na • (w-k1 v1 +n"'ba) / k11 v ta# and 
and Z(z) is the pl asma dispersion f unction. The results obtain­
ed hold in quasi-homogeneous plasma under the condition that 

the steady state plasma parameters are slowly varying within a 

wavelength . The magnetic field and density inhomogeneity of 

toroidal plasmas are gentle e nough(except in a narrow r egion 

near the plasma edge of inconsequential importance for the sub­
ject under consideration) to make this local plasma description 

appropriate . Consequently,the plasma dens ity is allowed to have 

a density profile n=n0 (1-(x/x)Y},where y•J,4 , . . ,whose charact­

eris tic length is left unspecified. The magnetic field intensi­

ty is assumed to vary a s r-1 ,while the ratio between the major 

torus radius and the plasma radius ls taken to be 6. In what 

follows the following dimens ionless parameters are used f re­

quen tly: X
1 

is the square of the ratio between the ion Larmor 

radius and the perpendicular wavelength,and h=w/Ob is the ratio 

between the angul ar frequency a nd the ion cyclotron frequency . 

In travelling in the d i recti on of i ncreasing density the 
resonant e lectromagnetic mode slows down and reaches a density 

region at which its phase velocity becomes close t o tha t of 

plasma waves(ln Fig . 2 . the electromagnetic and plasma waves are 

labelled CPS and HPS,respectively). The wave propagation up to 

this layer is not materially affected by the particle thermal 

motion . However in the afore mentioned dens! ty region the two 

waves lose their separate identity,merge smoothly and convert 

one to the other. The wave conversion takes place at the den­

sity /3 , 4/.,~/"'~r•l-2. 5q 2vti (me/mi) 111 /c where q2•w~r/w2 • In the 

flat-topped toroidal plasma the wave conversion occurs relati­

vely far from the cold wave resonance position . Antici pating 

the results concerning the damping of plasma waves in quasi-ho­

mogeneous plasma,we conclude that in order to communicate the 
wave energy to the bulk of charged particles the wave convers­

ion should occur near the maximal density. The above observat­

ion indicates that the problem of frequency tracking of the 

maximal density is overestimated at least at smal l variation 

(up to 20\) of the maximal density . If the waves are launched 
in the direction of increasing density a nd magnetic field, the 

col d wave resonance position di splaces towards higher densi­

ties, passes on the other side of the plasma column and finally 

disappears as the maximal density decreases. However,the con­

version between electromagnetic and plasma waves occurs at high 
densities even in absence of the cold wave resonance. 

The wave beha­

viour in hot quasi- h 

homogeneous plasma 

can be qual i ta ti ve­

ly examined by 

means of the dis­

per sion curves for 
plasma waves with 

finite k11 / l /. The 

lower hybrid dis­

persion curves re­

presented on Fig.1. 

are typical ones in 

a large scale of 

20 
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Fig.1.-The lower hybrid dispersion curves 
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s idered. When the 
the waves a re 

launched in the di­

rection of increas­

ing dens! ty and 

magnetic field, the 

resonant e lectro­

magnetic mode con­

verts into a back-

ward fast plasma 101 
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locus of this point 
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Fig . 2.) . It should ~ 
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throughout this pa­

per we consider 
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06 08: only the least dam­
ped plasma mode 

which in long time 

Fig . 2.-The perpendicular refractive indices 
of electromagnetic and plasma waves . 

in absence of collisions is dominant in the plasma. We refer to 

this solution of the dispersion relation (1 ) as the principal 

mode . The solution trajectories of the other spatial modes can 

be found in Ref. / 1 / . Beyond the branch point A the principal 

mode becomes outward-moving forward wave. As the wave travels 

farther ,another branch point is reached (see Fig. 2.) at which 

the principal mode converts into an inward-moving slow wave. A 

similar wave behaviour occurs when the waves are launched in 
the direction of increasing density and decreasing magnetic 

field intensity. 

The previous discussion reveals that in the presence of 
magnetic fie l d gradients the principal mode is trapped between 

adjacent harmonics of the ion cyclotron frequency• At low ion 

temperatures the wave fie l d amplification i n t h is region can be 

sufficiently high to excite par ametric effects. However,the 

wave fie ld amplification decreases for increasing the ion tem­

perature /3,5/ and the linear colllsionless harmonic ion cyclo­
tron interaction(or the collision-restored Cerenkov interaction) 

becomes the dominant process in the wave energy thermalizati on . 

The damping of the excited plasma waves b y the harmonic ion 

cyclotron collisionless interaction is important only in the 

vicinity of the harmonics of the ion cyclotron frequency (see 
Fig.2 . ). The efficiency of the wave damping during its first 

encounter with the harmonic of the ion cyclotron frequency de­

pends on the quantity N11 vtih and the value of :\.i at which the 
harmonic occurs. Namely,the imaginary part of the wave refrac­

tive index increases and the region in which an efficient damp­

ing occurs enlarges considerably Un the case represented on 

Fig.2. it is large a few Larm.or radii) for increasing the quan­

tity Ni vuh· If at the harmonic Ai is sufficiently larger than 

the critical value at which the ion cyclotron damping starts to 

be effective(this value is of the order of h) the wave is effi­

ciently damped at i ts f i rst e ncounte r with the harmonic. 
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INVllSTIGATIOJf OF HIGH-TEMPERATURE PLASMA OBTAINED BY 
HYDRODYJ/AIHCAL EFFECT OF SHOCKING AND HEATING 

M.A.SULTANOV 

(Tajik State University, Du.shanbe, USSR) 

ABSTRACTS: The poss i bility of obtaini ng dense high-temperatu­
r e plasma at the collis1on of two supersonic plasma fluxes 

(SPF) in a1r wider the atmosphere pressure i n stlown. The cau­

~ a of plasma heating is shock ·,o,·ave (SW) multiple reflection 

from the discharge chamber sides . 

INTRODUCTIOlf: The quest i on of high-temperature plasma obtai­
ned under laboratory oondi tions (exoept thermo-nuclear devi­
ces ~1 and MC-generator& [2) ) is of great theore tical and 
praotioal valuo . For example , on the base of po...,rful high­
ourrent pulse discharges (P!ICD) it is possible to obtain SPF 
at the oollisioa of whJ.ch shock-compreseed plas121.a volumc3 

(SCPV) are formed with high temperature and density readings. 

RESULTS: The disohaJ1ge loop regime at C=1 200 J" F , V=J kv, 
\tas usedo The flux parameters before the collision were a11 

follows the entrance velosi ty 1s 12-16 km/seo, Mach number -
B-12, SP1'' temperature "'2. 6 ev, adiabatic index 0 for the­
oreti cal evalutions was takes as 1.25. 

Aa it oan be seen from spaoc-t1.me ocanning , oscillogram , 

high-speed frames and plasma spectrograms at the moment of 
t he two symmetr ical SPF collision in the middle of the dis­
char ge chamber parallel to d1rect1on (fig. 1) SCPV 1s formed 
with the parac9t:rs di fference to those Q.f the spreading SPF ; 

it is confinted from the SW d1scharge chamber sid e • .At the 

same time SCPV is a zone of intensive l uminescenc e of rather 

hi gh density and temperaturo ~ith a high gradient a~ N
0 

and 
T

0
• The evidence can be obtained b3 frame scanning normal 

t o AB d1rec1:1on whore lieht and dari< volumes of plasma clu.s­

ter oan be notic ed , The SCPV obtained speads radially with 
supersonic speed ; for the given regime it equals to 4-6 
lan/aec. 

The s pectrum of pl~sma obtained has s trong linear and 

cont inuous radiation (fig. J).bot b in longitud inal and trans­
verse sections : it consist main.l,y of the lines of electrode 

disintegration material, and those of air component 3. The con­

tinuous spectrum is due to braking and recombination radia­

tion. Tne anal.Ysis of the l.lnear plasma spectrum shows that 

all the lines of ne~tral and singie ionized atoms are recor­

ded in absor ption. In the line ioops of the same degree of 

:ionization t!ie 1ntens.l.ty maxi.mum di splacement take place, its 

value permits to measure the plasma temperature l_J,4) • In the 

neutral atom line takes place symmetrical , and in the ion line 
loop - ass~mmetricui self-r eversal. 

When oonaid•r1ng intenslty d1struct1on of continuous nnd 

linear radiation 1.n various sections i ts maximum val.ue can be 

coticecl off the Uiscr a.rge chamber cutaft . It can be explai­

ned bJ a S\'/ format io 1 !1 t he middle of a discharge gap and b.t 

radial SCPV spread ; . 

DISCATI ON: At t!le .wo symi:tetrlcal SPF oollis1ons, acaord:Ln.g 

to the b,ydrod,ynamics laws, SW formation is observed accompa­
nied by symmotriodl reflected SI'/ propagation. S1noe eleotro­
dos are confinded by diel ectric 'Hal.ls of largo size, multi ple 

SW off the di.Scharge axis ; the sharp change of. SW off the dis­

charge axis; the sharpe change of plasma parameters is obser­

ved a t the same point. Being piasma parameters i s 1.Doreasing 

on acoowit of reflected from the opposive s id es , SVI c.D..ntribu­

tes to additional boating of plasma and makes it den•er. The 
fao t that the hydrodyna~ios effects are the oauae of SCPV 
fo.rmation can be prov ed by asymmetry in ion 11.ae ioopso 

Quantitative measurementu of asymmetric ion line self-re­
versal with high constant• make us to be~ieve that the main 
oause of their broadening in more powerful discharges is Sta­
rk-effect and high pressure at a ~hock wave. Under the Stark­

effoo t, which muot be of statistioal oharactor at high densi­
ties, the line broadens asymmetrically, ·•hile the statisti­

cal wing joins the oen tre of the line from the shortu or 
longer wave l ength directions, depending on the constant qu­

adrat~o off eat sign~ 

SHOCKS 

Quantitative parameters obtained for t he given discharge 
loop regimes sho""d t hat in this way plasma with the t""'pera­
tur e more 40 ev and electron aonoent ration ('W1019 sm-J can 

be obtained. The same results are observed in ion 11nes of 

h1eh1y ionized air. 
Far quantitative explanat i on of the effect observed theo­

retical. evalutions f rom gas-hydrodynamic can be consider ed. 

For this purpose, first of all, the main hydrodynamics equa­

tions and Renkin-Gugonio r ati os were made. A unidimentiona.l 
plane problem is to be solved to form t he equation of oonfi­

nu1.ty1 quantity o~ motion, energy aonstanoy and en.balpy. 

Th'1.11 1 the U.S• of b,ydrodynamioal offeot of •hooking and 
heat:Ln.g is the most praotioal under laboratory oonditions for 
obtaining plasma with high values of T

0 
and N

0 
on the PNPD 

basis .. 

