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PREFACE 

This vo1ume contains the texts of the invited 1ectures, 

post-dead1ine contributions that were read at the Conference 

and the supp1ementary pages to papers a1ready pub1ished in 

the first vo1ume of the Proceedings. 

The invited lectures were selected by the Paper Selection 

and rrogramme Committee from suggestions recommended to the 

Organizing Committee by heads of leading plasma research 

groups through the world. The texts of these lectures are 

included in this volume. They are printed in a logical 

order, re grouping those pertaining to the same subject, 

rather than in their order of presentation. We deeply 

regret that the deceased academician G.I. Budker, doyen 

of all invited lecturers, can nevermore be our teacher 

and senior colleague. 

Please note that in addition to the page nuwbers the 

supplementary papers have the same numbers as the contri­

buted papers and the post-deadline papers have been given 

numbers as if published at the end of the first volume. 

Except for retyping of manuscripts not suitable for 

reproduction and some minor editorial corrections, the 

texts are photographic reproductions of the original 

papers. It means that the authors must bear responsibility 

for the content of their papers. 

The Organizing Committee 
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INVITED PAPERS 



ON THE ION ENERGY BALANCE IN TFR WITH AND WITHOUT NEUTRAL INJECTION HEATING 

TFR Group 
( presented by J.p. GIRARD) 

ASSOCIATION EURATOM -CEA SUR LA FUSION 
Departemen! de Physique du Plasma et de la Fusion Controtee 

Centre d' Etudes Nucleaires 

Boite Postale nO 6. 92260 FONTENAY-AUX-ROSES (FRANC,,) 

If at first sight a correct ion energy balance seems much easier to 
-establish and undE!>tand than the electron one, however the precise knowledge of 
many plasma quantities, which are not always well measured or estimated, is 
also acquired. 

At stationary state, a rough energy balance can be written as 
follows l-l, 2_7 

- Pei (ne' Te, Ti l-Z_7) is the classical energy exchange term 
between electrons and ions which can be written 

Pei = 1.26 T -T. 
e 1 - 7 3/2 l Z_ (w, 

Te 

- Pbi(ne , Te, Ei ) is the energy exchange term between fast captured 
ions and plasma ions. "This term will be entirely calculated numerically and 
explained later in the text . 

1 

- P ex (ni' no' T i) is the charge exchange loss termwhi ch can be written 
approximatively : Pex = ~ ni no < °exv> { Ti-TO}. This expression is approximated 
because it does not take into account the interaction of 2 maxwellien distributions 
ni and no and supposes that there is no reabsorption of neutrals inside the 
plasma. 
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written 
Px (ne' nit Zeff Ti)is the conduction loss tenn which has to be 

Px = 1 aa r (rn,. xa1i 
r i ar) 

2 2 
Pi q 

wi th xi = --'-:::--­
'ti 

- Po (ni • no' Te' Ti) is ,the convection loss tennwhich has been 
written with the help of the continuity equation : 

1 
r 

a 
ar 

In this express$on we have not taken into account recombination. 

An the symbols are usual except: To is the energy of the recycled 
neutrals. Ei is the energy of fast injected neutrals. 

7-JA T 3/2 
= 210 1 "i i { s cm ~3 ev } 

't i n z. [nA ' • , . e ,on 

Z = _1 j n. + 1: n. Z~ J2'-;;j .... !.CZ) = 1-l:ni Z~ 
ion ne I' j + i J J"~ , ne j 

Pi and Vi are the lannor radius and the velocity of the ions respecti­
vely. We will use also in the text the integral inside a Magnetic Surface 

what do we know about all these quantities in T.F.R. ? 

ne (r) The electron dens i ty ,i s measured by a 9 channel HeN interferometer. 
so it is usually very well-known up to the boundary of the plasma. 
This measurement is also confinned by Thomson Scattering. 

The electron temperature is systematically measured by Thomson 
Scattering but up to r = 12,13 cm only (the plasma radius a is 20 cm). 
Only in a few cases do we have measurements up to 20 cm. This has 
large consequences. because we must extrapolate Te (r) up to 20 cm. 



ni (r) 

for terms as important as ~l' sensitive to the contribution of large , e 
volumes at the plasma periphery or Zeff which depends on the tempe-
rature profile, from which we can have an idea about the purity of 
the plasma. 

The ion density has been determined by a special experiment . We 
have measured the attenuation of an HO beam passing Uwough the 
T.F.R plasma (-4_7. This , attenuation is proportional to the total 
cross-sections : 

n. 
1 ,z 
ne 0i ,z (2) 

Knowing the cross~'sections ° D,H' 0i ,z which have been now measured 
(-5_7 we can deduce 0c from attenuation of the beam versus energy 
i-Fig. 1_7. The best fit gives nD/"e ~ 0.75. The ni profile has 

3 

been measured up to 10 cm and we find ni proportionnal to ne which 
has been extrapolated up t~ 20 cm. The given value is typical of 
plasma with Zeff = 3 and oxygen dominant impurity density : 2.5 % ne 
The present determination is also important for fast neutral injec­
tion because it enables us to calculate the initi al capture profile 
of fast injected neutrals. The ion temperature profile has been 
mainly measured by recording the energy distribution of fast escaping 
atoms using an electrostatic analyzer which has been moved up and 
down (from + 13 to - 13 cm in the plasma) in the median plane between 
2 main toroidal coils and also in a plane making· an angle of 8° in 
the toroidal direction. By this- experiment we have confirmed that one 
part of the proftle is close to the real temperature profile except 
for the correction due to the different attenuation of fast neutrals 
during their flight inside the plasma .. This correction depends on 
ni (r), but mainly on no(r) the density of neutrals. Up to now we 
have not completely explored the possibility of determining Titr) 
by measurements of the Doppler broadening of impurity lines which 
could confirm the charge ,exchange measurements. We measure some ion 
temperature by this method with the help of CIV emission which seems to 
show that Ti is higher than te at the plasma boundary, but in the high 

• 
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magnetic field of T.F.Rowe must take into account Lorentz effect 
which could overestimate the broadening. It has been reported £-6_7 
how difficult it was on TFR to compare the ion temperature deduced 
by measurement of neutron flux and charge exchange neutra1s, so only 
in few cases we get a good comparison. During fast neutra1s injection 
the comparison has not been possible, the reason why is explained in 

(7). " 

no (r). The density of neutra1s is known by measurements of absolute emission 
of He Hght from the pbsma. But this involves an Abe1inversion 

. which is always controversial ., specially if the non inverted data · 
presents' a hollow at· the center. In that case the error on the 
centra 1 value can be -very very 1 arge. no er) can a 150 be measured 
by absolute determination of the flux of the charge exchange neutrals 
if ni (r) is well known. When the comparison of these t"lO measurements 
is possible and made they ·differ from a factor' of about 2. Nevertheless 
these measurements have not been made in all cases or are not physi­
cally plausible, so we. have used for the correction 'some of our 
measurements and some of the .ATC measurementst-l_7. The neutral 
density has been written ~ no (r) .. no (0) + no(a)e- aXr where). 1.5 
a sort of penetration length. Ke have found for example : . 

9.6 1013 . -3 >. "'ne (0) . (an ,cm), Log no(o) :; 5S •. 5 - 1.23 Logn" (0) 

. . Theknowledge of "oCr) is also important in 2 terms of the energy. 
balance. . First in the cb.arge exchange loss term - Roughly 
speaking .thecharge exchange loss terms is ·of order of 20-30 kW for 
central neutral density of aboutlOS cm,:,3 . But mainly no(r) 15 
important {n the diffusion term Po term which is the most important 
at the plasma periphery. 

Some words are st'lll to be said about Pbi • We have ~lready 
mentioned .that Pbi depends critically on at which can be measured 
or calculated if :the impurity composition of the plasma is known -
In the case of T.F.R the injection is done pratically perpendicular 
to .the magnetic field (SOO) so the confinement diagram is particular 
(Fig. 2] 4 different zones can be seen on the diagram : zone I where 



the particles are passing, zone 11 where the particles describe 
"banana" trajectories, zone III where the particles are lost on the 
limiter, zone IV where the particles are blocked in the magnetic 
ripples and are fastly lost, the latter having been verified 
experimentally. With the help of a Monte Carlo type code ,-8_7, 
taking into account the real particles tra,jectories we calculate 
numerically the energy deposition inside the plasma. Fig. 3 
shows for 2 typical plasmas the energy transferred to the plasma 
Pbi + Pbe ' the energy transferred to the ions Pbi , and the energy 
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lost by charge exchange Pex ' Having defined all the needed quantities, 
we can now come to the experimental results, first to the ohmic 
heating case. 

If we look upon the central ion temperature, it is enlightening to 
consider the old fashion representation of Artsimovitch (9) for 
0+ and H+ plasma [-Fig. 4_7. It immediately shows a difference of 
behavior between H+ and 0+ plasma, roughly speaking it seems that 
the same curve can be obtained if we don't take into account the mass 
of the ion (Ail in the Artsimovitch formula, which is really a non 
classical effect that we will find out all through the text. We have 
not found a satisfactory explanation to this phenomenon. 

Now we will mainly consider the shots whose . characteristics are given 
in tables 1 - 2.Fig. 5 shows the complete energy balance inside a 
magnetic surface for a well-documented shot . We observe that the 
energy balance is not exactly equil i brate. The pl asma seems to 
diffuse a little bit faster than neoclassically. At the plasma center, 
the principal loss is heat conduction, at the outer part of the plasma 
it is the diffusion term which is dominant and more important than the 
neoclassical diffusion coefficient. The classical ions energy confi­
nement time is 37 ms at the center and decreases with, radius down 
to 12 ms at the boundary. Up to now we have only introduced neoclassical 
heat conduction. But due to the ripple in the magnetic field of T.F.R 
the ion heat conduction is increased [-10, 11_7. The new balance has 
been calculated with this supplementary conduction and it has been 
fo~nd that in all ohmic heating cases, the added term is small. 
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(In the less collisional plasma the ion conduction coefficient due 
to ripple is at maximum 250 cm2/s at 16.5 cm where 
X. 1 . 1 = 1500 cm2/s). This will not be the case during 

1 neoc aSSlca 
fast neutrals injection where the ion temperature is much higher 
and the collisionality smaller. Fig. 5 presents a good case in which 
~. is always positive. But in some cases simple extrapolations of Uel 
T (r) and T. (r) bring us to find T.(r) > T (r) for r > 13-14 cm and ell e . 
~. becomes negative and very large. The fact that T

1
·(r) is larger Qel . 

than Te(r) at the plasma boundary is classically poss ible, the outer 
zone being heated by conduction from the inside and by hot neutrals 

coming from the plasma center . But finding ~i(a) <0 is classically 
impossible in ohmic heated plasma. We believe that~i(a) can always 
be found positive, by changing only the extrapolation of Ti(r) a 
little bit, as s.hown on Fig. 6, where in one case we find 

~i(a)= -4.3 105 Wand in the other case Pei = 2.8 105 W. Neverthe-

1 ess thi s phcnom~non wi 11 be emphazi sed by fast neutral s 
injection and will be harder to explain . 

In conclusion for ohmic heated plasma we have found that the conduc­
tion anomaly 

Xi experimental + 
-'-....:::x.:::.:...:.::::::c.='-'. = Cl; is 0.8 < Cl; < 2 for D plasma 
Xi neoclassical + 2 < Cl; < 5 for H plasma 

- 3/2 
without any obvious dependence of Cl; with v· (v· = ~) for 0<r<12 cm 

viTi 

The classical overall energy confinement time is of order of 10-15 ms 
for H+ plasma, 20-30 ms for D+ plasma . Again we find the plasma 
diffuses faster in H+ than in D+. 