The pr~posed t~chnique and the results of our 1nvest1ga­

tio~a may be used t o keep and increase the life-time of bo th 

low-lemperature and high-temperature plasma , to obtain hi gh 
density radiation sources, for additional plasma heating with 
the help of multiple SW reflection etc. 
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Fig.1 . The schem~ of dis­

charg~ ch:.imber: 1-dielec­

trio plates, 2-electrodes, 

J-olamps , 4-plasma volume , 

5-barries , 6-condenser bat­

ter~Js, 7-high voltage rec­

tifier. 
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Fig~J . Fragments of 1nsequenses 

of higb- apeed scanning at regis­
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g1tut1nal (a) and transversal (b) sections. 
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ON TBB POSSIBILITY OF PLASMA .ASSBLBRA!l:ION .i!ID BBATING Ill 

THE HIGH-CURRENT PULSE DISCHARGB IN A CUMULATIVE ZONE 

M.A.SULTANOV 

(Tajik State Un.1vers ity, Dushanbe, USSR) 

ABSTRACTS: At the interaction of two or more supersonic plas­
ma flwces (SPF) at different angles of seope an efficient ao­
oeleration and heat1ng of plasma in a ownulativa zone ooou:i:s. 
Soma parameters of the aooeleration pl asma flwc were measured 1 

the gas-dynam1oal nature of the phenomenon observed is suppo­
sed . 

INTRODUCTION: The method of obtaining plasma with the help of 
ownulative affects !& widely used in the fields of high-tam­
perat11re plasma and oontrolled thermo-nuolear fusion (1-4). 
Under the laboratory oonditions of special interest 1n the cu­
mulative method of obtaining flwces in explosive and shook 
plasma davioes. Additionaly in the cwnu.l.ative zone it is pos­
s ible to study different physical processes, suoh as: plasma 
irregularity, large-soale, anomalous light scatter1ng1 mecha­
nism of heating and so on. 

Aa the experimental studies show, such processes take pla­
ce at SPF cumu.l.ativ1ty at di fferent angles of elope and 1n 
b1gb-<>u:rrent pulse d1soharge (HCPD). ]n connection with it, 
1n the present paper a possib111ty of aooeloration and hea­
ting plasma fl11Xes in cwnu.l.at1ve zone at the interaotion of 
two SPF a t o0

, J0°, 45°, 60° and 90° angle of slope is inves­
tigated. 

~ The investigation took plaoe on the basis of power­
ful. pulse disoharges by the method of continuous scanning and 
frame shooting, as well as by epeotrosoopio measurements of 
main parameters. Th• struotures of accelerated plasma flwc and 

those of free SPF were compared (5} • As investigations show 
a spas.-time 1nhomogeneity along the flwc a.Y.iS te.Jo:ee plaoe and 

some other phenomana...t.t.oh had not been observed at a single 
SPF study (fig,1). Th• struotu:i:e of plasma formation oons1s ts 

of throe separate luminesoenoe fronts: anodio, oathodio and 
a shock wave being fol'Jl2ed at their interaction. After the 1n­
teraction different gas-dynamical parameters of the f lux al­
ter dependi.Dg on the angle of slope, The highest 1.Dorease 1n 

parameters takes place ~t the SPF 1nteraotion with 60° angle 
of sl.ope. For •><amP1e, when the length of the dark spaoe is 
UI mm, the speed of SPF entrance from the inlet of the dis­
charge chamber 1s 12 km/sea and in ownu.l.ative zone - 14 km/sec 
This 1s most olear~ seen 1n the high-s peed framec (fig.2). 
The struotu:ra of plasma flwcae on the high-speed frames shar­
p~ differs 1n oaoh case. At the parallel electrode position 
(0° angle) 1.n the flwc struotu:i:e t he formation i s obser ved of 
t•o quasi-electrode 11 bwnpy-<itruotures" (from anode and cathode 
torohes) followed by one more and then by the repeated f irst 
two •bwnpy-struoture~"after the 1.oteraotion, when the of elope 
1s 60° at the point of two SPF ooll1s1on only one 11 bwnpy-st­
ruotu:re~" 00011rs. In the first two variations (fig.2,a,b) be-
f ore the anodio and oathodio torches oollisions a periodi-
oal pattern 1n their etruotu:ro was obsarved, obaraoter.lzed by 
shook wave formations as 1.Dtensive points at equal distanoes 
tram one another with different gas-dynamioal parameters. Such 
a p1otu:re 1" more clearl,y seen in the initial disobarga stage. 

Tb• above said oan be proved by the investigation of speo­
troscopio properties of the aocolerated flux oharaoterized by 
in intensive lllmineeoenoe zones, by broadening of ~on line lo­
ops and neutral atom loops, and by an effioient displaoement 
of intensity maximwn 1n speotrwn region, In general, plasma 
spectrwn oharaoter depend1ng on the SPF angle differs both iD 
intensity of radiation o~ olaortode material components lines , 
and in alteration or radiation and sel1'.-reversal lines loops . 
The differences are seen both 1n new lines formation and oon­
t1n~um intensity growth 1n one apeotrwn and 1n vanishing or 
their intensity 1n the other one. 

All the above written was proved by qllSiltitative measu:i:e­

ments of J.)lasma temperature and conoentration (fig,~). Tompe­

rature and concentration values are the lowest at o0 angle of 
slope and the la"geat a t 60°. In cwnulat ive zone, for e><ample, 
at o0 T ~ 10 0 ev, at 60° - J.1 ev; N1 - 1.1x1017 and 2.5x1017 

e 

sm-J respectively; the accelara tion of a plasma fl ux is 
5-6 km/sec2• 

DISCUSSION: Under the oonditions when pr olu:i:c 1n the dischar­
ge chamber i s much higher tha1'of the atmosphere, tbe f lwc 
be1ng ejeoted from the oylinder outlet i s s ubjeoted to s uper­
sonio broadoning. In the Initial stage of the pulse two "bwnpy­
struct1.1re,~ from anoj e and oathod torches are formed, which i.o 

some moments fuse forming a single "bumpy-structures~ After 
tbe max:tmwn jet broadening behind tne nozzle the narrow1ng 
takes plaoe: the jet becomes denser, wbioh is accompanied by 
tbe inoreae1 of flwc parameters. It is known that in the maxi­
mal narrowing zone soma acceleration of the flux takes place. 
This region is a 0UJ1.ulative zono, as 'Nell, whore besides the 
flwc acoeleration t he inorease of its parameters takes plaoe . 

Thus, at two or more SPF interactions witb diffe rent angles 
of slope the formation of complex gas-dynamical structure as 
a system of wave compression and thinning, shock and cwnula­
tive waves takes place. Shook wava form and structure 1n cer­
tain regimes of a discharge loop depends on the angle of elec­
trode position in a discharge ohamber; f mr example, a bridge­
shaped shook wave can be formed. 

The results of ou:i: investigations can bo praoticallJ us ed 
1n beating and increasing life-time, plasma and gas floY1s ac­
celeration in the cwnul~tive zone, SPF formation , in jet engi­
neering etc. 
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HEATING AND IONISATION IN HHO SHOCK 

WAVES PROPAGATING INTO PARTIALLY IONIZED PLASMA 

L. Bighcl, A . R. Collins, N.F. Cramer and 
C . N. Watson - Munro 

School of Physics, University o f Sydney, NSW, Austr"1lia 

Abstract : A model of the structure of MHI) switch-on shocks propagating in a 

partially ionized plasma, in which the primary dissipation mechanism is 

friction between ions and neutrals, is here compared favourably with 

exper i menta l results. Four degrees of upstream i onization were studied, 

ranging from almost complete to very small ionization. 

Introduction 

Studies of shock structure previously obtained on SUPPER 11 indicate 

that the principal heating process in ionizing shocks is ion-neutral 

collisions (I). This series of experiments extends this work to e xamine the 

effects on shock structure of varying the neutral componen t in the upstream 

plasma . Four s hocks were studied and their method of preparation differed 

only in the level of preionization. Tc' Ti and n (electron density) 

profiles were obtained for four shocks and these profiles compared with a 

model of shoc k struc ture based on ion-neutral friction. 

The SUPPER II plasma vessel is a stainless steel cylindrical shock tube. 

At each e nd of the vessel is a Pyrex endplate, in one of which is a short 

central electrode . The vessel was filled with 120 mtorr of helium and 

eaibcddcd in an axial magnetic field of O. 25 tcsla . 

The test plasma was prepared by driving a low power ionizing shock into 

the vessel. This shock was launched by discharging a 30 kA, 40 iisec half 

period , current pulse be tween the central electrode and the vessel wall . 

"fhe plasma thus termed was allowed to settle to a quiesc ent state betore 

launching the main shock. Since the initial plasma was rapidly cooling, 

vaC"ying the time between plasma preparation and shock preparation effectively 

controlled the level of preionization . 

The shock waves were launched by discharging, at the appropC"iatc time, 

a radial current pulse with half period 16 µsec and peak current 150 kA. 

The shock waves were all similar in behaviouC" with an axial velocity of 

105 m/sec . 

Electron density and temperature profiles were determined by 90° 

Thomson scattering of a 150 MW ruby laser beam. The ion temperature was 

estim.:tted by measuring the Doppler broadening of the Hell line at 468.6 nm. 

The calculation of heating and ionization in the shock wave is similar 

to that in (1) for an ionizing shock in a I tesla field, i.e. the current 

and magnetic field profiles are a ssumed known and fed in to calculate the 

heating. However, this calculat ion is more complete in t hat all terms in 

the specie s energy equations are retained, including the adiabatic 

compression term. 

The ions and atoms are assumed to have the same temperature, and 

ionization assumed to occur through electron-neutral ionizing collisions . 

Any second ionization of the helium is neglected . Dissipation terms in the 

energy equations ( 1) are calculated using Cowling's model of partially 

ionized plasma (2), the oost iciportant of these being the ion-neutral 

friction tenn. 

Compression in the. shock is calculated fro:n. the known switch- on field 

Be by means of the integrated overall cementum and energy conservation 

equations (3) (neglecting ionization energy) . The resultant relation 

depends on the radial electric field, wllicl) is zero for the shock propagat-

ing into a non-zero upstream electron density and for the ionizing shock 

takes the value satisfying the Chapman-Jouguet condition (4). 

Discussion 

(i) Highly ioniz.ed upstream plasma (n ... 2 x l0
2 1 

m-), 50% ionization) 

(Figs . la, lb). Computation with 50% ionization and the observed B
6 

rise 

time of 1 iisec gives little heating and e qual ion and electron temperatures . 

To gain good agreement wi t h experiment it is necessary to assume t hat the 

upstream neutrals have been centrifuged to the walls, leavi ng 100% ionized 

upstre;;am p lasm;'). Also we assume a rise time of 0 . 2 usec (i.e. t he observed 

rise time of n and Te) and a resistivity 5 times t he classical value . This 

enhancement in resistivity could be due t o t he ion-acoustic instability 

discussed in (S). 

(ii) Ups tream ioniza t ion 25% (n • L0
2

L m-J) (Figs . 2a,2b). Ions, 

neutrals and electrons are heated about equally, in agreemen t with observa-

tian . The rise time in n
0 

used is 0 . 2 µsec. 

(iii) Upstream ionization 6% (n - 2.4 x 10
20 

m-
3

) ( Figs. 3a ,3b) A B
6 

rise of 0.5 µsec gives strong ioniza tion and ion heating , as is observed . 

(iv) Ionizing shock (Figs. 4a,4b), The initial electron density is 

due to photoionization from t he hot r ear of the shock . Strong ion and 

neutral heating is observed in excell en t agreement with experiment . 
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Ollld 1S LAW IN COLLISIONLESS SHOCK WAVE 

J,G,Lominadze, A.D.Pataraya 

Institute of Physics, Academy of Sciences of the Georgian 

SSR, Tbilissi , USSR 

The structure of the collisionless shock wave propaga­

ting across the magnetic field in two component plasma con­

sisting of bot electrons and cold ions is studi ed in the 

paper. The quasili near kinetic equation for the electrons 

being in the weak magnetic field is investigated. 

The electron cyclotron frequency is considered small 

in comparison with Langmuir electron frequency 0., <.< G)p 
Le, ~ <.<. JI, Jino«.'l. A two-dimensional case in the 

tmc. M-1. 
plane accross t he magnetic field is considered. An anisot-

ropic distribution of tba ion-sound oscillation spectrum 

was obtained. In addition , the plasma effective resistance 

was !oucd. 

rons, 

where 

Let us investigate the quasili near equation for elect­

wbich i s written as /l/ 

if" e I E if;-;!~}l~- 2-~ ~_l 
rat - ;ml. + cL\i h~ - 'dlJ. o(~'d\J~ (1) 

~" is the electron distribution functi on 

-;6 .. ~ = ~: ~1c"''ic~\<\>/ "J1<li(1v -lil) \~>1 c2) 
Here cl\ i s t he pot en ~ial of fluctuational electro-

static field. 

Further , the magnetic field strength \:j 

axis ?. 
is direct ed along 

We search for the sol ution of the equation (1) accor-

ding t o the perturbation theory. The value proportional t o 

the electric fie l d strength is taken as the small parameter. 

0) 

(4) 

(5) 

(6) 

(7) 

) (8) 

(9) 

K~ 1-tK\9, 
.I (<..:> -;-d - Kl,'i) 

( 10) 

Here If end \J.1. are t he polar coordinates of the mac-
roscopic velocity of electroos 

~o = ~ ~ 
"' 

r(~) (11) 
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(12) 

\Ji.,=JE' is the thermal velocity of electrons 

gamma-function. 

r(1-t) - is 

The distribution function (4) was obtained in /l/ , 

The shock wave is pr opagating along axis :::ic. , and 

hence the :x. component of the current in the wave front is 

equal to Zero . From this condition we obtain the following 

r el ationship between 'X. and O compooects of the el ectric 

field strength 

E = Oe ea :ic To (13) 

where 

(14) 

here 
( 15) 

Using the formul a ( 3-6) , it i s easy t o find the 6 com­

ponent of the current. 

It has a form of 
Q 1 '1 

j - ~P-( l +~)E. 
~ - I,_ ":li~o 1 D.e,2 (l 

( 16) 

From (16) one can write t he following express i on f or 

the effective conductivity q 

G (,)~ (1 ~o ) 
~l~ = ~1 v. + o: (17) 

and from the above expression it is possible to obtain t he 

value of the effecti ve collision f requency 

VeH == 
~o ( 18) 

i ... ~. 1. 
n. 

of t he weakly tur-We study t he ion-sound oscillation 

bulent plasma across the magnetic field in the shock wave 

front . The maximum i ocreament value (the increment has tbe 

negative sign) is determined for the angle lj>~ , between 

the wave vector and axis X.. • 

t CJ - ...lli (19) 
d .. - -.Jo 1 ("\ 1. ·'- i:iv.~1 

If We intrOdUCe e: "]° +9 \fK and Vo(< ').J ) <l Q - o;: 
which coincides with the result obtained i n121, 

The increment of the i on-sound oscillations has zero 

value in the direction of '.X. axis (~=O)· In this case 

E"' ~5 \) - r~ (20) 
i c s- M ~ 

~ 11.J:! 
It is the solution of the equation <..lE'-C::'Ot. in the 

system of the shock wave moving wit h the velocity close to 

the velocity of ion-sound wave ( \)" ~ ll's ) 
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IIEATING OF PL.ISllA BY A COLLISIOh'L!SS SHOCK IN TIJE LONGITUDINAL 

MAGNETIC FIELD .l.T VARIOlB ALFVl!N llACB-NUIBm 

T.A. EL-Bl!ALAFAWY, II.II. EL-NICKLAWY, A.D. D!SIU!U, 

11.S. ETEIDA a.nd N.I . RUIJlEV+) 

Atomic !!Dergy Authority, Cairo, Egypt 

Abstract: The pu.per preaent11 re&ult11 of u:perimentn.l atudiea on longitu­

dinal collhionhea 1bocka a.t Alfveu-ma.cb DUJllbera MA>r-Mc• It ia •hown 

thci.t the dependence of p l •11ma. temperature on liA- both at and behind the 

yave front- becomes .1ubata.ntially nonline&r a.t llA?;. ( l, 572). 

The principal experimenta. l re aulta include da.ta. on plaBma. tempera-

ture measurements through it.a diamagnetiam in the tYo regiona of the 

shock wa.ve-at the front and in the phton (Figa. 1 and 2). From Figs. 

and .2 it Collova tba.t aubata.ntia.l lack of correspondence to the h • of 

dependence of the plaamo. temperature on the discharge current is obaerv-

ed, - both o.-t the front (curve 2) and in the piston (curve 3) - atarting 

from the li,Ucb numbera }IA~ l,s. 

A strong damping ot the fields in the wave a.t lP'liic~ (l,572) o.nd 

the temperature jwup in this region indico.te 

to the exiatQ:nce of a nonlinear wecho.niam of a::.'io60 

dhs ipu.tionc.W2b' tra.nsfona&tion of the wave 

energy into trn.naverae ener g y of the plaau;ia 

particles WJ., 

It ca.n be readily seen tho.t pla.smo. tem-

pero.turc rises in proportion to the amplitude Cl 

of the m11gnetic field (Fig, 3 tll •llich the 10 

point at B
0
za0.31dis ta.ken fr om /1/). A 

U,Jiv 

cons i dero.ble l ack of reproducibility, a.t 
Fig,!, T•f(U); 1- MA; 

MA~ 3,indica.tes t o instability of the hea.t 

flux in o. given croes-section1 (z.• 24 cm). 

2- T f j 3- T p; 4- cl.., r·(Be) 

z=24crri./(De )zcol2CP1 ;B
0

z"' .5KG. 

This reeulls frow o. transient cbo.ra.cter of 

processes in the yu.ve at. ll~lic tU vell a11 

sto.tistica. l struggling of the croaa-aection 

1, tY 

"' IJO 

110 
I~ 

z in which the overturning of the wave f.llkes OJ 

90 
phce. The temper11.t.ure dependencies and 

70 

r.;io.gnet.ic structure of the shock w&ve allow Sil 

to bre11.k the continuum of .Ma.eh numbers into 0 ~1 ~ ' 

three region•, provisionally.' 1) MA• (l,2.;2), : ~ ;i 
that h the region of a. regular o•cillatory 

structure of the wave front, 2) M• {273)1 

the region of u. turbulent l'lltructure of the 

front, a.nd 3) M > 3, the region in which the 

wo.ve is alwa.ys upset o.nd the .front i s 

broadened. 

Fig. 4 a,b shows oscillogro.ms of the 

B
9

- field in the -.o.ve together -.it.h the 

diamagnetic dgnu.l (the loyer beam), Fig. 

4-U 1,2 illuaLro.tea the ca.ae when genera.tion 

of the sinusoidal wo.v• a.t !r•quency - Wai 

with Gmplitude 1 rfaing Yith time, ill po11-

sible in the firat and 11econd r egion• of 

Fig,2. T•f(U); 1- llA; 

2- Tf; 3- TP; B0z•0.8 KG. 

Boz. y 

Fig, 3. T,. .. · f(B°'). 

1- TfJ 2- TP. 

llA. A.a a rule, the te111per o.ture riae ia atep-by-•t•p according to the 

oacillation frequency. Giveo in Fi8. 4b 1 1 the oacillogrem ahon 

minimum front Tidth at the upper boUJ).dar;y of tb first r egion of MA 

( 6r ~ 2 cm. a.t velocity vf- 4,6.l0 7cm./aec.) and h.t. oacillationa at 

the ma.xiJuUD of the eign•l. Jn thia case, tb• plo.emo. teaperatur• ta 

about 50 eV that corr•1ponU11J;,e to o tree -pa.tb l eng-th of the charged 

particlea, 1• 75 cm > L, ybere L i& the lie.ear a ize of the ayatem. In 

Cl\ae of bigger MA.' i.e. 2+a, a turbulent structure of the front is 

ob11er·nd (Fig. 4b 2) a.nd a. din i pa.tion 

length h found within the abort wave re-

gion. The condition• of s u per-critical 

wacb number11 {MA> 3) are cba.ra.cterized by ·•• the broadene d front with h,f, o• cilhtion• 
2
1 • 

(Fig. 4b 3) 1 or by a. "foot " (Fig. 4a. 3) nth 

a. sharp 11pla.ab of dia.ma.gnetic aignal. 

3 

... 

In t.he first r egion ot M.A• (l,272), the 

011cilla.tion• propa.ga.te a.head of the wave 

front tha.t i s due to tb6 ion diaperdon and 

wave group velocity grorlh :Jw /'K . Eat.i -

mated experimentally, the wavelength of 

theae os cillations (in the ra.diua r•3 cm) 

coincides,to the a.ccur&.cy of so%, ... ith the 

Fig. 4 a.- B
0

z .. 0.5KG; 

1- MA•2.4; 2- MA• 3; 

3- MA .. 4; b- B
0

z•O.BKG. 

1- liA• 2 ; 2- M.1"'2.5i 

3- llA•3.~. 

wave length calculated by form.uh /2/ within 8 • 20•-30• . 

For exnmple, Ar.x.p .. (4~10) cm. a.t B
0
z•0.8 KG u.nd KA.~2, There aa 

At1i• 7 cm. A conaiderable disparity bet ... een rated o.nd experimental 

ia a ttributed to inhomogeneity of the pla.hla. denaity ~n a.ud variation 

of the )la.eh number along the ra.diue a.a ...ell a.a variation of angle B 

between wave vector K a.nd Boz• Since (for o. given angle e) the value 

of .ilth 1n the interve:.l of llA. from 1 , 5 to 2 greatly d ecrea.sea 1 auch 11. 

coincidence of At.Ii and i\up ca.n~oneidered acceptable (....,so%) and, 

hence, the oscillations a.re wistler oacilla.tiona. It is electron• 

that are predominantly beo.ted in such r egular electromo.gnetic fielda 

i.e. in t he first region inequBlity Te> Ti i a s a tisfied. 