Let's consider now the case of the fast neutrals injection heated 
plasma. The main results obtained during fast neutral injection are 
the following: 

1) The central ion temperature increases proportionally to pb ./n 
1 e 

[Fig. 7). This gives us l\.Ti = (20-24)Pb ./- (k 1013 -3) (ev) 1 ne w, cm 



with a non significant difference between H+ and 0+ plasma which at 
first sight is non neoclassical. But most important of all we have 
not observed any saturation of ~Ti up to a 560 kW captured power 
which confirms the results of Ormak (12) and ATC (13). 

2) At low injection level, we can easily calculate ~Ti by a perturba­
tion method (-14_7 which gives : 

(3) 

in the considered case ~ nefne < 5% So (3) can be written 

~~~ = 
1 

Fig. B shows the results for a 200 kA plasma. We see that 

~Ti 2 Pbi / 
r;- = j Pei which can be a neoclassical dependence for a plasma 

1 
which is not yet in a pure banana regime and no more in the plateau 
regime. This relation means that the ion energy confinement time is 
independent from the ion temperature. 

3) After beam cut-off the e-foldirJg time of the ion temperature can 
give an idea of the ion energy confinement time. In fact for the 
plasma center, the energy equation can be written 

3 
'2" (4) 

7 
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,s being the slowing .. down time of the fast injected nElutrals. During 
the injection in many cases we have found n;(t) = constant . 
Te(t) = constant and supposing that ·'Ei varies as Tiequation (4) 
gives : 

In the .casewhere 'Eio» ,s (let us recall that ,s ~ 5 ms) we 
obtain the approximate solution 

lIT . = liT. exp _l T~ _ a) _t_ 
, 'Max \ Te Tio . 'Eio 

(6) 

this shows immediately that the observed e folding time is not equal 

tot"Ei but to 

',b, . 'Et, ( ~: ::11" -T,» tt., "" ,,~ ""'" ,~ll" th" 1. 

The observed e folding time can range from 10 to 20 ms [-Fig. 9_7 
which will give 'Eio ~ 15 - 30 ms. But in some cases this time can be 
very short Lobs ' 5 ms and in that case the energy balance could not 
be explained classically. Furthermore. if .we consider the decrease of 
the 5 kev neutral flux.we generally find a non-corrected e- folding 
time of 8-10 ms which can give 12-15 ms.which ~is quite short. In the 
case when the energy balance can be calculated [ -Fig. 10_7. the 
conduction anomaly <i i sn' t found to be increased compared to the 
ohmic heating case even if v~ . decreases now to 0.45. 

Nevertheless in some cases it seems very difficult to explaIn our. 
results up to 20 cm. because the ion temperature is always larger 
than Te at large radia [-Fig . 11_7.and ~i negative. This first point is 
difficult to explain by the deformation of the fast energy tail of the 
ion distribution [-15_7 due to fast neutrals injection and some 
increased energy transfer between the fast ions and the plasma ions 
cannot be excluded. This can be supported by the observed increase 
of the plasma emission during injection. around the electron diamagnetic 
frequency , -Fig. 12_i but also and mainly around the ion cyclotron 



harmonics which can be the evidence of an interaction between the 
fast ions and the plasma L-Fig . 13_7 . Nevertheless the slowing down 
spectrum L-Fig. 14_7 compares quite well to Fokker-Planck calcula­
tions /-15 7. Furthermore the decrease after beam cut-off of a given 
energy (22.5 Kev for example) is reasonably long (5-6 ms), much 
longer in any case than the calculated time predicted by beam-plasma 
instability calculations L-16_7. SO we have not a really convincing 
explanation to this imperfect energy balance, except perhaps one 
which is given by simulation calculations. In fact simulation 
calculations give results very similar to experimental results 
(Fig. 15) if we suppose that the ion temperature has the most 
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peaked profile which can be deduced from the experimental points and 
that the electron temperature is a little bit higher than the extrapo­
lated one at the periphery. 

On the other hand the fast neutral injection in T.F.R has shown that 

the perpendicular injection is as efficient as parallel injection. 
Non collisional plasma can be obtained but no spectacular results 
happen . The electron temperature does not change in general, which 
implies a decrease of the overa] electron temperature confinement 
time, which can be linked with the observed impurity contamination 
of the plasma (mainly in our case by Molybdenum and oxygen . This 
last point has already been observed on ATC /-17 7) . 

In conclusion the study of the ion energy balance of the T.F.R plasma 
during the ohmic heated phase and the fast neutral injection phase 
shows that the ion heat conduction is closed to the neoclassical one 
for D+ plasma, but a factor 2-5 larger in H+, we also find that the 

diffusion of particles is much higher than the neoclassical one which 
is already known. The fast neutral injection shows that it is 

very difficult to establish in some cases a likely, classical energy 
balance up to the plasma boundary and an anomalous energy transfer 
between fast ions and the plasma cannot be completely excluded, more 

careful measurements of Te(r) and Ti(r) up to the plasma boundary 
are needed to establ ish whether such an anomalous energy transfer 
does occur. 
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PLASMA (D ) AND INJECTION (D ) 

I 

1 B
t 

n nl PE P
N 

PNi P
Ne Ti(o) Ti(o) p e 

6Ti (o) run 
1013 101.5 cm -2 

KA KG. (KW) (KW) (KW) (KW) before during 

400 60 4.4 2.2 450 160 40 60 950 11 50 120- 200 

2 380 60 5. 2.5 1100 385 96 140 1000 1300 300-350 

3 200 50 2.8 1. 4 680 240 67 50 800 1200 400 

4 200 50 3. 1. 5 950 330 90 115 800 1350 500-600 

5 200 50 2.8 1.4 1300 455 110 11 0 800 1600-'J7 00 800- 900 

6 300· 55 5. 2 . 5 1340 480 11 6 170 920 1400 420 

7 300 50 5. 2 .5 1620 560 14 1 200 900 1400 500 

PLASMA (H ) AND INJ ECTION (H ) 

I n nl PE PNi PNE Ti(o) Ti (0) p e 6Ti (o) run 
IOl 3cm 

- 3 10 15 -2 
KA cm KW KW KW before During 

300 4.6 2.3 988 46 60 850 11 50 300 

2 300 6. 3 . 1130 85 109 900 1300 350- 400 

3 375 7 .5 3 .75 1140 101 130 950 1370 400-420 

4 360 7.2 3 . 6 11 40 100 130 950 1300 / 300-350 

5 360 6.8 3 . 4 1170 11 8 122 950 1300 300-350 

6 375 7.5 3.75 1220 123 138 950 1350 400 

7 300 4./1 2.2 192 18 34 830 930 90-1 00 

8 300 4.4 2.2 369 23 34 850 1030 180 
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RECENT RESULTS FROM THE PLT TOKAMAK 

v. Arunasalam, C. Barnes, K. Bol, D. Boyd, K. Brau, N. Bretz, M. Brusati, 
S. Cohen, S. Oavis, O. Oirnock, F. Oylla, O. Eames, P. Efthimion, H. Eubank, 
H. Furth, R. Goldston, R. Hawryluk, K. Hill, E. Hinnov, R. Horton, J . Hosea, 
H. Hsuan, D. Ignat, F. Jobes, D. Johnson, M. Mattioli*, E. Mazzucato, 
E. Meservey, P. Moriette*, N. Sauthoff, J. Schivell, G. Schmidt, R. Smith, 
F. Stauffer, W. Stodiek, J. Strachan, S. Suckewer, S. von Goeler 

Plasma Physics Laboratory, Princeton University, 
Princeton, New Jersey 08540, USA 

As reported at the Berchtesgaden meetingl , the optimum plasma para­

meters during the initial phase of PLT operation were obtained by an 

empirical approach either in helium gas or in hydrogen gas with appreciable 

oxygen content. The second operating period has mainly been devoted to an 

investigation of this observation, and to an effort to vary, and e speci a lly 

to lower, the effective ion charge, Z, with a goal of obtaining stable 

discharges at high plasma densities. The third phase, supplementary heating 

with neutral beams, is beginning. This paper reports some of the 

results of the second phase. 

The main result has been the recognition of the importance of radiation 

in the power balance. In smaller tokamaks, the energy confinement was 

mostly determined by plasma transport. In PLT, although transport is 

important, e ven in the central core o f the p l asma, power loss by r adiati o n 

is often equally important. This r e flects t he f act that as devi ces a r e 

made larger, the ohmic power input density decreases and the confinement 

due to plasma transport improves, and so volume effects like radiation will 

gain importance. 

In Section It we discuss impurity behavior, specifically the control 

of oxygen by discharge cleaning and the identification and quantitative 

measurement of tungsten radiation. In Section 11, we compare the main 

types of PLT discharges, classified by tungsten content and MHO instability 

properties. In Section Ill, we discuss plasma confinement. 

I. Impurity Behavior 

(A) Low Z Impurities - The second phase of PLT operation begain with 

an effort to remove oxygen (the dominant low-z impurity) from the discharge 

by 

by 

low temperature discharge cleaning in hydrogen (TDC). lt has been shown 
2 Taylor that TOC removes oxygen better than higher temperature dis-

charges (Figure 1). The method is to raise the hydrogen pressure until the 

* On leave from Fontenay aux Roses 
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ohmic heating current is 

throttled from -50 kA. to 

-S kA. the exact level 

being adjusted so as to 

maximize the pressure of 

water vapor at the pumps. 

Carbon is removed 

efficiently by either 

method. chiefly as 

methane. Table I 

illustrates the re-

, • 1 1 • I-

duction of the relative 

oxygen and carbon con­

centration effected by 

the Toe method. 

(B) High Z Im-

purities: Tungsten­

The primary effect of 

diminished light im­

purity concentration 

was an increase in 

radiation from the 

plasma core. sufficient 

to cause collapse of the 

electron temperature 

(Figure 2). Careful 

investigation3 of iron. 

chromium and nickel (wall 

material) shows that their 

contribution to the power 

loss is not important; no 

evidence of an accumUlation 

of iron in the center of 

the discharge was detected. 

Most of this radiation is 

TOC RUN 1122177 

t . 8oU;i'0tI1' 
It. H. ad.ltt,d.t 2"0"" Tor;r 
c. TDC., I ,p' 
d. Toe ttopp.d 
t . POC It IOkA,O.1 pp. 
t. TOC ' .. 1111114 at I pp. 
I. Toe Itopp.d 
t.. Hz puMp.d out 

O.".n r.lmed .1 ",0 , 1, lIIOIIolo,., 

, 
2 • 

\ 
\ 
\ 

1 

\ 
\ , , ........ -

8 9 T_ 10 

Fig. 1 Discharge cleaning in PLT. The 
partial press~re of water vapor is measured 
with the mass analyser during discharge 
cleaning and plotted against time. · During 
the time invervals a. b. c •••• indicated by 
arrows at the top of· the graph. conditions 
were changed. The water vapor pressure is 
very high when Toe (time interval c and f) 
is applied and very low when poe is used 
(time interval e). 

~ TOC ~ 
~ ~ 

2 , .e 
~ 5 I ~ 

'0 
4 ~ 

'0 1.0 
0 3 0 .. 2 I I ~ .50 cC ' I · I I I a: 

POC 

0 
0 4 8 12 16 20 

0 
0 4 8 12 16 20 

TIME (s) TIME(s. 
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Sub figure (a) . and (b) show the water vapor 
reading between shots for Toe and poe re­
spectively. The Toe shot produces water. a 
poe shot decreases water. 

attributable to tungsten. the limiter material and much effort has been de-

voted to a quantitative evaluation of the effect of tungsten. 

-
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In experiments at NRL4 

and Oak RidgeS, strong bands 

of tungsten lines ' around 
o 

50 A have been dis~overed 

which are believed to be 

~n=O transitions (4d-4f) 

(4p-4d) (4s-4p) from the 

ionization states W XVIII 

(ionization potential -420 

eV) to W XLVI (ionization 

potential -2400 ev}.6 Also, 

computer calculations of 

radiative power have been 

performed with the average 

ion mode17 which predict un­

expectedly high emissivities. 

Experimentally, the 

radiation has been investi-

gated with a grazing inci­

dence VUV spectrometer and 

with unshielded surface 

barrier diodes(USX-detectors). 

A VUV spectrum is shown in 

Figure 3. There are three 

bands of radiation, centered 
o 

around 33, 50, and 59 A, 

with the intensity in the 

ratio 3:5:2, each corl­

sisting of many overlapping 

lines. The broader band 

(O.l<hv< l keV) US X-detector 

data are in close agreement 

with the VUV results. These 

diagnostics make possible 

relatively exact measure­

ments of the total intensity 

of the tungsten radiation. 
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Table I 

Dhc:har'9t1 Bdi ... DeIlUri_ HydroqeR 8e11u. OellteriUIII 
Cleaning "'" "'" 'oc m: "'" 
~u 9/2a-~9176 10/5/16 2/1o-.tl/77 1/2/71 5/4/77 

~ l.n 1. 5' o.n 0 . 5' 1.0' .. • 
',.- 1.8\ 1.2' 0 •• ' o.n O.7t -.-.-• 
Z.u . ,., ,., 1.' 3.3 LO 