In the second r egi on (MA• 273) one can observe both a turbulent 

structure of the front tbB.t is probably due to the developuent of a 

a ultiltrea.a motion of iona1 a.nd oacill•tiona near the ion cyclotron 

fr•qu•ocy. Both tba cooditiona of g•n•r•ting ion-c;yclc:itron wlit.ve by a 

longitudina l beewi of electron• a.nd ion•mt.tg2B/ rrii<< Wp11Jl"(1+c.asze)j 
jZuJs~ «1; (3 ·10-~~< 2.8·/o-J«f) o.t fJ«1 tUui <.J/K > 11Ti 
• nd th• condition• of g•ner •ting t.h• 11.ulti•tr•llll. ion-ion inatabilit.y 

11A > w
0

- 1 + 3/~ ( 8Ji n.,K. Ter)/s:J'h = o + /. 5 o,t 81 =(o. s -!-0.8)K.!1 

•nd n.1mo.x = 5" 1013Cl>l-3 »11.c -:::.10
1'wi-' IVUI lf.i > V:,.,>lfs = (Ti/m,)'1,, 

are ae.tiafied by A le.rge mo.rf in . A. nonlinea r riae io the plHma. t.•-

p•r•ture with rhing UA' i.•. non-adiabatic beating, ia obaerved both 

in g•nerating ion-cyclotron yave •od in the caae of turbulent ahock 

wavea. Under the condition• of ion-ion doubh-tlow inat&bility(M.i>lfc)• 

•it.her pred•ina.nt1y abort-wave ( ft.«fe =nre. vt,/eB ) ei.ctroat•tic tn•t-

ab ilitha, or elect.romagn.etic-yith a longer va.velength- oacillation11/3/ 

it "'c/u.Jpeand w-( Wse u.Jsi)'1"' CQD be excited in th• &bock w4've and 

lea.d, by way of transforming into the plaama oaci ll•tiona due to the 

Cherenkov a.beorpt.ion ot pla•• w•v•a, to io.o heating. 

Fros the R•nki11•-Hugooiot relation• it tallow• that •t M.f8,~ the 

value of }2.. ia larger tp.n l, wher•a a for B
0

z • 0.8 KG And at Ml 3,~ the 

ratio ot gukinetie pr•••u.r• to na~gnetic pru•ure fie.tp •Siio
2 

kr/B~z • 

0.44-. Hence , the pli1.•mt1. temperature ia not lia.ihd byjJ but1 probably1 

by lon La.rmor radius. 
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NONLINEAR SPACE- TIME EVOLUTION OF THE ELECTRON CYCLOTRON 

INSTABILITY IN A BEAM-PLASMA EXPERIMENT 

J . A.C. Cabral and H.E.F. Silva 

LaboratOrio de Electrodinimi.ca - Complexo lnt erdisciplinar 

lnstitut o Supl!rior Ticnico - Lis boa - Portugal 

~- We ana l yse the space-tir.e evolution of the e lect ron cyclotron 

instability bursts. Their "gr oup velocity", after sat urat ion, becomes 

negative . A low f r equency wave start s t o grow approxima te l y when t he cy-

clotron bursts saturat e . 

1.- SPACE- TIME ANALYSIS OF TH£ CYCLOTROO BURSTS: - In our cylindrical 

interact.ion chamber (L•75 cm; 0 • 8 cm) a 2 KeV-10 mA electron beam creates 

its wn Helium plasma (p• 6 x 10-4 Torr; 8
0

•112 Gauss). Under these con­

dic.ions (ne•l. 3 x 109 c111- .3j Te•S • .3 eV) , we obser ved sharp cycl ot r on peaks 

(450 ~nt:t) close to t he upper hybrid frequency . The cyclot ron instability 

appears under the for m of r apid bursts ( - 100 ns) . These ones were analysed 

with a fas t aampling scope, triggered by the highest amp litude bursts oc-

cur rin& at z0•5) cm. In this way we defined a space- time domain running in 

space (z) from 30 to 73 . 2 cm and in time (t) from 0 to 110 ns . By the use 

of a convenient delay , the instant of triager ia set at t::.SO ns. In this 

space- time domain we can make cuts along lines of cons t ant z or constant 

t. Keeping T-Cte we made several "instantaneous pictu r e s" of the bursts 

a long space. , (Fig. l ) . In t his figure we can observe the large coherence 

l engt h of these burs t s as well a s t ht!ir tempora l gr owth , saturation and 

further decrease i n amplitude. A comple11en t ary se t of me asurement • was done 

by obtaining 10 cuts along lines of constant z. These tempora l analysia 

of the bursts confirmed the measurements of Fig. l on the 60 comon points 

of a pace-t iae. Fig. 2 shows the results of this double analysis in the form 

of an alti t ude topographic map for the amplitude of t he cyclotron bursts in 

a cvo- dimenaional space- t ime chart. In this figur e we represent with small 

circlet the position of t he cen t re of gravity of the bursts for several va! 

ues of T, We see tha t t he "group velocity " du r ing the growth period of the 

bursts i1 very small. As soon as the bursts satur ate the group velocity 

becomes nega tive and of t he order of - .3 x 108 cm s - l. This backward move-

mient of the cyclot ron bursts shall be explained in anothe r paper also s ub­

mi t ted to this Confe r ence [ 1]. 

2.- POSSIBLE CAUSES FOR THE BURST DESTRUCTION : - a) - TRAPPING:- By measur-

i ng the axia l velocity di strib uition func t ion of the beam elect rons , when 

leaving the plasma , we coul d show that crapping of the beam e l ectrons in 

the wave potential well can not occur , IS t he wave phase velocity i s s mal l er 

t han the •inimum velocity of these electrons (2]. b)- I NFLUENCE OF RE-

FLECTED WAVES:- By analysing the tvo instantaneous pictures of the insta-

bility £-field , obtained for two values of T separat ed by 1/4 of an oacil-

lation period we found t hat these two fie l d structures are separated in 

s pace by 1/4 of a wavelength , t he movement being towards the collector . 

Thia fact was verified in every stage of nonlinear deve llopu:ent of the 

bur1t1. Therefor e the cycl otron wave packe t is only composed by incident 

waves (lc.>O). Reflected cyclotron waves are unimportant as their group ve-

locity , due to the anomalous dispersion of the plasma, is positive , and so 

the reflected field s trUture is forced to nay pushed agains t the colhctct". 

c)- WAVE-WAVE I?ITERACTION:- Given the former cons i derations the nonlinear 

evolut ion of the bursts is pr obably r elated to some local phenomenon , oc-

cur r i na near t he r egions o f space- time where the bursts a ttain their max-

imum amplitu de. The mos t na t ural phenomenon wou ld be the modificat ion of 

t he plasina density by the excitation of the cyclot ron instability above 10-

m th r eshold value. I n order to observe, in a qualitative way, these possi-

bla density variations , we analysed the ion satur at ion current to a 

Langmuir probe in the same space- time domain in which we analysed the in-

stab ility £-field. Resul t s are prell!nted in Fig. 3 where we can observe: 

- while the bursts gro"• the "density" is relatively high and it falls 

rather quickly when we approach the col leccor; - as soon as the bursts 

saturate (T=SO ns) t he plasma "density" drops and \.le observe the f ormation 

of a long "valley" wi t h t wo deep we lls ; - As time goes on we obser ve. the. 

rise of a h i gh "densi t y" hump, later followed by another 11density11 mini-

mum for t• llO ns; - Therefore , during the dest r uction phase of the cyclo-

tron bursts we wi t tness t he forl!lation of a periodic s t ructur e on the p las-

ma 11denJ ity11 in s pace-time , repr esenting c.hc spontaneous excic.ation of a 

low frequency oscillat i on; - Identical analysis, made for other values of 

the axial magnetic field, between 60 and 135 Gauss , revealed similar pat-

terns for the evolution in s pace-ti.e of both the E- field of the instabi-

lity and the plasma "density", 

J.- CONCLUSIONS: - The field structure of the cyc:lotron instability era-

vels backwards after sat uration; - a low frequency 11dens ity11 wave appears 

in close correla tion with the nonlinear development of that instabilityi 

- A qualitative explanation for theae two facts shall be given in [1] 

based upon the consideration of a nonlinear three-wave interaction process, 

of the parametric decay type , involving the cyclotron wave , the "density" 

wove and anothe r mode of our beam-plasma system. 
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A QUALITATIVE EXPLANATION FOR THE SATURATION ANO DECAY OF THE 

ELECTRON CYCLOTRON INSTABILITY IN A BEAM-PI.ASMA SYSTEM 

J .A.C . Cabral 

LaboratOrio de Electrodin3mica - Complexo Interdisciplinar 

lnstituto Superior TC'cnico - Lisboa - Portugal 

ABSTRACT - We show that the saturation and subsequent destruction of the 

e lectron cyclotron bursts is due to a parametric decay process which orig-

i nates strong density fluctuations in the p l asma. 

1- EXPERIMENTAL EVIDENCE FOR A PARAMETRIC DECAY:- In another paper, also 

submitted co this Conference [(I, ...,e presented some e xperimental results 

suggesting that the low frequency densicy oscillation is a direct nonlin-

ear effect of the gro..,.th of the cyclotron instability above some threshold 

level. A possible me chanism which would lead to Ch e gror.Hh o f this densi-

ty wave is the parametric decay:- indeed , the main cyclotron wave (w
0

, k
0

) 

might decay into that dens i ty •.o1ave (w
2

, k
2

) and another mode (w
1

, k 1) of 

our system, satisfying the synchro nism conditions : I) w
0 
-w1 + w

2 
and II) 

k
0 
.. k

1 
+ k

2
. To chck on the first of these conditions ,,,.e injected 

chromatic wave at z=43 cm an_d we looked for changes in the excited frequerr 

cy spectrum at z•53 cm. The beam-plasma parameters were the same as in [ 1] 

except~B0•60 Gaus s. This value of the magn e tic field permitted the best 

resulcs . We veri f ied that the injected waves only modi fied the spontaneous 

frequency spectrum if their frequency was close to f
2 

(density ,,,.ave) or to 

£
0
-£2" In Fig . 1 we sho•.o1 the result of the injection of a h.f . wave with 

f
1 
.. zos MHz . In this figure we observe a large increase in the amplitude of 

the spectrum around f 2•2 7 l·Olz . The mai n frequency of the cyclotron wave 

packet was f
0

• 235 MHz. A complementary check wns made by injec ting a l.f. 

wave with £
2
• 27 }lliz . _In f ig. 2 ,,,.e see that the injection of this wave re­

sulted in the 3ppearence of a large hump in the spectrum around f
1
· 208 MHz 

(£
0

• 235 MHz). These measurements permit us to conclude that relation I) is 

i ndeed verified. the same conclusion holds for other values o f B
0

• To check 

on the second synchronism condition, we determined the value o f k
0 

from t~ 

cyclotron wavelength (>. 0·~,7 cm) taken from Fig. 1 of [(I . An estimate for 

k
2 

can be taken from Fig, 3 of the same paper 1 where we can see that h2 is 

of the order of 40 cm , and that k
2 

is negative. So , condition II) can only 

be fulfilled if k
1

>k
0

: - this means th3t this parametric decay process is 

o nly possible if the b-p system will have ano:nalous dispersion around f
0

. 