*Spectroscopic measurements during the 
initial stages of discharge. Later in the 
discharge, the Zeff from the influx was 
usually somewhat higher . 

~~O~~~~-L~-O~-L~-L~~~50' 

RADIUS (cm) 

Fig. 2 Hollow radial profile of the 
electron temperature measured by Thornson 
scattering in a low density deuterium dis­
cQarge . In the hollow region, power loss due 
to tungsten radiation exceeds ohmic heating 
power input. The Zeff is relatively low, 
however. Discharge conditions : BTF = 32 kG, 
IOH 360 kA, VOH = 2.1 V, D2 ' a = 40 cm, 
<n> = 2 ; 6 l013cm-3, T~ = 8.65 ms, Zeff = 2.3. 
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11. Discharge Types 

During the first PLT phase, discharges were 

classified by certain MHD instability patterns: 

m=l "sawtooth ll discharges, "large m=2,1I IIsmall 

m=2,1I etc. During the second phase, the con­

centration of tungsten became a classifying 

parameter of equal importance. The control of 

tungsten concentration is thus a major consider­

ation in selecting operation conditions. In 

this regard, measurements of both ion and 

electron temperatures at the plasma edge have 

confirmed the view that there is positive 

correlation between edge temperature and tung­

sten concentration. However, it is clear that 

edge temperatures and MHD instabilities are 

coupled through changes in current profile, and 

the relative importance of each has not yet 

been sorted out. The mechanism for tungsten 

HO) 

---

" " .. 
·flf " 

Fig. 3 VUV-spectrum o . 
in the 50 A region, 
showing the tungsten 
bands centered around 

o 
33, 50, and 59 A. 

injection also remains unclear: Sufficient amounts could be released either 
• 

by sputtering from the limiter by highly stripped oxygen ions accelerated in 

the sheath, or by unipolar arcs on the limiter.
8 

Arc Tracks, in fact, can 

be seen on the limiter. 

Table 2 compares five different discharge regimes which differ in the 

way the plasma edge was cooled, but with similar currents and toroidal fields 

(Ip = 400-500 kA, BT = 30-35 kG) . These are discussed in more detail below. 

(A) Discharges with Hollow Temperature Profiles - (Type I) - Hollow 

temperature profiles develop reproducibly at low filling pressures after 

thorough discharge cleaning with TDe. (They were sometimes observed before 

TDC was applied.) The time development of the electron temperature is 

shown in Figure 4. The transition from a peaked to a hollow profile at 

time t=150 ms is typical although it is sometimes observed that the pro­

file can stay hollow throughout the discharge, or that a minor disruption 
3/2 can fill in the hole. Due to the small current (~T ) in the central 

e 
region, the central ohmic heating power input is smaller not only than the 

total radiated power, seen by the bolometer, but also smaller than the 

tungsten radiation alone (Table 2). The radiation is therefore sufficient 

t o maintain the hollow profile. Actually, heat must be transported into 

the hollow region to make up the difference between radiation loss and 
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Fig. 4 Time development of a hollow deuterium discharge. (a) and (b) 
plasma electron temperature Te and density ne from Thornson scattering, (c) 
radiation in the 50 A region from Abel inverted USX-data, (d) radiation in 

o 
the 14 A region from the USX detector . (The factors 1.9 and 3 on the 
ordinate are corrections for detector efficiency.) 
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power input. The transition from the peaked to the hollow profile is being 

analysed i n terms of the thermal instability9, with only partially satis ­

factory results. From the data during the peaked and the hollow phases , 

an empirical value for the heat conductivity is derived which is about the 

same f or both phases. The calculated heat conductivity i s so l arge that 

it inhibits the formation of the hole . Either a lowering of the heat 

conductivity, possibly locally during the transition period or an enhanced 

tungsten concentration in the center has to be assumed to allow the 

mechanism of Reference 8 to work. These results are, however, preliminary. 

Hollow discharges tend to turn into peaked m=2 discharges (Type II) 

after some time of operation , often going through a period when discharges 

are intermittently hollow or peaked. In the Type II discharges (Figure 5) 

the central tungsten radiation 

is often stronger than in hollow 

discharges. The initial level , 

however, is low and rises later. 

Also, the oxygen content is 

usually somewhat higher. The 

main discharges in PLT 

apparently allow oxygen to 

build back up on the walls 

instead of removing it as the 

low-temperature discharges do; 

this gradually leads to transi­

tion from hollow to peaked dis­

charges. 

(B) Programming of the 

Flow of Neutral Gas - With 

careful programming of the flow 

of neutral gas, the tungsten i n­

flux can be ~inirnized. In 

practi ce, this means a high 

enough initia l pressure to 

x 
E 
u 
u 

--­'" I-

i 

.5 

o 40 
RADIUS (cm) 

Fig. 5 Time development of the 
tungsten radiation in a peaked 
deuterium discharge. 

400 

prevent too broad a current channel, and as much gas fed in during the 

discharge as possible ·while avoiding disruptions. The resulting discharges 

(Type III) have higher density, less tungsten radiation (Figure 6), 

higher electron and ion temperatures, and may exhibit sawteeth oscillations 

associated with the m=l tearing mode. 

600 



In helium, gas programming 

is especially successful, and 

the central plasma density 

be increased to 1 . 5 X 10
14 

can 
- 3 

cm 

We have therefore grouped these 

discharges in a separate 

column in Table 2 (Type IV) . 

These discharges have the best 

confinement. The tungsten 

radiation level is very much 

reduced. In hydrogen, the 

initial tungsten level is about 

the same as in helium, but it has 

not been possible to keep it low 

during the later stages (FigUre 6). 

This is probably a primary reason 

why the results in helium are 

better than in hydrogen or 

deuterium. 

(C) Neon Injection - In­

creasing the low Z impurity con­

tent, of course, reverses the 

effects of discharge cleaning and 

" • 

• -

TlHIQlt.n Radialion Few 01 Profil .. 

TlMEI .. cl 

o 

Fig. 6 Comparison of the 50 A 
radiation in a hollow deuterium dis­
charge (Type I) and a sawtooth dis­
charge with gas programming (Type Ill). 
The late rise of the tungsten radia­
tion in the deuterium discharge was 
avoided in high density helium 
discharges . 

reduces the tungsten radiation . This occurs either naturally, when the 

machine is dirty or when a leak opens up in the vacuum vessel, or artifically 

by pulsing neon injection, as shown in Figure 7 . Initially , the deuterium 

discharge has a very high level of tungsten radiation. Around the time 

t.200 ms, neon is injected, the tungsten radiation drops by a factor 5, and 

the central electron temperature increases from 900 eV to 2000 eV. 

Discharges with low-Z contamination have the highest electron tempera­

ture (up to at least 2.5 keV). However, the density is limited by dis­

ruptions to relatively low values. 

Ill. Energy Confinement 

Measurement of the increase in temperature of the limiter a fter a plasma 

shot shows that only a small fraction (5-10%) of the total ohmi c heating 

input is deposited on the lirniter . Bolometer measurements indicate that 

70-90% of the power input goes to the wall as radiation (including a small 

contribution by charge exchange neutrals). The difference, 5-30%, may 
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represent charged particle transport 

to the vacuum vessel wall but is wi,th­

in the probable error of the measure­

ments. The predominance of radiation 

losses distinguishes PLT from our 

earlier tokamaks. 

For the energy balance within 

the plasma, we encounter two situations. 

In the first case, the local ohmic heating 

heating power input is al most balanced 

by radiation loss. . This occurs in 

discharges with strong tungsten 

radiation (Type I and 11). The energy 

balance in a hollow discharge is shown 

in Figure 8a. The curves for power 

input and radiation track each other 

closely (lower left) . Plasma trans-
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port plays a minor role in the· overall 

energy balance. 

When tungsten radiation is small 

relative to power input (Type Ill, IV, 

V), plasma heat transport plays a 

larger role, particularly in the 

central region (Figure Bb) . At 

at -200 ms. The 50 A tungsten 
radiation decreases strongly as 
neon enters the discharge (bottom) . 
The electron temperature rises 
rapidly in the center and cools 
somewhat on the outside of the 
plasma column (top). 

larger radii near the limiter, radiation loss catches up with the power 

input. This outer radiation zone represents a virtual limiterlO , a highly 

desirable feature for protec ting the physical limiter . 

"Grossll confinement times, TE' that is total energy content (ion plus 

electron) divided by total ohmic heating power, are shown in Figures 9 and 

10. Figure 9 refers to discharges before TDC, and ·Figure 10 to recent 

TDC-cleaned helium discharges . The best confinement times are around 
2 70 ms, and we tentatively conclude that they follow the familiar n . a 

e 
s caling. 

In order to obtain a true measure of energy transport. through the 

plasma, some account must be taken of radiation. All the discharges of 

Figures 9 and 10 were optimized for confinement time (i.e., those of 

Types Ill, IV, V), and the radiation from the central core in those cases 

is typically 20-50% of the input power . The range is due partly to 
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Fig. 10 Energy confinement time vs density for high density helium 
discharges. 

changes in discharge conditions, but also reflects a systematic tendency of 

the bolometric measurements to give higher loss rates than VUV spectroscopy. 

In these cases, then, the "transport confinement time," W /P. -p d)' is tot 1n ra 
at least 20% higher than the "gross" confinement time, or ~85 ms in the 

best cases. A systematic analysis of local energy transport in, a variety 

of discharges is still in a preliminary stage . 

For the i nvestigation of the ion heat transport, the ion temperature 

was measured with charge exchange (using a neutral beam to enhance the 

neutral density in the center), with neutrons, and from the Doppler 

broadening of impurity lines. A typical radia l profile of the 'ion tem­

perature in a peaked sawtooth discharge (Type Ill) is shown in Figure 11. 

A detailed investigation of the ion energy balance, following Stott
ll

, 

shows that neoclassical heat conduction is the dominant process in 

determining the radial ion temperature profile. Charge exchange losses 

must be low because of the low neutral density in PLT. Some details are 

given in Figure 11 (lower right) . In hollow discharges, the central ion 

temperature actually exceeds the electron temperature, because of the ion 

heat transport into the hollow region. 
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Summary 

10 Collisionol 
-Plate-o" ----- -Low-temperature discharge 

cleaning has been used success­

fully on PLT to reduce the amount 

of oxygen (the primary low Z 

impurity in the discharge) . With 

this reduction of low Z impurity 

concentration, the highest 

electron density is 

~ 10' -- ­~~~ 

14 -3 <n > ~ 10 cm ,and longest e . 
"gross" energy confinement time 

is LE :::: 70 msec yielding a "trans­

port" confinement time ;:-85 ros. 

The effective ion charge, Z, has 

been reduced, but larger values 

of density and confinement time 

have not yet been achieved in D2 

discharges, and to only a slight 

extent in helium discharges. Gas 

injection programming must be used 

to obtain these good values; other­

wise large amounts of tungsten 

radiation can overwhelm the dis-

charge, causing it to develop a 

hole in the radial electron 

temperature profile; the 

associated confinement time can 

then be very low (-5 msec) . It 

appears likely that edge cooling of 

the plasma is the mechanism that 

inhibits the influx of tungsten 

and makes possible the development 

of discharges with 70 msec con­

finement. 
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REVIEW OF TOKAMAK . THEORY RESULTS 

V.D.Shafranov 
I . V.Kurchatov Institute of Atomic Energy 

One of the remarkable achievments in controlled nuclear 
fusion research was a creation of a new physical object - the 
high-temperature toroidal plasma column; It lives for about 
1 s in large installations. One can manipulate with it: to 
form different shapes of its cross-section, to compress and to 
move the column. All this confirms the macroscopical stability 
of a tokamak plasma under appropriate conditions. It is nat~ 
that the major part of theoretical works on controlled fusion 
is devoted currently to studies of processes in such a plasma 
in accordance with experimental needs. 

The change in stability conditions leads, sometimes 
unexPectedly, to disruption of the column, plasma contaminat­
ion and cooling. Investigation of these processes remains to 
be the main theoretical problem. 

A disruptive instability impedes but does not prevent us 
from achieving the goal - the heating of the plasma up to 
temperatures necessary for a fusion reactor. One of the objects 
of the present-day theory is analysis of difficulties arising 
in a reactor plasma due to the presence of the fusion reaction 
products - high-energy oL-particles - and due to the interact­
ion of a high-temperature plasma with chamber walls as well. 

In accordanee with the said above one can distinguish 
three main lines in the tokamak theory: I. Macroscopically 
stable plasmas; Il.Macroinstabilities; Ill.Reactor plasmas. 

I. Macroscopically Stable Plasmas. 
There are following problems here: a) Transport; b)lmpu­

rities; c) R.un-away electrons; d) HF heating; e) Neutral atom 
injection; f) High problem and evolution of a two-dimension­
al equilibrium. We shall consider briefly their status. 
a) 1r~~2r!. As was known for a few years a classioal trans­
port theory in a toroidal geometry (so-called neoclassics) 
exPlains satisfactorily only the energy balance of the plasma 
ion component. In order to achieve full agreement of calculat-
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ed density and temperature profiles with empirical ones 
correct i on factors or items are introduced phenomenologically 
into one- dimensional transport codes. 

Dnestrovsky and Kostomarov /1/, for example, introduce 
a factor of anomality depending on the ratio r of the drift 
current velocity to the sound velocity into resistance i=ric{ 
and that with additional factors ~,rz into heat conductivity 

and diffusion coefficients: Ye=t,rXn.ocf. 0,:::/1, ~=Y&¥~lIQce 
Mercier et al . /2/,/)/ use an enhanced Pfirsch-Schluter ~ran&­
port coef f ici ent, the factor of anomality being~10). A multi­
regime code by Duchs et al./4/ depending on a collision 
frequency uses seven different expressions for transport 
coefficients - turbulent ones connected with drift instabili­
ties in the range of rare collisions, pseudoclassical, and 
Bohm' s ones. One can find description of other codes in re­
views by Hogan /5/ and Watkins /6/. Available codes satisfy 
immediate needs of physicists . But the risk always remains to 
fail whim extrapolating the results to reactor parameters. Far 
this r eason attempts are currently being made to find a more 
r eliable base for extrapolation in the form of tokamak scaling 
laws. After the Kadomtsev's paper /7/ devoted to the tokamak 
scaling laws an appreciable progress has been made by Connor 
and Taylor /8/. In their paper relations between the scaling 
laws f or ener gy confinement time ~ and the model adopted for 
plasma description have been established. In particular, in 
the ohmic ally heated plasma assuming qussineutral conditions, 

'ET: F(nOl.~ as'S':), T= ci~ F(na2, Cl ~.,) . Comparison with 
empirical scaling laws helps to choose the most suitable 
plasma model and thus to proceed with clearing up the trans­
port mechanism. 

As to microscopical mechanisms of anomalous losses, at 
least three sli ghtly different ones based on the drift-type 
instabilit i es could be proposed: a turbulent one (particle­
wave-particle collisions), a classical one enhanced due to 
large excursi on of particles in fluctuating fields, and the 
most inter esting one - destruction of toroidal topology and 

accordingly , of closed drift toroidal surfaces for electrons. 
In the recent paper /9/ Callen has shown that a longitudinal 



· i current density J,, : ;" V· ne(~,.·V;e) induced by observed 
drift oscillations appears to be sufficient to generate a 
transverse magnetic field responsible for destruction of 
nested toroidal surfaces. 
b) lm~~iti!s. During the last 2 or ) years a number of 
calculations of hot plasma energy losses due to impurities 
has been carried out . Gervids and Kogan /10/ have calculated 
such losses and corresponding lethal concentrations for impuri­
ties of an arbitrary atomic number Z at thermonuclear tempera­
tures in the range 10 to 40 keV.Further calaulations of radiat­
ion losses /11/,/12/,/1)/ , and especially /14/ for a number of 
mid- and high-Z impurities have covered the range of lower 
temperatures Te=(0.1-10) keV where radiation losses can exceed 
losses at thermonuclear temperatures by one or more orders of 
magnitude. Jensen, Post et al./14/ have shown, in particular, 
that a lethal concentration for tungsten is 10-2% at Te;10keV 

Such a high sensitivity of energy balance to impurities 
makes them one of the key problems of quasi stationary toroidal 
systems. A lot of recent papers are devoted to the transport 
theory for both single-species imp.uri ties and multi- component 
plasmas. Nevertheless , an impurity diffusion process has not 
yet been cleared up completely. Recently an impurity effect 
on neutral atom injection has also aroused interest. High-Z 
impurities prevent neutrals from penetration into central 
regions of the plasma column. 
c) ~~-~w~y_e!e£t~o~so Rather a clear picture of the relaxat­
ion process of run- away electrons generated in a tokamak 
plasma in some operational regimes is developed. Pogutse and 
Parail /15/ and others /16/, /17/ have not only explained re­
laxation oscillations of a diamagnetic signal observed in the 
presence of a run-away electron beam but also estimated a 
fraction of high energy, low parallel velocity electrons whiCh 
causes TFR liner damage /18/. The beam relaxation occurs in 
two stages: 1) parallel velocity losses due to excitation of 
anomalous cyclotron Doppler oscillations. This leads to a 
peak in the tail of the electron distribution function respons­
ible for the following stage: 2) the further parallel velo~ity 
losses due to development of beam instability by the 
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Cherenkov's mechani sm. 
The problem remains concerning details of run- away kine­

tics and beam intensity. This problem becoms rather burning 
with respect tolarge ~1 O-type devices where an electron beam 
interacting witha limiter generates appreciable doses of 
hard radiation. 
d) HF Heating. Here I would like to mention only two - - - --
methods attracting most attention in the case of a tokamak. 

Experiments of Alikayev et al. and calculations /18/,119/ 
have shown that the mechanism of electron-cyclotron heating 
is linear, heating does not deteriorate plasma confinement, it 
is very convinient i n terms of an experiment (the power is 
introduced along waveguides of miniature cross-section which 
does not disturb the usual system geometry. The problem is 
connected mainly with high power, millimetre wavelength 
generators. 

Heating at the lower hybrid frequency c.J,,.,: 
'= [""NeW,.", w~/(w:C + W~ ) 1 f/.t corresponding to a decimetre 
wavelength range is as yet low effective. The theory shows 
/20/,/21/,/22/ that there exist effective linear mechanisms 
of lower hybrid wave energy transmission to short wavelength 
oscillaiions with a frequency of W= W}I'e K,/K. In the re­
sult the plasma periphery is heated and the energy is readily 
dissipated to the walls. For this reason a tendency has 
appeared to use higher non-resonant frequencies for heating 
/23/. This should permit to transmit the HP field energy to 
the plasma column center.In this case only electrons absorb 
the HP field energy. In large devices with a high discharge du­
ration collisional heating of ions by electrons is no problem. 
e) !e~t~al ~t2ID_i~j~c!i£n seems at present to be the most 
effective plasma heating method. The following problems 
connected with injection are being solved theoretically: 

Calculation of the distribution function of fast ions 
originated from injected atom ionisation /24/ including the 
case when impurities are present /25/. 

A number of calculations on instabilities in the presence 
of fast ions has been done but they do not change essentially 
the results of Berk et al. /26/: instabilities can be avoided 



or they cause turbulence with diffusion time much longer than 
the slowing down of the beam. 

The problem of maintaining the toroidal current by 
injection (Ohkawa current) has been reconsidered /27/. This 
current has been proved to flow not only in the case when the 
plasma and injected ion charges are different but also in the 
most interesting case when they are the same. 

Calculations of a fraction of neutral atoms scattered 
due to charge exchange and falling on the ch~ber walls have 
shown /28/ that under reactor conditions the injection power 
should be of the order of or higher than 200 keV for a neutral 
atom load on the wall to be not higher than 100 W/ cm2• 

The problem of transpo~t in a non-equilibrium plasma 
with a fast ion beam remains to be solved. 

f) High-PJlroble!!! .!!n~ ~volBtlo~ .Q.f_ t!o-dlm~n.!!i.Q.n.!al_e.9.ul1l'b!:iBIII. 
The possibility to introduce already in the nearest future 
high powers into the plasma by neutral injection has aroused 
an important theoretical problem: how the plasma equilibrium 
will develop when one increases continuously the j3 parameter. 
To answer the question one should use transport equations 
which are essentially unknown. It seems, therefore, there is 
no reliable basis to solve the problem of two-dimensional 
evolution .. But the situation is considerably facilitated when 
the time of the pressure increase is much lower than the 
characteristic dissipative time (skin time, energy confinement 
time). In this ~ase the plasma pressure dependence on the 
poloidal flux P(~) could be calculated using adiabatic laws, 
the poloidal current f(~) is being found from flux-conserv­
ing conditions leading to conservation of the safety factor 
functional dependence q(Y'). Corresponding calculations of 
equilibrium with high f3 values of up to 15 to 20% at q(y-) 
changing in accordance with stability requirements from 1 on 
the axis to 4 on the periphery have been carried out /29/. 
These calculations became the base of the flux-conserving 
tokamak concept. A somewhat unexpected and favorable result 
of these calculations is that only the current density is 
strongly peaked while the pressure gradient remains compara­
tively moderate. In the paper /)0/ a progress has been 
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achieved in the theory of two-dimensional non-flux-conserving 
evolution. 

11. Macroinstabilities. 
Until ' recently hydromagnetic instabilities in tokamaks 

were subdivided into 1) surface-type kink instabilities with 
modes m=1,2,3, ••• having the largest growth rates, 2) internal 
kink instabilities, m=1, and 3) local internal instabilities. 

The theory of ~iEk_i~s!a~ili!i~s which are well observed 
in the initial stage of the discharge and in disruptions was 
developed at first for two 11>miting cases: 1) free-boundary 
plasmawhen Gutside the current channel there exist a vacuum 
region of zero conductivity, 2) fixed-boundary plasma - a 
tearing mode. Pogutse and Yurchenko /31/ have recently traced 
the transition between these cases assuming that outside the 
current channel there is a low-density plasma of an arbitrary 
temperature. The increase in both the temperature and density 
of an external plasma causes the widenin~ of stability zones. 

Arsenin /32/ has explained in a very simple way the fact 
that observed growth rates of a kink instability are alwaYs 
lower than maximum theoretical values. He has taken into 
account that the going into the instability zone occurs at a 
slow change of the parameter q_a2/J (according to the change 
of the current J). If T is the characteristic time of this 
change than 'the growth rate apperes to be of the order of 