In Fig. 3 we have drawn a simplified and semi- quantitative dispersion di­

agram, taking into consideration the numerical results obtained in [(I. 

This figure illustrates t he parametric de c ay o f the cyclotron wave (A) into 

waves (B) and (C) satisfying both synchron ism conditions. Points (A) a.nd 

(C) were experimentally determined and point (B) was located in k by the 

use of equation II) , As point (B) qualitatively fits the expected disper-

sion c urve for the cyclotron waves, this parametric process is likely to 

occur under our experimental condi t ions . The va lue for the group velocity 

of the cyclotron waves, taken from this figure (v
8
=-8 x 108 cm s-

1), agrees, 

in order of magnitude, with the one we experimentally determined in [(I . 

2- It.'T ERPRETATION Of THE RESULTS : - A qualitative expl anation for the nonli_!! 

ear evolution of the cyclotron instability in a b-p system is f ollows :-

n- Let us assume t hat when the plasma dens ity , driven by some s teady sta.te 

ion oscillation, at.ta.ins a certain threshold value [2] [3], the cyclotron 

instability starts to grm1 exponenti;illy according to linear theory. b- th! 

instability is abso lute and so it grows in t i me everywhere . An amplitude 

is reached a t which we must consider nonlinear processes. c- by this time 

the b-p system has develloped a first o rder density perturbation with 

frequency f
0

, thus becoming parametrically driven by the cyclotron instabi.,!_ 

ity (A) that behaves like a pump wave. The system permits now the gro.,,.th of 

two new waves, (B) and (C) , satisfying the synchronism re la t ions. d- a fra,£ 

tion of the energy extracted from t he electron beam by the cyclotron wave 

is delivered to both parametrically generated waves. This explains the sac-

uration of the instability. e- as the density wave g r ows , t he dispersion of 

the plasma changes according l y, chrough local variacions of wpe and wuh ' 

The dcns icy fluctuations, now wich frequency t
2

, are strong enough to leave 

the inicially unstable zone (square around A) out of the instantaneous d is-

pcrsion diagram. f- The cyclotron "Wave packe t is forced to readj ust itself 

to the new dispersion conditions by adjus t ing its k values . Therefore t he 

cyclotron wave becomes uncoupled from the beam waves and this explains che 

backward movement of f ield structure after saturation (vg<O) . g- The cycler 

Cron wave reduces its amplitude as it is now the on l y source of energy to 

the growth of the two new waves and it final ly vanishes . h- The density 

wave also damps away, in abouc 500 ns, because the next eye lo tron bursts, 

excited when the plasma density is momentarily high, do not grow above the 

threshold level fOr the occurrence of no nl i ncar phenomena [4]. i - Probably, 

che excitation of another high amplitude burst can only t a ke place after 

the density wave has been completely daaped . Then, t he ion wave lead s again 

the plasma density , smoothly towards the critic.al value above which the ex-

citation of the cyclotron instability takes place. j- The cyc l otron wave 

grows and the closed cycle of events jus t described repeats i t self. 
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NON-LIN!WI INTl'!l!Ac:!ION OF WAVE! IN J.V INHOllOGINE0!5 BEAll-PL'S.:A J.!EDIW 

V,V, ])()IJ)OPOLOV+>, R. N. EL-6Hm!Ef, 11.11. EL-611\AGY and A,11. l!OSSEIN 

Atos ic Energy Authority, C&iro, EgJPt. 

Abstract.: The author• consider the formation of yave s at. double frequency 

at the inlet of a bea.m into 11. pla1ma. They abow that t hose 'lfQvea can 

p l ay a greater part i n t he beam interact. i on with plaama t han the n vea a.t. 

baeic Cre que nc iea , e ven in t.he cau of a wea k non-lineari ty. 

W&Te interact ion in a. homoge neoua , infinite , weakly non- line ar med-

iwa i• knoTD t o b e t e e..d ble provide d t he aum o f fr e quenciea e..nd the aum 

ot ye-ye vector• of the iot.eractiog wave s lll"e z e ro. J n A r e1ion where 

the medium ie aubatantl&lly inhomogeoeoua 1 the wave vec1.or' • component 

dire cte d tt. l ong the me dium inhomoceoeity expa.nda into a continu1tm of 

value 11 1 i.e. t he concept of wa.ve vector l oae e it. senee. Therefore 1 the 

wavea which do not inh r ac t in a bomogeneoue me dium, can do eo in an in-

bomogene oua medium. The waye interaction at combina tion fr e quenciee in 

& s harply bounded /1/ 1 or weakl y inhomogeneous /2/ 1 plaema. can give an 

example. 

we con.aider here a non-line ar interaction,· viz. the formation or 

wayee at double fr e quenciee1 with a. •o•og ene oua low-denllit.y e l ectron 

bet• propac at.tng in an inboaogeneoua pla•&. 

When the beam deneity ie amall aa compare d with the pla ... a denlity 

&od beam LAnpiuir f r equ ency ia amall &e compared with the wove fr e quen cy , 

the TATe pbaae Teloci t.1 h cloae to t he bea• Tt locit7. In thh caae , 

non-linear inter action aaaociated Yi th t he plaema can b e negle cted e.a 

compared with that a.eeociated rlt.h the beam. Then 1 aeauming that the 

'X~ia ia dire cte d &long the be• propagation a.od a ll T&luea &re 0017 

dependent on one epatial coordinateX, 'ft ahall obt.ain - for de acribin& 

the elect.roetatic oa cillatione - the t olowing eya t em of e qu&tionu 

'/[ + (llt-ll)£r =-~ E, ~: +99x{(1,+n){Ut-V)j =o, } 

0tr1 e 'dn' 'd [ J 0£ /. 1 ) (l) "t'"'--£:.,--r- fll"'l·tJ =o, -=-.(,.;n~n.+ll 
" m -;?t :;Ix f 'dx , 
Ybere L4 &nd nb the Telocity &nd d enlity Of the unperturbe d beam r e epec­

tinly (U)o ) 1 nftxJ -the unpertur bed e t ectroo pt••ma deo•it:r, tr, n. 
&tld V"\ rL' ar e t he p•rt urba.t i on• of the ve locit.7 a.nd denait.y of the beam. 

&nd thoH of the pl••• reapect i Tely1 aaaociated rlth ele ctroata t.ic 

field£ • 

Suppou, the oacill&tiona ue excited b7 a monochroaatio externa l 

aou.rce with frequen cy CO placed on the left from the plama To lame. 

Theo, io the case of a weak non-lloearlty (/fl/« nb ,/lf/« U. ), an y .alue 

d••cribing the oecillati
0

on1 jfx,t} can be repre sente d ln the rorar 

.A A -ICi)f it -1:t11Jf 
r(x,t) = /(<ttl.e + "f:t).e 't ....... 1- cc . 

J .t 

where I "J I~ !/;,I 
Froa relation• (1) , (2) we obtain 

cP6 -k.1 

"(/xt +-y- G =o (a), (4), 

There . 
't! - iEJx _jt.<o~ 1 !l if: 
C>-=E.e ~Et:t!, G=E·e 7T.'qzJ, "It::(/);, w1, = (1MenJ, ) ~. 

J .i .t l.' ~ m / 
.,;t w' a 1' 

EtxJ::1-,1, cll:J =1-,...J;. l<l6rJ=( 'i"e np\ '~ w6.# f, 
"' ... 4-tu• , f 771 / ~ (<) ~ 

/<.. = - i. i e"' .f(i .4 ,,._· .!/ c,]1 
?17. u '°f L l dz J ~ t. 

(5 ) 

Eq• . (3) i ( 4) giTe t he fielda at ba.aic and double frequen c iea for an 

•rbira.ry dependence of plamm.a denaity on X' . 

Ve • h&ll eo l ve theae e quat.ione for the caae of a aemi-bounded, h omo­

&•n eoo.a p la• a, then 

x >o (6) 

n"om (3)- ( 5 ) it folln• that r~nctioo• '!;(r) • od G,_<.rJaod t h e ir 

t i r•t. derivat.hee o·rer X are cont.inuoue a t the point. X=O. 

taking i t i nto 11.cco!;l.Dt., we han a ., 'k, 

y: /l dz B -1/lx y: 11 '¥r:IC B -tit!)( 
l:>= .e r .e X<o ,0=(10e f 

0
·€ :Qo 1 (1) 

wher e 

/l= }ft+tf)/l-r(l-ff')Bj, ~=+ft-YB')./l+(Mf).1!}, 
~ and Bare t.be con1tanta. 

(a) 

I nsertin& expreuiona ( T) into (6 ) 1 'ft can write the aolutione ot 

ho11o&eneoua region• or t he mediu. - irreapecth·e of the Y8Te1 with b&eic 

frequency). Uoiog expruoiooa ( 9) aod (lo), ... can find~ and ~fro• 

the continuit7 condition of function• ~lX) e.nd d~/Jxat the point X=O. 

In the cue of • he .. ioatobility ( e
1 
< O ), ~ yield.o .. plitude 

of a riaing wa·we whereaa ~ giTel that of a da.ping w&Te.. Thtrefore, 

we giTe the e.xpreaaion for 4: only 1 
t ~ 

~ = f ime':wl ·(o<..:/l+o<__-8-r).flB) ' (11) 

where ~ l l 7 
'} =~· (E +f-)-Hf >'i;· (e,,-1) '} = !i'C{\-1}-~·(E-r.)_j · 

.Aaplitude of a riaing aecond harmonic ia fowid here &e a function 

of .. plitude a of the beam oacillation at. bade fr e quency in yacuua. 

From t he aboTe it fo llon that in caee E,_< O t the fie lda of t.be 

aecond harmonica rlll conliderabl7 exceed those of t h e w&Tea with basic 

frequency at a aufticient depth froa the pla•a aurtace - eTen if the 

condition• for applicab ilit7 of the approxt..ation of n ak non-linearity 

are eatiafied. The obtained r eaul t e are T&lid if width of a t.raneitioa 

p l a .. a-ya cnam layer la q&ller than i./~ . 
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W.l.VB COUPLING IN A NARROW INHOllOGEN!:Ots L.l.D!R OF Till!! loLl.GNETOACTIVB PLASllA 

V.V. DOI.GOPOLOV+), N.11. EL~IIUGY and Y, .l, SAYED 

.J.tomic Energ7 .A.utborit;r, Cairo, Egypt 

~t Effect of the magnetic field on w111.v1 coupling in a narroY in­

bomogeneou1 pl••• l ayer i• 1tudied on ex .. ple of the generation of tbe 

aecond ba'"-onica. It h 1h0Tn that, du.e to the 11agnet.ic fie ld, the in­

tenait1 of the Hcood harmonic• radiation from the pl•••• i..,..r can 

•h•rply increaae . 