o .... (.Jl.1T)'h which agrees well with an experiment. The theory 

explains also the osoillations preceding the instabilities. 

An_i~t~r~a! ~i~_m2d~ with m=1 as well as a kink mode 
are observed well in experiments by relaxational splashes of 
soft X-ray radiation. These relaxations are explained well 
by plasma heating, increase in conductivity and current densi­
ty, and reduction of q(O) up to the critical value each time 
following the development of the instability and its stopping 
due to flattening and increase of q(r) in the column cent er 
in accordance with the Kadomtsev theory and non-linear 
calculations. The calculation of the critical value of q(O) 
for a kink instability in a torus has appeared to be rather 



subtle because of curvature effects. 
A comprehensive criterion of stability of an internal 

kink mode m=l has been derived by Bussac et al. /33/. In 
contrast to the case of a linear column the stability condit­
ion of the mode m=l. n=1 in the torus depends on the plasma 
pressure. The poloidal ~ critical value varies from 0.) to 

0.1 when q(O) varies from 1 to the minimum admissible value 
q(0)=0.5 (for lower ones n=2,), ••• kink modes unaffected by 
curvature develop). 

As for ~n_i~t~r~al 10£a1 !n~t~b!l!tI of a Sydam type, it 
has not yet been identified in tokamak plasmas. Probably this 
is due to the fact that the Mercier criterion for a local 
plasma stability is easily satisfied under usual conditions 
( a round column cross-sections, moderate ~ values), provid­
ed q2(r»1. Application of this criterion to the plasma with 
a rather high pressure value J3 ...,("I/l. )Y/yq,.1. has shown that an 
increase of the pressure makes the plasma even more stable 
/34/~ The paradox arisen - the emprovement of stability with 
the increase of the thermodynamical nonequilibrium of the 
plasma - no longer arises after numerical investigations of 
high J3 toroidal plasma stability . 

Impressive calculations performed recently in Princeton 
135/,/)6/ (see also /37/) in connection with the flux- conserv­
ing tokamak concept have found out the 12alo.2.n!ng !n~t~b!l! tI 
which was expected on the base of simple phyeical arguments. 
This instability sets a limit on the plasma pressure. Analysis 
of the Mercier criterion of stability undertaken in connect­
ion with this instability by Zakharov has shown that in 
contrast to the basic perturbation mode which is resonant 
with respect to the given magnetic surface m/n=q coupled 
modes m+l and m- l are not local. For this reason the Mercier 
criterion is not a sufficient one for internal modes and in 
fact the pressure gradient for these .modes appeares to be a 
destabilizing factor. 

Pogutse and Yurchenko have found another reason for re­
strictions on the J3 value : the effect of curvature on a kink 
instabili ty. This effect is linear in £ = ()../R.. and cause s 
the closing of the gaps of instability. The cr itical j3 value 
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is founa to depend on the current distribution and is of the 

order of a./Rq,I. 
More adequate to numerical results are investigations of 

a balooning mode in a tokamak by Glasser et al.in Princeton. 
Modes localised in the azimuthal direction which are strongly 
changed along the magnetic field lines and unaffected by the 
shear are found analitically in full agreement with numerical 
results. 

As to a numerical value of critical j3 
be of the order of a/Ilq,' and amounts to 
(calculations of the Prince ton and Oak Ridge 

it is found to 
3 to 5 % 
groups) .It can 

achieve the value of 12% for specially chosen equilibria 
according to Wesson (Culham). 

No much progress has been achieved in theoretical 
explanations of £i~rBPli~e_iEslabilili!s. However, a picture 
of the process development derived from experimental data 
has permitted Arsenin /40/ to propose a method of its suppress­
ion by feed-back stabilization of a tearing instability which 
is thought to provide conditions for a disruption. 

Ill. Reactor Plasmas. 
Programs in a number of countries of realization during 

the nearest 5 or 10 years of a demonstrational fusion . 
experiment have resulted in development of a theory of the 
thermonuclear, or reactor plasma, i.e. the plasma with a 
temperature of about ten kilovolts in which rather an intens­
ive fusion reaction proceeds. 

Here the new problems are those connected with 
particles (the products of the reaction) and interaction of 
thermonuclear plasmas with chamber walls. 

In paper /38/ the losses of ot particles from toroidal 
plasmas due to a toroidal drift are calculated. The angular 
distribution and energy spectrum of ~ particles incident on 
the reactor first wall has been considered./39/. So-called 
thermonuclear microinstabilities - excitation of Alfven and 
magneto sonic waves and corresponding transport have been 
also studied./40/,/41/. 

The problem of protection of the tokamak reactor first 



wall from sputtering by hot plasmas has been studied /42/./43/. 
Studies have shown that in the near-wall region a layer of 
rather a dense and cold plasma protecting effectively the 
wall and the limiter from erosion can form. 

A high value of heat conductivity necessary to cool a 
near-wall region can be achieved by artificial destruction 
of magnetic surfaces by resonant perturbations as is proposed 
in the paper by Feneberg /44/. 

Another possibility of the wall protection is connected 
with localization in the near-wall region of a cold dense 
plasma with high-Z impurities - a so-called "virtual limiter" 
/46/ which can be formed during the first contact of the 
plasma with a material limiter covered by a readily evaporat­
ing high-Z material. Having entered the high-Z dense plasma 
the hot particles loose their energy due to excitation and 
ionisation processes. Then this energy is released as X-ray 
radiation which does not affect the wall. 

The conclusion based on these calculations is as 
follows: there is no principle obstacles in the way of 
realization of a tokamak fUsion reactor. 
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PROGRESS IR TOKAMAK EXPERIMENTAL RESEARCH IN THE SOVIET UlIOW. 

Tokamak Group. Presented by G.A. Bobrovskii. 
I.V. Kurchatov Institute of Atomic Energy, Moscow, USSR. 

The Sovi'et tokamak experimental research program has been 
concerned mainly with: impurities, disruptive instability, 
electron runaway and additional heating, during the year after 
the Berchtesgaden Conference. 

Three approaches were taken in studies of impurities: 
1. Determination of the plasma impurity level and mechanism 

of impurity influx. 
2. Use of a carbon limiter in a tokamak . 
). Construction of a divert or in a finger-ring tokamak. 

In the disruptive instability we were interested in the 
succession of phenomena resulting in a precursor and its 
development into a large disruption and in the role of low-m 
helical perturbations in the disruption process. Attention was 
also paid to the stabilization of helical perturbations. 

Studies of the electron energy distribution function were 
continued in order to determine to what extent the electron 
acceleration mechanism obeys the classical law. 

Additional heating stUdies include investigations of HF­
heating at frequencies near the lower hybrid resonance and at 
considerably higher frequencies, and alew investigations of 
neutral beam injection at a safety factor q"-2. 

The experiments, described in the paper,were performed on 
Tokamaks T-4, TM-3, T-12, TO-1 (Kurchatov Institute, Moscow), 
FT-1 ( Ioffe Institute, Leningrad) and R-O ( Sukhumi PhTI ). 

In addition, new information was obtained from processing 
of T-10 and T-6 experimental results. 

The T-10 Tokamak was put in operation in September again 
after almost an one-year break. The toroidal field coils have 
been tested to the maximum design value of 5 T. 

I. 
The main task in the impurity problem is to study physical 

mechanisms resulting in impurity transport. The absence of the 
high impurity level in the center of plasma column, observed in 
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all world tokamaks operating at electron densities over 
13 -3 . 5 ••• 8.10 cm , seems to g1ve an evidence that the impurities 

do not accumulate in plasma for the time of discharge. It was 
shown on T-10 that the effective ionic charge in the center 

Zeff(O) is near 1 for 0.8 s /1~~/.Moreover, there is indirect 
evidence that Zeff grows towards the periphery /1/. It is natu­
ral to assume that the impurity influx to the cent er • if any , 
has a very small rate. 

A study of impurity diffusion was performed on T-4 /3/. The 
problem has been formulated as follows: by measurement of the 
line intensities of ions of successive stages of ionization the 
direction and the rate of impurity diffusion in the plasma 
column cross-section are determined. Oxygen already existing as 
an impurity in hydrogen plasma and pulsed injected argon were 
chosen for investigation. 

The radial profiles of hydrogen- and helium-like oxygen 
ions are given in Fig .•. 1 together with the diffusive flux of 
the 0+7 ions. One can see that in most parts of the cross-sec­
tion an outward diffusion exists. The measurements of the 
ionization fluxes of oxygen ions of lower stages of ionization 
show that the outward diffusion of the 0+5 and/or 0+6 ions 
also· exists. 

It is known that impurity accumulationmust occur ·in the 
central region if transport processes are classical or neo­
classical ( see, for example, /4/ ). However, there is 
experimental evidence of anomalously large electron transport. 
Taking into account enhanced electron diffusion and assuming 
neoclassical transport for ions in the banana and plateau 
regimes Strizhov has shown that in model, used by him, the 
calculated fluxeswere of the same character as the expe.dmental 
one. The diffusive fluxes of the 0+7 ions calculated for the 
T-4 Tokamak are given in Fig. 1. However, only qualitative 
description can be offered by this model because both the 
influx value and the intensity profile of 0+7 and 0+6 radiation 
differ essentially from the experimental ones. 

The experiments, performed on T-4 and T-10,make it possible 



to hope that impurities are not accumulated in the center of 
the plasma column at least for the discharge, which is in 
contradiction with theoretical waitings. If this suggestion 
is proved in further experiments it will mean that a mechanism 
exists in tokamaks which decreases effectively the impurity 
influx to the center. 

The level of plasma contamination in T-10, although compara 
tively low, causs, nevertheless, sUbstantial radiative losses. 
The spectra of Fe and Cr measured in T:10 /2/ are presented in 
Fig. 2 and give evidence that chromium is ionized to the helium 
like stage while iron is ionized only to the lithium-like one. 
The material of the limiter seems to be in plasma together with 
those impurities going from the walls. The use of low-Z materi­
als seems to be profitable for reducing the losses connected 
with impurities. The first attempt in this field was the use of 
a carbon limiter. Such a limiter was placed in T-4 following 
the Petula and TFR examples. In the T-4 experiment the carbon 
limiter hole radius was 1.5 cm smaller than that of the tungs­
ten-rhenium one, previously used. The use of the carbon limiter 
leads to the following results in the I=100 kA, H =3 T, n = 
2.1013 cm-3 regime. The oxygen flux was not pract~callY c~anged 
as determined from 0+4 ion radiation. The carbon influx was 
increased as determined from c+4 ion radiation and became 3 
times larger than that of oxygen. Loop voltage was decreased 
more than twice reaching 1.5 to 1.8 V. The intensity of hard X­
ray radiation from the limiter was sharply decreased. Zeff in 
the center taken from the sawtooth analysis was decreased 1.5 
to 2 times reaching Zeff(O)= 2 or 3. Intensity of the tungsten 
M-series was decreased by an order of magnitude. Wall losses, 
measured by a bolometer, reached 20 % of the input power. Their 
absolute value was decreased by a factor of 2 or 3. There was 
no dangerous destruction of the limiter after a series of 1000 
runs; however, its surface became covered by a film of sputter­
ed material from the chamber walls and from the previous limit­
er left in the chamber. This result, which is not surprising, 
shows that changing the limiter only is not an effective way to 
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remove heavy impurities. ConsequentlY,the whole discharge 
chamber should be made of a light material~ a low sputtering 
yield. 

A divert or is another way for impurity removal. The first 
divert or in the Soviet Union was made in T- 12 finger-ring 
tokamak /5/. It is an axisimmetric poloidal divertor. The first 
experiments showed that the divertor made it possible to 
increase the discharge duration and to decrease radiative loss­
es in the vicinity of the material limiter. 

II. 
The disruptive instability still prevents reaching a low 

value of safety factor in tokamak. Considerable progress in 
investigation of this phenomenon has been achieved by using 
good time-resolution methods of measurement of X-radiation, 
MHD-activity, loop voltage and of some other characteristics of 
the plasma column. In ,our opinion, to understand this phenomen­
on the accurate classificati.on of disruptions is necessary. 
The classification may be offered as follows /6-8/: 

1. Internal mode caused by m=O and m=1 modes. It is manifest­
ed as sawtooth oscillations of soft X-ray intensity. External 
activity of this mode is low. 

2. Small disruption (SD). The negative voltage spike is of a 
small amplitude. Modes of m=) and m=4 are registered which do 
not touch central region. SD begins with development of helical 
harmonic with an mln ratio near the safety factor value at 
limiter: mln ~q(aL)' The perturbation is somewhat distorted 
during the disruption. This me anD the appearance of harmonics 
with higher m/ne However, the initial harmonic remains dominant, 
SD is accompanied by energy losses which can be substantial. 

). Precursor. It looks like SD initiated by m=2 mode at the 
periphery. This mode seems to cause the m=1 mode at smaller 
radii and the latter, in its turn, seems to cause m=O mode ,in 
the center. The m=O mode is the flattening of temperature and 
current profiles, and therefore of the safety factor, in the 
center. This flattening obviously reduces plasma stability 
against helical perturbations with higher m. Poloidal field 



oscillations during precursor are of a few per cent. 
4. Large disruption (LO) goes through two stages. The first 

stage is practically a repetition of precursor, usually differ­
ing in having a larger intensity. As in precursor, the m=l mode 
is coupled with the m=2 mode . As LO develops, this coupling 
seems to be broken. Frequency and amplitude of the m=l mode are 
increased, and the safety factor profile is flattened ( the m=O 
mode ). This flattening is accompanied by the m=2 perturbation 
increase. The loop voltage is slightly lowered. A sharp drop of 
the loop voltage happens in the second stage of LO. The m=2 
mode, which is moderated, serves as a background for a harmonic 
of higher m with rapidly increasing intensity. Amplitude of the 
latter becomes 2 to 4 times larger than the maximum amplitude 
of the perturbation in the first stage of LO. Energy losses 
during LO are 2 to J times larger than those in SO. They are a 
great part of the plasma thermal energy before the disruption. 

The fact that precursor does not always develop into 
destructive LO allows hope that the LO can be avoided by 
stabilizing the m=2 perturbat i on during the precursor. 
Encouraging results for such stabilization by feedback control 
were obtained in R-O (Sukhumi) /9/ and in TO-l. In both cases, 
the additional m=2 helical winding was used. 

Ill. 
Helicalperturbationsplay an essential role not only in the 

disruptive instability, but at the initial stage of a discharge, 
when the plasma column is formed , and in providing an impurity 
flux from the chamber walls. 

In /10/ the phenomena were observed ,when an initial stage 
of the T-4 discharge was studied, which could be interpreted as 
the contraction of the current channel due to development of 
the peripheral MHD-perturbations of higher modes ( m=q(aL), 
n=l ). These perturbations seem to be responsible for a skin­
effect attenuation at low densities: ne< J.l01Jcm-J • The 
absence of current skinning at higher densities can be explain­
ed by periphery cooling due to ionization and radiation. When 
the plasma column was formed under such conditions, the m=J 
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perturbation and the disruptive instability were observed at 
q(aL) =10. The MHD-perturbations of lower modes seem to set a 
limit to the maximum plasma density /11/. 

The surface perturbations lead to outflux of hot particles 
to walls and to increase of impurity fluxes. A notable increase 
of the electron density was registered by a Langmuir double 
probe in the vicinity of the wall in the TM-3 Tokamak /12/ when 
the resonant magnetic surfaces with q>4 were placed there. 

IV. 
The runaway electron beam becomes more and more dangerous 

as tokamak sizes are increased. The investigations of the 
electron energy distribution function could help in looking for 
a way to guard the bulk of electrons against the acceleration. 

The distribution function fe in the vicinity of the thermal 
energy (£~(5 to 10).Te ) follows the formula /13/: 

In f{"-e/Te + !E/ED( C/Te)2 (1) 
(ED is the Dreicer field), according to the present conception. 
In Fig. 3 the curves described by (1) are compared with the X­
ray spectra registered in T-10 along three chords of the column 
cross-section /1/. One can see appearance of discrepancy 
between theory and experiment at larger distances from the 
cent er in spite of the fact that conditions for acceleration 
are worse at the periphery (E/ED is smaller. Zeff is larger). A 
similar result was obtained in TM-3 /14/. Gurevitch et al. tri­
ed to explain this phenomenon by diffusing of electrons from 
the hot central region of the plasma column. The number density 
of fast electrons is larger in exponential manner in that regi­
on (see (1» and a noticeable part of them is trapped in local 
mirrors. They drift vertically to the periphery and then become 
untrapped through Coulomb collisions. Thus. the distribution 
function is enriched in fast electrons at the periphery • 

. The existance of hotter electrons at the periphery can 
cause a variation of plasma column conductivity and must be 
taken into account when calculating the radial profile of the 
current density /2/. 



V. 
A large number of different factors should be taken into 

consideration when interpreting charge-exchange spectra. So, 
ion temperature Ti in T-10 was increased from N600 eV to 
",SOO eV when plasma selfabsorption of neutral atoms and drift 
of locally trapped ions have been considered. At densities 
anieved in some of present tokamaks the radiative recombina­
tion of protons must be taken into account, too (Fig. 4) /15/. 
The recombination will lead to an increase of the neutral 
density na in the center by some orders of magnitude in future 
tokamaks. On one hand, this will deteriorate the energy 
balance of the ion component; on the other hand. this improves 
the perspective of Ti-measurement by neutral spectra. That is 
why the direct me.asurements of na in the plasma column cross­
section are important. The first attempt in the Soviet Union 
was undertaken by Burakov et al. on FT-1. The local measure­
ments of n were performed there by the resonant fluorescence a . 
method using a dye laser (Fig. 5). The lower limit of 
sensitivity was estimated to be 109 cm-3• 

VI. 
The additional heating methods are being investigated in 

the Soviet Union tokamaks. 
We were interested in frequencies near the lower hybrid 

resonance and considerably higher frequencies when studying 
the HF-heating. The higher frequncies allow to avoid HF-power 
absorption at a plasma periphery: according to the theoretical 
predictions /16/ , the length to absorption due to decays is 
proportional to ~3 and it becomes of the or der of plasma 
transverse dimentions at high frequencies. Absorption of HF­
power by supra thermal electrons should be expected in this 
heating method. The method is promising for the heating the 
bulk of electrons in large tokamaks where the energy confine­
ment time is longer than the time of maxwellization. To test 

. , 
the theoretical predictions Alikaev and 11 in investigated 
HF-power absorption at w:: 4 CA) LH in the TM- 3 Tokamak. An 

electromagnetic wave was shown to be absorbed by electrons 
with longitudinal energy £,,"'10 to 100 Te' The loop voltage 
decrease and the plasma column displacement increase, observed 
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during the HF-pulse, can be interpreted as an increase of £" of 
those electrons. Then the absorbed power is 20 to 40 % of the 
input power. One c.ould explain the results in terms of the 
linear Landau damping, too. 

The heating was confirmed when processing the results of 
the experiments on heating of plasma by ALfven waves 117/. The 
rise of temperature (mainly of Te) was 100 eV under HF-power 
not more than 100 kW. 

Neutral injection is developed on T-ll. After a year break 
the Tokamak was put in operation. A source without magnetic 
field was installed in an injector. The injector can provide 
the I~35 A, P~400kW hydrogen beam or the If25 A, P-S}OO kW 
deuterium atom beam. The energy of atoms E= 15 to 25 keY. The 
heating studies are performed at q ~2. 

VII. 
The results of the Soviet tokamak research can be briefly 

summarized in the following way. 
1. It has been shown that in spite of the continous impurity 

influx to the column periphery there is no evidence of appreci 
able impurity accumulation in the central hot regions,at least 
in the course of the process. Impurity accumulation is preven! 
ed by an outward diffusion of ions of higher stages of 
ionization. 

2. The consequence of events is traced during the disruptive 
instability. The m=2 helical perturbation and the m=l mode 
induced by it are shown to be the most dangerous. They result 
in a precursor which goes as a rule to a destroying large 
disruption. At present the hope for suppression of the disrup­
tive instability is connected with stabilization of m=2 mode. 

3. Helical perturbations (together with ionization and rad­
iation at a high initial pressure) prevent from skin formation 
at the initial stage of the discharge. Their negative role con 
sists in an increase of the impurity flux from the walls. 

4. Continous acceleration of an appreciable part of the elec 
trons does not occur as a rule. However, the electron distribu 
tion funCtion is markedly deformed by an· electric field. One 
should take into account the existance of suprathermal elec­
trons while measuring T by X-ray spectroscopy and while calcB e 



lating conductivity over the plasma column cross-section. 
5. The frequencies considerably higher than GJ LH seem 

promising for heating plasmas in large tokamaks. 
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Abstract: The behaviour' of DITE tokamak is discussed in relation to the 

origin, effect and control of impurities. The beneficial effects of getter­

ing the walls, a cold plasma blanket and the bundle divertor are discussed 

and p1asmas with Zeff - 1, ~ - 4 and -rE - 30 ms are described. Power balance 

and transport are considered for three types of discharges;· low Z (oxygen) 

dominated, high Z (metal) dominated and high density "pure" p1asmas. Neutral 

injection into the latter produces electron heating and changes the current 

distribution. 

1. INTRODUCTION: This paper provides an overall picture of the behaviour 

of the DITE tokamak and thereby places the six more detailed contributed 

papers [ 1 - 6] in context. This approach allows more emphasis to be placed 

on the significance of the work for tokamak research. 

The main theme is that the plasma behaviour is dominated by impurities, 

unless special measures are taken to obtain "pure" p1asmas. The radiative 

power loss and the enhanced 

balance, hence the profiles 

stability of the tokamak. 

Zeff produced by impurities, affect the power 

T (r) and thereby the basic transport and 
e 

The main achievements of the DITE programme are as follows: 

(1) Control of low and high Z impurities by the divertor, (2) Control of 

low Z impurities by 

"pure" plasma (Z 
eff 

gettering which 

- 1, (; - 4) and 

limit, (4) Identification of arcing 

allows, (3) High density operation with 

helps elucidate the nature of the density 

as the main source of metallic impurit-

ies and demonstration of methods of controlling it, (5) Electron heating and 

modification of the current profile by neutral injection, (6) First measure ­