With the adve nt of poYertl'C\l eourcea of monochrom•:t. ic e lectroaagne tic 

w11.vea-la?;er11, the i nt.er e11t. to oonlinear ioter a.ct.ion ot the•e ya.ve• in the 

pl&•aA ho11 no• beco•e gr eater, But io mo•t theoretical worb ( e . g. eee 

/1, 2/) thh intera ction ha. 11 b een only atudied in the a.pproximation of 

wea kly inho•ogeneou• ,plaqa, or hogog•o•oa.• aeaii-bounded plaqa Yitb u. 

11 hu.rp boundary. In /3/ the a.uthora con•idered nonlinear ioter actiou with 

the formation of wave 11 u.t double fr•qtae nci•• in a narrow, arbitrarily 

inho•ogeneou• l ayer of i•otropic plaama.. Here, ... con11ider thi• effect 

for the caae of aaguetoacti....-e plaqa. 

Th• initial 1y1te111 of equation• for the co•ponent• of the ehctro­

JDDgnetic field E a.o.d Hand the perturbation• of the denaity'- and velo­

city ii of pl..,..a electron• rill be auch: 

[v,fl =-i 'lli., tv,iiJ:Lli-~l"•'t)ii ~tlvtn ")vl-o 
c lt_ c "* c • ' at ' .• • 1- , ( l > 

~-tltiVJv =-~( E tt(ir,°ii,•iiJJ, _ 
whe r e n0 -the unperturbed density of 9 111.ec a. electron• c;~::. o ), H, 11s 

the cona te.nt 11a.g net ic lie"ld, 

In the caee of 111;~nochromatic extern a l tie ld with f r e quency Ge) And A 

Teak nonlinearit;r, any value f (Y°,t) de .scribing the steady state oacil­

l ation a in pl•ma, m•king al'lov&nce tor the terms proportional to aqua.re 

amplitude, can be r epr eeented in the .lorar 

· t _; .• ..,t If I I I f1i';t1 =-f!rie'"' t~ti'1 e + c.c. (2), Yhere, a\rl ~ ~lrl. 

Ae in /3/, ve condder that n
0 

ia an o.rbitra.ry, continuoue function 

of 11. in the region o 4 "/... 40. 1 e qual to zero at t.4 O and X.). O. und ii in­

dependent or ~ and 'l . H. ie directed a.long the z -a.xi•. Tbe vave yector 

ot a -pola.rhed electrollAgne tic wave incident on a. plaga.1 lie& in the 

phne --.o~ . Then, the e l e ctro12agnetic fi e ld ii independent of i. . 

In thh co.11e, repreaenting E , H , 't e.nd ii in the form of (2), 

obta.in frOlil the aystea ot equation& (1) in the zero (linea.r) a pproxi.1u-

tion ot the theory of perturbat.ione tba.t: 

{E, +?L•.t. =0 (3); H,=n.E. , 11,:i~.~• (4 ); 
••• l ~ • <.) "lll< 

.• • <12 
wbor• ttr> ~~(•\.ek~ '¥.l'l·~~. ew~1-.ft,.a1x1:l~ire'n,)' n:~. 

i t.:)1. ' "' Q 
.lllowing for the Hcond term in (2), in the next approximation ye 

eho.11 obtain frQll. (1) the follo•in& e quation for the magnetic field of 

p-polarhed vave a.t double frequency (e-pola.rized w1ivu ar e not genertt.ted 

io our CA••) i 

..-here 

yave length11 

) .. _l.i. 1!!) + J( ~II = tt , 
""'£.i. dl< 

J(~'l= l~)·- ~·+1k.~b ~)· 
:.i. ' • 

\ioeo.I «.1, ko. (( 1, 

f.\"&l =. £~-£~ 
.l £ ' . 

~ 7) 

and n'~ 1 . Then tb• •olution of (3), that h correepooding to wav e in­

cidence on tbe pl&•a. from the left eide 1 oa.n be approxiaately written 

in tbe torm.1 

t r ;k.• 
1 ~ c

0
• e 

There k = ~ J:"""*3. .,.~ • c /1-n-,w:o. 

(s) 

Since R:O at X (0 and x ) o., the ao lution of (5) 1 in vacuum 111u11t. 

take the form of wavu radiat ing f rom the pllu.110. layer to both side&: 

(9) 

where H+ a.od \-i_ a.re the con!ltllnt.11 as rehted to X. . 'Ta.king into a.ccount 

(7), one can look for the 11olut ion of (.5) in the region O~'l'.."-0. 

u11iog the me t.bod of 11uccea11ive &pproximationa / 4/ : 

Hix\ = 1t' -t 1-1
111 

• •• • ( 10) 

.le a. result, we ha ve: 
lo) (i. -.! 

H =°B-tjdx'f;.(A•)dx'R), 
• .l • ( 11) 

vhere 0'--1..'0., ~ a.nd \) a.re t he integr .. tion con11t.ant•. 

Frolll relo.tionahipa (9)- (11) and frow t he continuity condition tor 

1'unctions H(i.) o.nd !!!, at the point.a X.=0 and X ~ 0., Ye ahall f ind 

~· 
amplitud•11 of the ma.g:net.ic field of the second htarwonice (..-a.vea with 

double frequency) in vG.c uums 

• l 

±.t.JJ..e.._\d/'R. 
2 • ) 

proportional to Q.t 

Ueing expressions ( e ) und (e) in ( 12 ), we h~ve 

l\, =~·c .. ~{+.t~ ~l~£2E3-£1\ .. ~.SE-E 1 "f(ik t!!!! .kE)}. 
t"rlc.l.i) ) ti E, - E2 k. H 1} wli i 3 tj • IJH 3 

In the co.se of a l ow-dens ity plasma when I ~~ ~ l «. \ 
4i.i- l.o)" 

expre111Siou (13) takee on the fonaJ 

Ht = ~7e'N ·l-'~·l~ :t k,\ + {I ,1).k) . £' , 
tri'ccJ i..c.)1-w~) :).c-) ,.. ') ' 

(12) 

( 13) 

( 14) 

... 
whe re tJ = S n_oo.ch. i11 the total numbe r of electrons per uni t aurfoce 

• of the p la.sma byf! r. 

It f o lloY• frow (13) and (14) that, in t he case of mn.gnetoactive 

pla.ame., genera.tion of t.h e second harmonica incre o.s ee sharply when in­

cidence a.ng le of the waves with b o..sic f requency goea to ~ i. e . k."1'0 

{ye note tbot •t k.~k.ka. con11ideration bec°"ee inapplicable). 

Aho, from (14) it ca.n be r eadily aeen that , at low demiitiea of a. 

phsmo. (.Q.t(.t.l ), the qplitude.11 01' -.&.vee at double frequencies incree.a e 

sharply vhen (JH a.pproa chea 2Q • Ho• ever, 11.a i t 1'ollow11 fro.11 (13) , u. 

s imila.r ettect doe 1 not exht at .0. ~ 4l 

In the caae of a. low-den.aity ma.gn•to&.ctive pla11ma, aa dhtinct from 

the ca.ee of hotropic ple..ema, the second harmonica are r adiated fr om the 

pla.ema layer to both ddea . 
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SPATIALLY RESOLVED INSTABILITY MEASlJlm.!Eli'r WITH A HEAVY IOll BEA'! PROBE 

W. C. Jennings, R. L, Hickok, and J , C. Gl.awienka 
Plasma Dynamics Laboratory 

Rensselaer Polytechnic Institute 
Troy, Nev York 12181 USA 

Ab stract : A heavy i on beam probe has been used to make simulta neous 
measurements of t he amplitude and phase of both densi ty and space poten­
tial fluctuations i n an energetic arc plasma. De t ail ed comparison with 
theor etical predictions i dentifies a 70 JOlz coherent oscillation as a 
Kelvin-Helmholtz instability localized to a region of' strong fluid shear . 

INTRODUCTION 

Unambiguous identitication of instabilities in high energy density 
plasmas bas been exceedingly difficult. 'l11.1.s is primarily due to the lack 
of space and time resolved measlU'ements of bot.b plasma d ensity and space 
potenti a.l . We have now demonstrated that i on beam probi ng can provide the 
r equir ed i nformation . 'llle present wor k i s concerned wi th the detail ed com­
pari son of t heor etical pred ictions and experimental data f or a Kelvin­
HelJr.holtz i nstability in an energetic a.re discharge . The techniques, how­
ever, can be extended to larger plasma systems and in _parUcul.ar , should be 
applicable to the study of trapped particle modes in 'l'Okamaks . 

An ion beam probe diag nos tic system is shown schematically in Fig. 1. 
A beam of s ingly charged pr imary ions is directed through the plasma norma..l 
to the confining magnetic fi eld . Some. of' these are converted to doubl,y 
charged secondary ions by electron iapact . 'lhe intensity ot tbe secondary 
ion beam provides a measure of the plasma dens! ty and ilectron temperature 
at the locati o n wher e the secondary ions were created . The energy differ-

:~~~:::~~ ~~e:!~ a~~~~n~~eb~:':~1!~1~n di~e~:6m:~~~d 0~~:ereso-
l ut i o n 1a l ess t han 10 µ.sec , al.l owing detailed measurements of low frequency 
pl asma inatabilities . 

? ~~:r--"""'~;;;~::::~ 
OPTICS 

Fig. l: Ion Beam Probe Diagnostic System 

EXPERIMENTAL MEASUREMENTS 

'Dle instability study was carried out in an energetic hollow cathode 
disch arge vhich was operated vi t h a solenoidal &agnetic field or ~ 2 kgauss , 
'lhis ff:'C produced a 3 cm diameter He plasma w1 th a Pf:ak density Of the order 
of lo-1-.. cm-3 and an electron temperature of ~10 eV. The plasma was sub-
j ect to a s t rong coher ent i nstability a.t a f'l"equency of approximately 
70 KHz . 

Figure 2 shows a typical beam probe profile measurement along a plaaa. 
di ameter . '!he c entral. trace is the t"luctuating component of the plasma 
density a nd shows strong r adial l ocalization and essent i ally z.ero amplit ude 
at t he center of t be plasma. The second trac e is t he t i me-avera ged space 
potent i al profile along t he same diameter . Detailed examination or space 
potential profi l es shows t hat there i a a r ever sal. in t he radial electric 
field and tbat the instabi lity is max:im.um in this r e gion or strong fluid 
shear. Both tra ces in Fiig . 2 are asymmetric whereas t he corresponding time-

Fig. 2 : Fluctuati ng Density 
Amplit ude and Time-Averaged 
Space fbtential Along a 
Dian:eter of tbe Plasma 

~veraged dens! ty d ietr ibu tion poSBesses cylindrical sym:Detry. Space poten-
1&1 fluctuations are somewhat noisier a nd s how the same characteri stics as 

the dens i ty f'luctuationa e xcept the radi al location of the peak a.mpll tude i s 
allghtl,y amaller . 