ment of profile q(r) by the scattering technique. 

2. EXPERIMENT 

,;; 
The machine parameters are: R = 1. 17 m, a = 0 . 26 m, BT 2.8 T, 

I ,;; 250 kA from capacitor banks and the torus is modular with two ceramic 

gaps (Fig. 1). 

The two neutral injectors (30 kV) deliver a total of 0.2 MW to the 
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plasma without detectable gas or impurity influxes. A second pair of 

injectors bringing the total to 1.4 MW will be available in January 1978. 

The bundle divertor Mk I has operated with BT S 1.0 T, IS 50 kA and 

modification will allow BT S 1.5 T, IS 75 kA in January 1978. A full 

power divertor (Mk 11) is now designed and should be installed by 1979. 

The normal full range of diagnostics are available as illustrated in 

Fig. I. The grazing incidence spectrograph (down to 1O.l) provides estimates 

of impurity concentrations and direct evidence of an outward diffusion of 

highly ionised species. The electron cyclotron emission is used routinely 

to measure Te(r) many times during one pulse (see Fig. 17). 

For the first time the photon scattering technique has been used [7] 

to measure the profile Bp(r) and hence JT(r) and q(r). The measured values 

of q (r) ·, circles in Fig. 2, agree well with those derived from Te (r), assum­

ing Zeff(r) = constant, for a similar discharge. 

3 . GENERAL BEHAVIOUR 

The plasma parameters achieved, though not all at the same time, are 

as follows; T S 1.5 keV, T. S 0.7 keV, n S 1020 m-3, Zeff ~ I, C ~ 4, 
eo 10 eo 

ep S 0 . 6, 'E S 30 ms (the latter two from diamagnetism). The impurity con-

centrations for normal to "pure" plasmas are estimated as nO In - I to 0.1%, x e 
D- In = 0.4 to 0 . 02%, Q. In = 0.2 to 0.01%. t'e e .MO e 



Normal discharges in DITE[ S] have always been metal dominated and 

the operat ing regime in .current and density with gas feed is represented by 

Region A of Fig. 3, delineated more 'fully than previously [8]. Within this 

region the radiated power is an almost constant fraction of the ohmic power, 

the profiles T (r) be come theoretically less stable as the density limit is 
e 

approached and MUD . activity has a minimum near the centre of the density 

range. Alsowithiri this region (Zeff - I) «PI/ne (Fig. 4), suggesting 
• 

that the impurity content is proportional to the input power (Pr)' Typical 

experimental profiles Te(r) are shown in Fi~. 5. The peaked high Z (metal) 

dominated profiles changed to consistently hollow profiles later in the life 

of the machine. These two profiles illustrate the thermal instability of 

the centre of the discharge. 
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The two other modes of operation .of DltE are also shown in Fig. 4 

and 5: (I) Small quantities of low Z impurities introduced (e.g. 2% Ne; 

oxygen after exposure to air) and (2) High density operation with "pure" 

plasma, Zeff "" I achieved after gettering the walls, and corresponding 

to region B of Fig. 3. It is somewhat surprising that the low z, high .Z 

and "pure" discharges all fit the Hugill-Sheffield [9] empirical scaling 

law (Fig. 6). 

The bundle divertor removes a bundle of toroidal field lines, localized 

in major and minor azimuth, from the torus to a separate chamber where it 

is intersected by a target plate (Fig. 7). The rotational transform connects 

this bundle to an annular ' scrape-off region in the torus. The purpose of 

the divertor is to reduce the impurities by using the following functions: 

(I) Unload the outgoing plasma and power fluxes from the wall 'onto the 

target and this it does with efficiencies of 30% and 60% respectively, 

(2) Remove the need for a ·)I1a,tedallimiter because of the magnetic separ­

atrix, (3) Screen the central plasma from impurities evolved from the wall 

by ionizing them in the scrape-off layer and diverting them. This it does 

with efficiencies of 50% and 80% for low and high Z. impurities respectively. 

/\ 
Stagnation axis 

Fig.7 D1TE Bundle Divertor. 

4. PLASMA-SURFACE INtERACTIONS 

4.1. Low Z Impurities 
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Fig.8 Effect of 8"' feed on 0 n and Fe n . 
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Origin: The main contribution is from oxygen, as inmost tokamaks, .but the 

level is low • . It originates from 'surface contamination together with some 

diffusion from the bulk and is desorbed into the plasma by hydrogen recycling 
near the edge of the plasma. 



Effects : Radiative cooling by low Z impurities,which are stripped in the 

outer regions of the plasm~produces a shrinkage of the .current channel . 

Experiments with artificially high levels, from exposure .of the t orus to 

air or the addition of 2% ~eon to the hydrogen, show this effect and the 

resulting high T with a flattened central profile out to q - 1 (Fig. 5). . . eo 

Normal hydrogen gas feed is largely via the wall and involves increased 

hydrogen. recycling. Even in the normal metal dominated discharges, this 

increases the desorption of oxygen, as shown in Fig. 8, produces shrinkage 

of the current channel and ultimately MHD instability. 

The maximum density and· also containment time in DlTE is determined 

by this oxygen induced disruptive instability. Because the current shrink­

age towards instability is .related to the balance between radiated and ohmic 

pow~r, it is not surprising that the density limit scales with ohmic current 

density (<< B/Hq) . as in Fig. 3. 
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Control: The divertor has demonstrated a 50% decrease of the influx Df 

oxygen (Fig. 9) and higher screening efficiency can be expected at higher 

plasma density. 

Gettering only 40% of the torus wall is about 90% effi cient in reducing 

the oxygen influx. The discharge removes oxygen from the ungettered wall 

and it is trapped in the gettered wall. The reduced oxygen desorption allows 

more gas feed, increased ne' (region B of Fig. 3) and longer 'E (Fig. 10). 
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Discharge cleaning removes oxygen from the wall. In DITE a few 

hundred pulses (30. kA, 30 ms) are required each day to obtain operation 

within the lower density limits (A of Fig. 3) . Gettering is simply a quick 

and more effective way of producing a clean wall. 

4.2. High Z Impurities 

Origin: Iron, molybdenum and, after gettering, titanium are the dominant 

high Z impurities. They arise from direct plasma-surface contact involving 

arcs. Sputtering by hydrogen is totally inadequate to explain the metal 

content. Sputtering by oxygen appears inconsistent with the decreased metal 

flux when more oxygen is present and the absence of any change when the 

oxygen is decreased by gettering without extra gas feed. 

Arc marks are clearly observed on the parts of the torus nearest to 

the plasma and on the limiters. Estimates of the amount of material evapor­

ated by these arcs are not inconsistent with the amount desposited on sample 

surfaces. There is clear evidence that the influx of iron is reduced by 

reducing the plasma nand T near the wall. However the interaction will 

probably be influenced by the violent fluctuation in the plasma near the 

wall (cf § 6). 

Effect: High Z impurities are not fully stripped even at the centre of the 

discharge and hence radiate from and tend to c001 the centre. Measurements 

showed that the spectrally integrated radiated power is a maximum on axis , 
for all discharges. In some cases the consequent cooling produces a hollow 

profile T (r). The X-ray anomaly factor (b) is high corresponding to 
e 

emission from high Z ions. 

Control: Simply increasing the separation between the plasma and the wall 

by moving the plasma away from the wall or inserting a block limiter, 

decreases the density and the temperature near the wall and hence the iron 

influx. 

A cold plasma blanket, such as results from gas feed, or from an 

influx of low Z impurities also effectively increases the separation and 

thereby reduces the high Z influx as shown in Fig. 8 and 11. The gas feed 

is more than 90% efficient in reducing the iron influx, resulting in plasmas 

with Zeff - 1 and 1; - 4. 



The divertor unload/limiter 

function reduces the influx from the 

wall with 60% efficiency, presumably 

in part by reducing the n and T of e e 
the plasma in contact with the wall. 

The screening action of the divertor 

is about 80% efficient for metals. 

The fall in total radiation by about 

90% and in ~ from 400 to 80, both 

demonstrate the reduction in metals. 

The screening action should work for 

any source of metals whereas the effect 

of the cold plasma blanket used here 

is specific to arc sources. 
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4 . 3. Hydrogen Recycl ing Fig. ll Effect on metallic fluxes. 

Origin: The hydrogen flux into the plasma comes from two sources (i) 

reflection at the wall of fast neutrals originating from the hot plasma and 

(ii) desorption of neutrals from the wall surface. Studies using a deuter­

ium filling gas with a hydrogen loaded wall show that these two processes 

make roughly equal contributions. 
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Effects: Hydrogen recycling provides the refueling of existing tokamaks 

because even gas feed is mainly via recycling at the wall. Desorption gives 

rise to low energy (few eV) neutrals which are ionized in the outer parts 
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of the plasma as shown by the peak in the H emission. The reflected neutrals 
et 

are more energetic (- T,) and penetrate further into the plasma, depending 
1 

This mcdel and on the plasma density. emission against radius the measured H 
et 

agree reasonably with neutra l particle transport calculations. However, 

these various studies have not yet been extended to· the highest operating 

densities, at which we have evidence, from neutral particle analysers, that 

fast neutrals cannot get out and therefore cannot get into the core of the 

plasma, 

The hydrogen recycling, as we saw in paragraph 4.1, releases oxygen 

and causes the current channel to contract. Even in the absence of oxygen 

there would be a limit to the amount of gas which could be absorbed without 

current contraction. 

Control: The divertor unload function reduces the recycling by desorption 
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and this is shown by the decreased outer peak in H (r). The screening 
Cl 

function further reduces the influx of slow neutrals. The fast neutrals 

are affected by neither of these functions at the present low densities. 

The plasma density falls when the divertor is switched on during a pulse 

and the increased gas feed required to maintain the density desorbs suffic­

ient oxygen to cancel the screening action. This explains the unchanged 

Zeff [8J . 

The effect of gettering on recycling is not fully investigated and 

the preliminary results are not yet understood . 

5. POWER BALANCE AND TRANSPORT 

Electrons: The input ohmic power to the electrons is derived by assuming 

h d ·· . 1 T 3/2 h 1 f h t e current ens1ty 1S proport10na to • T e power oss rom t e e 
electrons by radiation as a function of radius is measured by thermopiles, 

with some calibration uncertainty, assuming that the power in charge-exchange 

neutrals is negligible. Typical radial profiles for the three types of 

discharge, high Z, low Z and high density are shown in Fig. 12. The notable 

feature is the appreciable reduction of radiated power for the high density 

"pure" discharges. However the profiles have the same form with a central 

peak for all three discharge types. This is different from the typical 

oxygen dominated discharges in TFR which show an outer peak. The divertor, 

by reducing the high Z impurities, almost removes the central peak for 50 kA 
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discharges. These various profiles suggest that even in the so called low 

Z and "pure" discha,rges, high Z impurities make a major contribution to the 

radiation losses. Perhaps a better me~sure of the effect of impurities is 

the radiated power per electron shown in Fig. 13. Clearly there is a 

reduction of this parameter from high Z, through low Z to high density 

discharges. 

The difference between the radiated power profiles for low and high Z 