-f-~- Fig . 3: Fluctuating Density 
Amplitude and Density- Space 
Potential Phase Difference Along 
a Diameter of t he Pla:ma 

Figure J shows siailar radia l plot of the :rtuctuating density 8.Clpll­
tude along with the density- space potential phase angle. Since both density 
and space potential fluctuet.tions are measured simultaneously, this phas e 
difference can be directly mea sured . Almost all the variation 1.n phase 
angle is due to the space potential phase. Density phase measurements 
shov a nearly constant phase on e ither side of the plasma. There is an 
~ 18o0 phase shift at the center, est ablishing an m • l azimuthal aode. 

Var iation of the axi al magnetic f'ield causes large changes in the 
characteristics of t he instabil ity, as s hown in Fig . 4. Tbe left hand 
oscillogr ams show t he fluctuati ng density and the time-ave raged apace 
potenti.al along a chord that is tangent to the peak amplitude r adius . The 
r ight band oacillograms are epectrut1. analyze r tracea of the density signal. 
As t he cagnetic field increases the gradient:s in tbe apace potential 
become more pronounced. This leads to larger instability amplitude and 
increased coherence . Similar variation in the s pace potential profile can 
be produced by varying the arc curr ent while maintaining the magnetic field 
constant. This also leads to the same type of beba.vior for the fluctuation 
spectra and clearly demonstrates that the radial space potential profile is 
the dominant parameter controlling the instability. 

-••·· Fi g. 4 : Ef fect of Changi ng t he 
Con fining Field. Left Hand 
Oscillograms: Top Trace is 
Fluctuating Density Amplitude, 
Lower Trace is Time-Averaged --·- Space Potential Along an Off­
center, Detector Line . Right Hand 
Oscillograms : Spectrum Analyz.er 
Trace of Density Signal. _g . ... 

-&•·~ 
CCOO'ARISOll WITH THEORY 

The ability to make space and time res olved measurements of both den­
aity and space potential permits us to make a detailed comparison with 
theoretical predictions . 'nle s t rong dependence on the space potential 
protile and the localization to the region of maxiam fluid sbear suggest 
a Kelvin- Helmholtz instability. We have compared the measurements with 
predictions baaed on a model developed by Jas s by . 3 This mode l predic t s 
localization to r egions of maximum shear, e,,/k:ri ')) l, and a large variat ion 
in the density- space poten tial phase angle in tfle region of the maximum 
shear . The exper iment a l results a re in excellent agr eement vi th the pr e ­
dictions . The localiz.alJ:on and pha se variation are s hovn in Fig. 3 and 
the mea sured value of ti.~/"t:ri > 25. 

We have also used a general flute model developed by Rosenbluth and 
Simon4 to predict the eigenfrequency of the i nstability and the radial eigen­
tWJcl.luu~ of density and apace potential. Tbu model take &: th@ fl"lrm nf' R 

radial .,ave equation which llUllt be evaluated numerically. The analysis 
was made specinc to the present experiment by using a rotatioo profile 
determined from the space poten tial measurements. Figure 5 show a t he 
mea sured and calcul ated r adia l profiles for t he amplitude and phase of the 
density fluctuations . The calculated eigenfrequency is 135 KHz compa r ed 
witb the experimenta lly obs erved freque ncy of 70 KHz. The ogreement is 
very good, c onsideriog that t he model u tilize s a linee.r perturbatic.n 
analysis and assumes cylindrical symmetry while the measurements are made 
in a non- linear regime and show definite asyu:.e try. Similar agreement is 
obtained for the amplitude and phose of the space potential fluctuations . 
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Fig. 5: Amplit ude and Phase of Densi t y 
Fluctuations vs Radius . Dotted Lines 
and Points are-Exper imental Data. Solid 
Lines are Theoretical Predictions . 

CCNCWSIONS 

A heavy ion beam probe is capable of providing the s pace and time 
resolved aeaaurements of density and space potential in high energy density 
plasmas that are necessary in order to obtain an WlUbiguous ident1N.cation 
ot plasma instabilities. Excellent agreement be t ween theory and experiment 
ha s been obtained for a Kelvin-Helmholtz mode in an energetic arc . 

l. R. E. Reinovsky, J . C. Olowienka, A. E. Seaver, W. C. J ennings and 
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ION-BEAM PI.ASHA INTERACTION AT THE ION CYCLOTRON FREQUENCY 

A. Coede, P. Massmann, H.J. Hopma.n, J. Kiscemaker 

Association Euratom. - FOH 

FOM-Instituut voor Atooar en Molecuulfysica, Kruislaan 407, Amsterdam 

The Netherlands 

Abstract: Injecting an energetic He+-ion beam obliquely into a magnetized 

plasma, we obte r ve the excitation of ion cyclotron harm:mi c waves (ICHW), 

propagating azimutha l ly across the applied magnetic fie ld . These measure­

ments are discussed in the framework o f the linear theory of electrostacic 

instabilities in a homoge neous Haxwcllinn phsma, trnversed by a mono­

energetic ion beam. 

Experiment: A He+-ion beam (energy 10 keV, density 107 cm-3) is in­

jected into a beam. created plasm column (density 107 - 108 cm-3, electron 

te~erature 5 eV, length 1 m, diam. 2 ea) , which is confined in an unifo['ll 

magnetic field B (up to 6 kG). The beam is injected with a slll411 but finite 

divergence, which gives the beaa ions a velocity corqx>nent v
0

z parallel 

and vol perpendicular to 8. We have the following ordering in velocities: 

Cs < vnl. << vthe and v
0

z. ~ vthe (vthe is the electron thermal velocity, 

cs the acoustic velocity). Holt measurements have been done in Helium at a 

pressure of 2.8 x 10-S Torr. Under this condition we have the following 

parameter range: 0.9 < w /OJ • < 8, and O. 7 < 111 b/114 . < 2 where 1142 
-

2 2 P CL p pi p 
upi + wpb (wpi and •pb a re the plasma. frequencies of plasm.1. and beam i ons , 

Wei i s the ion cyclotron frequency). The observed waves are picked up by 

two Langmuir probes. Their phase velocities are determi ned from the phase 

shift of the wave AS a function of probe distance. 

Measurements: In this system we observe the excita t ion of waves , 

which are connecced to the ion cyclotron harmonics . Fig . I gives freq uency 

and at11plitude as function of 8. The osci llations are observed i n a rather 

wide range of 8-field va lues . However, the amp li t ude o f the wave does not 

remain constant when varying 8. It shows definite maxima as shown i n the 

l ower h alf of Fig. I. One C"-O distinguish three instability regions. l n 

these regions the number of cyclotron turns made by the beam ions i ncrease 

from I to 3/2. The frequency difference (w -wci) is weakly proportional co 

the p l asma den s ity. Dy t•kiug u2 o r Ne insteaJ of He as a Largt:!t ga::.;, wt:! 

cheeked that th e frequency of the excited waves is connected to the cyclo­

tron frequency of the plasma ions and not with the ions of the beam. 

Wave propagation meatureaents in axial and radial direction do not 

show a clear pha.se shift. The aagnitude of the azimuthal phase velocity 

vph i s in the o rder of 10
4 

m/s, measured ac the edge of t he plasma column. 

The measuremenu have been done in the three i nstability regions of che 8-

fie ld. Only the propagation of the first harmonic has been studied. 

Written in cenu of the cyclotron frequency and the beam radi us a, we gee 

the experimental relation for the ai;im.ithal phase velocity: vph -

(0.9 ..! 0.2)Allllci' This means vph • vol, s upposing vol., awci . From the 

frequency and phase velocity it follows that the instabilities near wci 

are n • 1 modes. 

Theory: Fr om our mc05 u reme.nts it fo llows that we should focus on 

slow waves, propagating across Che magnetic field , wi th a frequency nea r 

the ion cyclotron frequency and its harmon i cs . The instability frequen cy 

shows a weak dependence on th e plasma dens i t y . Si nce the waves are connec­

t ed to the ions of the plasma, we may consider the waves as plasma modes, 

driven unstable by the presence of the beam. 

The electrostatic diaperaion curves for plasma waves with kz • 0 i n the 

low frequency regime, the 10-called ion Bernstein waves, exhibit the above 

mentioned propertiet (!]. Ion Bernstein waves are essentially undamped. 

\lhen the propagation direction deviates a sma ll amount f rom exact perpendi­

cularity, they become Landau dU19ed by the plasma electrons. However. the 

measurements of Fi&. 2 , show no measuuble phas e shift i n axial direction. 

Assuming the phue thift co be Leu than o . I ps over 40 cm, it means that 

111/k!. > 4vthe and tiJ/kz. > 6v
0

z (lj/kz is the axia l phase velocity). Hence, 

electron Landau damping can be neglected and the approximation kz. • 0 is 

justified. As a consequency the perpendicular beam velocity component is 

supposed to be the wave driving mechanism, s ince a resonance between 

parallel beam velocity and wave does not exist if kz •O. 

To work out this hypothetis , consider a collisionless magnetized 

plasma, which is taken uniform and infinite. The propagation characteri s­

tics o f small amplitude electrostatic plasma waves a r e given by the Hnrris 

dispersion relation (2]. When we substitute a Maxwe llia n for the phsma 

and a 6-funct i on fo r t he velocity distribution and assume klpe » I , we get 

the following dis persion relation for pu re perpen dicu lar propagation: 

. [w2, 
L: -r w ' n• I c 1 

-•i 2 2 ] 2 2 e I ()..) w b I d J (\J) 2 n u . 

---"- -'- + 7 - --"- -y-ft- -
Ai "'ci µ du i.i -n wci 

(J
0 

and 1
0 

are the Bessel and modified Bessel function, Ai • I ktp~, 
u • k1 vol/c.ci' p

5 
• Larmor radius species s .) 

This dispersion relation is formal Ly identically to that fo r electron 

cyclotron vaves \ol'hich has been treated before by Tataroni s and Crawford 

(3] . They showed chat this dispersion relation contains unstable wave 

so lutions around the cyclonon harmonic&. Also they proved that thes e in­

stabilities are absolute in nature. We have numerically solved this equa­

tion for the ions, taking lJ real and w comp l ex. ln fig. 3 a specific con­

dition.! is plotted . We find a rather s trong instability at r..i ,. 1.5 Wei 

and the s ubsequent harmonics . The magnitude of cite growth race is about 

Im w/wci RI 0 . 2, which means a growth o[ abou t 10 dB per cyclotron period. 

The vaiue of the instability wavenutlber is u .. 4. This is about 35% larger 

than the experimentally found value . The instability Crcqucncy is about 

7% too high . The experimentnlly found increase in instability frequency 

with density is presen t in our model. The instability threshold is 

strongly dependent on the parameter w/wci . At high 8-fic ld the theory does 

not predi ct instability, contrary to our experimental results . 

Discussion: ln his ion beam-plasma experiment Cabovich pre.sum.ably ob­

served the same: type of instability as we did (4] . Hit interpretation how­

ever differs fro• ours. He atcribuces the excitation of the ion cyclotron 

harmonic waves to the spatial inhomogeneity of the bea11rplas11.:1 sys tea. 

Indeed the radial density gradient is not negligible and the azirra.i.thal 

propagation s ugges ts drift waves. le is thus possible chat the ins tability 

i s an i on cyclotron drift wave (ICW), which was recently i nvestigated by 

Hendel and Yamada (5] . However, in our experiment the ion drift frequency 

i s a factor ten smiler than t he ion cyclotron f requen cy and also our phase 

velocity is proportional to 8 , unlike the phase velocity of l CDW which are 

inversely proport ional co B. So i n our experiment we do not expect a s tron g 

inf l uence of the density gradient on the wave propagation. However , the 

instability th reshold is lowered by i nhoioogenc i ty. 
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plasma with a ve locity distribut ion which consisu of a mixture of a 
Maxwellian and a 6-funccion. Low B-field case . 
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ION BEAM EXCITAT I ON OF ELECTROSTATIC I ON-CYCLOTRON WAVES 

N. Rynn, H. OOhmer, and J. P. Hauck 
Physics Department , University of California 

Irvine, California, USA 92664 

Abstract: Electrostatic ion-cyclotron waves are excited by a 

cesiwn ion beam injected into a cesium plasma in a Q-machine. 

strong interactions are observed. Spatial growth rates a.re 

measured as a function of beam and plasma parameters. 

We present evidence for the excitation of e l ectrostatic 

ion-cyclotron waves by the interaction of a cesium ion bean 

having a small perpendicular velocity component with a cesium 

plasma. Our objective is plasma ion heating which has already 

been observed in this laboratory
1 

tor the case of electron-

current d1·iven electrostatic ion cyclotron waves ( ICW). 

'l'he Q- mn.chine was operated in tho single ended mode with 

the final elcct1·ode of the ion beam source terminating the 

plasma (Fig . 1). Considerable ca1·e was ta.ken to insure that 

the observed modes were driven by the ion beam current and 

were not spurious modes driven by electron current f rom any 

e l ectrodes. 'l'he ion beam was produced by a porous tungsten 

plug and focussed by Pierce electrodes. The beam is cho.rac-

te1·ized by cw·ren ts in the range 1 µA to 1 mA, e ne r gies ot 

30 cV t o 1 keV and densities in t he range 1 0 7 to 10
9 cm- 3

j it 

is nearly monoernergetic. 

The beam was injected in a region of converging magnetic 

field. The perpendicular velocity, vJ., of the beam was con­

trolled by varying the radial p0sition of the ion injector. 

Typic ally v .l is in the range 1 - 6 x 10
5

cm sec-
1

, corresp0nd­

ing to perpendicular e nergies of about 1 - 25 eV and La1·mour 

radii of O . 3 - 2 cm. The perpendicula r vel ocity i s thus sev-

eral times the ion t hermal velocity and comparabl e to the 

perpendicular phase velocity of the IC waves . Beam particle 

trajectories are shown schematically in Fig. 1. The berua is 

foc ussed in this way because of the converging magnetic field 

at the injection point. 

When a beam of these characteristics is injected into a 

plasma o f density o f the order of l08 c m-
3 , modes a.re observed 

at :freque ncies just above the ion cyclotron fre quency , fci . 

The sten.dy state l evel of the observed t urbulence depends 

strongly on the beam parameters (Fig. 2). At low beam densi­

ties relatively narrow linewidth modes are excited , whereas 

for strong beams a. highly turbulent state obtains, charac ter­

ized by a strong increase ot broadband noise from O to 200 kHz 

and above, 

Those modes persist over a. range of magnetic fields vary­

ing from 3 kG to 7 . 5 kG , the maximum field available. 

Fig. 1: Schema.tic o f 
Q-machine and ion beam 
sctup. 

Fig. 2 : Frequency spectrum 
of the mode amplitudeg. _

3 B • 4.65 kG, np -3 x lO cm 

Their frequencies are in the rn.ngo nfci to (n + o. 2) fci, being 

slightly higher than the ion cyclotron frequency and 1 ts har­

monics. Typically, several harmonics are present with the 

third harmonic frequently dominating near onset. 

The dispersion relation for ion beam driven ion-cyclotron 

waves can be derived following the method of Tatronis and 

Crawford. 2 

For low beam densities and no damping, the final rcsul t 

is the dispersion relation for "normal 11 i on cyclotron waves, 

For small values of s
1 

• (kJ.pi)
2 

the ion cyclotron •Ode 

frequency is approximately tci while for la.rger values o t si 

the frequency i ncreases to a maximum at s • l. 5 to 1.18 lei 

for T
0
tr

1
• 1. Here we have assumed that k J. - m/rb. The 

azimuthal mode number m is n. small integer . Since the ob-

served frequencies are in the range f • l, 18 fci - l. 2 f c i the 

modes are identified as the electrostatic ion-cyclotron modes~ 

. 
•• . 

~ 
b . 

" 

" . . 

0 

•• . .. •.. o> o.• o.• 01 1.0 

V ilt.VI 

Fl~. 3. (a.) Dean density dcpondonge C~i.i - 200 V), ~nd 
(b) Berua e nergy dependence (nb - 1 0 §"- } ol the spatial 
growth rate B - 4 kG, np - 3 x108cm- . 

We have a l so measured the axial wavelength and spatial 

growth rate of the modes using an axially movabl e probe . The 

wavelength was measured using a cro ss correlation technique . 

The axial wavel ength i s selected by the beam vel ocity such 

t hat A1 • (1 ±0.2)v
01

/fIC11'. 

We observe the amplitude o t these waves to grow exp0nen-

tia.lly for a.bout 30 cm f rom the i n jection point. The growth 

rate inc1·eases as the beam source is moved fur t her off axis 

and with i ncreasing beam c urren t i i t decr eases a. t high beam 

velocities and is rel atively independen t o f t he magnet ic fi e l d 

strength (Fig. 3) . It can be s hown that these general fea-

tur es a.re in qualitative agreement with a theoretical exp1·es-

sion tor the growth rate, but the experimental growth rate is 

much larger than the theoretical value. 

This work was supported by National Science Foundation 
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RELAXATION OF ENERGETIC ION BEAM IN A nJRBULENT PLAS~IA 
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and 
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Abstract: The enchanced relaxation of an energetic .ion beu has been 

studied experiaental ly in a turbulent plas•a. The broadening of spectrum 

and loss of the beam energy we r e invest igated as a function of level of 

turbulence. The results were explained by the theory of stochastic 

process. 

The investigation of relaxation process of ion beams in plas•as is 

important fro• the point of view of plasma heating and fomation of two 

component plasma. Collisionless t hermalization of an ion beam in the 

plasma was studied theoretically (1) and experimentally {2) under the condi-

tion th:at the beam velocity was comparable to the ion sound velocity. In 

this paper we reoort the experi•cntal results on relaxation of an emerge-

tic ion beam in a turbulent plas•a and an interpretati on based on the 

theory of stochastic process. 

The experimental apparatus (OHTSUKA I I ) i s shown in Fig . l(length:2 m, 

dirurieter of the chrunber: 13 cm, strength of the magnetic field: l kG ) . 

The heliu. ion beaJI was aeneratcd by a -.ilti-aperture ion source {l) and 

injected into the chamber on the axis along the 11.agnetic field from one 

end of the device and analysed with an electrostatic analyser at the 

PUMP PUMP PUMP l 
J~1e><11i1~ [J rv 

s~jJl><JJ l><I [ ~ 
RING ELECTRODE ENERGY 

ANALYSER 
Fig. I Sche11atic diagra• of the experimental apparatus 

opposite end . The energy and current of the beam were typically l.S kcV 

and So mA,respectively. The plasma was produced by ioniz.ing the helium 

gas in the chamber with a pressure of 3xl0-4Torr by ion bea• itself. 

Parameters and fluctuations o f the plasma were measured by Langaiir probes. 

The density and the temperature of the plas11a. were 1010c11-
3

and 20 eV, 

rcspccti vely . The d iameters of both the beam ;:and the plasma were 3 cm each . 

As the fluctuations in the beam·produccd plasma were quite sm3ll , 

turbulent fluctuations were excited by applying de high voltage on a ring 

electrode surrounding the plasma column and drawing current through the 

plasma. The potential of the plasma on the axis did not change to affect 

on the beam dynamics. In this way three types of oscil l ations were 

excited: low frequency fluctuations with a turbulent spectrum, 100 kHz 

fluctuation and 8 Miiz fluctunion . The first one had a broad frequency 

spectrum frOll l kHz to 200 kHz with and aplitude of about 30 V. The 

s econd one had a width of the frequency spectru11 of 20 kHz, an intensity of 

3 V, an azimuthal mode number of zero, and a longitudinal wave length of 20 

cm. This fluctuation was referred to as an ion acoustic wave. The fre-

quency of the third fluctuation was close to the ion plasma frequency, and 

the •zi11uthal mode nW1be r of it was l. When the ring voltaee was increas-

ed . the frequency spectrum of the 

fluctuations did not change, while 

the intens ities of all t hree types 

increased. 

Typical exuples of the energy 

distribution of the ion beu at dif-

ferent values of the ring voltage 

are shown in Fig.2. When the ring 

vo l tage was applied up to l.OkV, t he 

wi dth of the energy distribution 

A E/E changed from less than 0. 8 to 

5 . 4 \ . The relation between the 

energy spread .6. E/E and the amplitude 

of t he 100 kHi fluctuations (b<.p) is 

s hown in Fig . .l. The energy spread 

had also sae dependence on the 

low frequency fluctuations, while 

it had somewhat differ ent tendency 

0 .6 

0.4 

0 

(%) 

4.0 

3.6 

___ ....:0~ .. 86 
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Fig.2 Energy d.istribution of ion 

beaa for different values of ring 

voltage VR. 

on the ampli tude of t he S f.tiz fluctu-~ 

at i ons. Therefore we conclude that - 4 
the low frequency fluctuations and 

the ion sound waves are responsible 

for anomalous ener gy r elaxation of 

t he ion berun. 

Accardi ng to the theory by 
0 .__ _ ____._ __ ..____ _ ___, 

Ichimaru{4), when the beam velocity 0 c} g:> 1 
(VJ 

2 3 

Vb is much larger than the phase 

velocity of the wave , the wave· 
Fig.3 Enera:y spread of ion bea11 vs 

potential fluctuation . 
particle interaction brings abou t 

the chan&e of the themal enerey of the berua (~) which is written as 

d _, ~ 
:i""fl(b~ -~f,;1..,.&.:.YiI.,J'..b (IE'lt,wJl) Ol 
.. ~ 4 'It 

where X.b is susceptibi lity of the beam, and k,ioand (IE\ 2)are the 

wave number, angular frequency and the ensemble average of the fluctuation 

field, respectively . Equation (1) leads to the energy spread of t he beam 

(d11,l given si111J>IY by 

(2) 

whe re Y is linear growth rate of the fluctuation and L is the i nteraction 

length. If Tcould be replaced by the inverse of correlation t ime (~), 

then the equation (2) would become the one deduced from the stochastic 

approaches of difusion in veloci ty space. By giving the 11easured values 

of btf and 'Z:'c' we obtai ned an energy spread of S \ which agreed with the 

measured value. 
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