discharge is much less, than the difference between the profiles Te (r) 

(Fig 5) and therefore the input power profiles. It appears that the impurit­

ies through a small change in the radiated power profile trigger a larger 

redistribution of the input power. 

Before calculating the thermal transport through the electrons, the 

energy transfer between electron and ions needs to be calculated. This 

requires a knowledge of the ion temperature profile. 

Ions: In earlier experiments we demonstrated near neoclassical profiles 

of ion temperature for r/a < 0.4. In the power balances reported here we 

have measured only the central ion temperature and compared it with the 

predictions of neoclassical theory. There is usually reasonable agreement 

and then we assume the theoretical ion temperature profile, derived using 

the measured Te(r) , gives the energy transfer between electrons and ions . 

Thermal Flux Through Electrons: This 

has been derived from the above power 

balances for the three discharge types 

and the results are shown in Fig. 14. 

Using the experimental plasma para­

meters, the theoretical predictions 

of neoclassical theory [10] are cal­

culated and plotted for comparison, 

Near the centre of the high Z domin­

ated discharges the comparison is 

favourable but this is probably 

fortuitous. 
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Neutral Injection: The three types of discharge have been heated by injec­

tion and full power balances performed for the high Z and "pure" cases . In 

the later case the rise in electron temperature (Fig . 15) can be shown, from 

the full radial power balance (Fig. 16), to be unambiguously attributable to 

injection heating. There is no increase 1U impurities during injection and 

the plasma parameters return to those without injection . The change 1n 

T (r) demonstrates the principle of profile control by injection. 
e 

6. STABILITY 

MHD: Impurities frequently dominate the power balance which determines 

T (r), q(r) and hence the MHD stability (e . g. hollow profiles with q > 2, 
e 

low Z with q = I and the disruptive density limit). 

The theoretical stability of the experimental profiles has been investi­

gated using the Wesson stability code [ IIJ. Most experimentally stable 

profiles are theoretically stable . But profiles from near the density limit, 
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which have steeper gradients with flatter centres, tend to be marginally 

stable or unstable. 

During the rise towards high densities there are often pauses in the 

rise. These are accompanied by increased MHD activity, loss of plasma and 

an increase in inductance. On some occasion a partial filling of the hollow 

profile is observed using the sequence of profiles, T (r), from the electron 
e 

cyclotron emission (Fig. 17). This 

phenomenon appears to be an MHD 

re-organization of the discharge but 

it is not yet fully diagnosed or 

un de rs tood. 

The plasma near the wall is 

violently unstable (6n/n - I) with 

f - 200 kHz. 

Micro-instabilities: There is clear 

evidence from the interferometer for 

measuring the electron cyclotron 

emission, that there is strong, 

narrow band emission at w even pe 
from discharge with low runaway levels 

at high densities. 

Drift Waves: The th~ory of Duchs et 

al [ 12J has been used to calculate, 

using the experimental profiles, the 

thermal flux to be expected from 

drift wave turbulent transport. The 

results for the three types of dis­

charge are compared with experiment 

in Fig. 18. The theoretical curves 

are very dependent on the experi­

tirm sequence_ 

~------pause--------~ 

r r-_______ pause ______ .... ~I 

" 1'-- \ 

Fig.17 T,(r) sequence from the 
electron cyclotron emission. 

with pause. 
without pause. 
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mental gradients of density. The small changes shown in Fig. 19 , which are 

within experimental errors, are sufficient to produce exact fits of drift 

wave transport to the observed transport and this implies that such compari­

sons are at present of doubtful value. 
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The DITE results provide a better understanding of the origin, effect 

and control of impurities and lead to the following conclusions and comments: 

(I) The study of transport and stability in impure plasmas may be inter­

esting but may not be relevant to the properties of the pure plasmas 

required for fusion research. 

(2) Relatively pure plasma with Zeff - I and ~ - 4 are produced with ease 

in DITE by a combination of gettering and the cold plasma blanket 

produced by gas feed. 

(3) The DITE divertor controls impurities in a more satisfactory manner but 

requires testing at higher operating densities, when it should produce 

similar pure plasmas with Zeff - I. 

(4) Low ohmic power density machines like DITE, PLT and TIO, which all 

have the same BT/R, are very sensitive to impurities and larger mach­

ines will be even more sensitive. While some of these effects can be 

off-set by powerful additional heating, it is clearly better to reduce 



the impurity level. However, reducing the impurity .level reduces the 

ohmic power input and this emphasises .the .need for powerful .additional 

heating anyway. 

(5) Powerful injection into such plasma, should allow a reasonable degree 

of decoupling between the three main tokamak problems; heating, trans­

port/stability and purity. 

(6) Refueling by gas feed is closely coupled to the boundary layer and 

surface interactions. An alternative independently controllable 

method needs to be developed particularly for experiments using 

divertors. 

(7) At present in DITE sputtering is not important, compared with arcing, 

as a source . of metal impurities. However, this may not be so with 

better control of arcing and the higher ion temperature available with 

powerful injection. Such plasmas must be used to develop methods, 

such as the divertor and the other type of cold plasma blanket, to 

control the influx of impurities from sputtering. 

The author wishes to acknowledge his indebtedness to all his colleagues 

on ,the DITE project. 
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EXPERIMENTS ON ADIABATIC COMPRESSION OP A TOKAMAK 

PLASMA IN TUJlAN -2 

V.E.GOLANT 

A.P.loffe Physical-Technical Institute 

Leningrad, USSR 

ABSTRACT. The paper presents a review of the results on minor 

radius compression of a tokamak plasma in the Tuman-2 device 

(a = 8 cm, R • 40 cm, Ho= 4 kG, ~ax= 12 kG, Ip= 5 kA). The 

experiments showed an effective compression of plaama column 

and plasma heating during fast increase of a toroidal magnetic 

field. Oscillations were strongly reduced in compressed column. 

An essential improvement of energy confinement was found. The 

maximum value of plasma pressure corresponded to ~r" 2-2.5. 

The paper includes also the description of first experiments 

on the modified Tuman-2A device (~ax= 20 kG, Ipmax= 15 kA). 

INTRODUCTION. Interest in adiabatic compression of tokamak 

plasmas is caused by the possibility of its application to the 

production and heating of plasma column. On the other hand, 

compression can be an effective method of diagnostics since it 

provides a means of controlling plasma parameters and their 

profiles. In recent experiments, two types of compression were 

realized, i.e. a fast increase of toroidal magnetic field (mi­

nor radius compression) 11-4/and displacement of the plasma 

column along the major radius (major radius compression) 15/. 

This paper presents a review of the results on minor radius 

compression of the tokamak plasma in the Tuman-2 device ob-
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tained by the group of the late Dr. M. G.Kagansky /6-8/. It in­

cludes also a description of first experiments on the reconst-

ructed Tuman-2A device. 

DESCRIPTION OF TUMAN~2 EXPERIMENTS. Tuman-2 was a tOkamak ty­

pe device /9/ with major radius R = 40 cm , minor limiter ra­

dius a = 8 cm. The value of toroidal magnetic field during oh­

mic heating was Ho'" 3-5 kG, plasma current I = 2- 6 kA. After • p 
ohmic heating period toroidal magnetic field was raised that to 

provide compression. The maximum value of field after compres­

sion was 12 kG, its rise time'" 120 rs, its decay time "'2 ms. 

First experiments were performed at rather poor vacuum 

condition. They demonstrated an effective compression of a non­

stable plasma column and its stabilization after compression/3~ 

After improvements of vacuum conditions a stable tokamak type 

discharge was obtained during ohmic heating /6/. The plasma pa­

rameters for typical ohmic heating regime at H = 4 kG, Ip'" 5 kA 

were following: average plasma densi·ty n = (6_8). 1012 cm-~ ma­

ximum electron temperature Te= 100-150 eV, ion temperature 

Ti ::: 30 eV, energy confinement time 'LE' = 150-200)"'s, Zef=1.5-2, 

~1 = 0.5-0.7. The typical compression experiments were perfor­

med by increasing magnetic field from 4 up to 12 kG (compres­

sion degree ol = 3). Trans­

verse magnetic field was in­

creased during compression 

that to prevent the outward 

shift of plasma, caused by 

the rise of ~. The time 

behaviour of some plasma cha-

~oCy 
f234St,mS 

Fig. 1 



racteristics is shown in Fig.1. The plasma current Ip was kept 

constant by external circuit. The loop voltage Up shows an in­

ductance spike connected with current channel compression. The 

~e curve was obtained from 4 mm microwave interferometer mea-

surements. Temporal behaviour of spectral lines: H~ , CIII, OV 

and CV permitted to estimate electron temperature, amount of 

impurities and hydrogen flux. All these data together with da­

ta obtained by laser scattering and charge exchange analysis 

gave information about plasma compression and heating. 

PLASMA COMPRESSION. The data on plasma density compression can 

be taken from microwave measurements /6/. They give the alte-
ca 

ration of quantity ne = S ndx. During compression correspon-

ding to the "frozen" coridi tion the value ne. must increase-.fOr. 

The experimental curves show an increase close to this predic­

tion(see Fig.1). It must be mentioned that ~e did not de-

crease after compression during decay of magnetic field. This 

implies the accumulation of a plasma which can be caused by 

slowing down of plasma diffusion. This conclusion agrees with 

""2 fold decrease of hydrogen and impurities flux deduced from 

spectroscopical and charge exchange neutrals measurements. 

Some data on density profile during compression can be 

obtained from spectral line intensity measurements if ioniza­

t~on time of radiating state is essentialy longer than the ti­

me of compression 17/. Such condition was realized for OV line 

in a discharge regime with a reduced current (Ip= 2.5 kA, n = 
= 1.5x10 12cm-J , Teo= (40-50)eV). The profiles of OV intensity 

before and after J fold compression of this discharge are pre­

sented in Fig.2. The figure shows the contraction of the in­

tensity profile and 5 fold rise of its amplitude during comp-
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ression. This corresponds well to the 

"frozen-in" condition ('J "" ~l,.., 01. ~. 
CURRENT CHANNEL COMPRESSION. The data 

on current compression can be deduced 

from inductance spike on the loop vol­

tage curve /8/. The well known formula 

for toroidal plasma inductance leads 

to the simple relationship between al- li'ig. 

teration of loop voltage and current channel radius (aI ). Ex­

·perimental curves of loop voltage at different compression de­

gree are shown in li'ig.3a. li'ig.3b presents comparison between 

experimental data and calculations for current . profile "frozen" 

into toroidal magnetic field (aI '" l/.JH - o(~. It can be seen 

that during the first half of compression period the calcula-

tions 

stage 

netic 

agree well with experiments. The discrepancy in later 

can be explained by classical diffusion of poloidal mag­

field (DH .. c~II'G'- 4x103 cm2s- l for compressed state). 



The data on field diffusion were obtained also from other ob­

servations /8/, for instance, the absence of current compres­

sion by small increase of magnetic field (see Fig.) at oJ. .. 1.2), 

the early break of compression for unstable regime with smaller 

conductivity. These data confirmed the classical value of field 

diffusion coefficient in the conductivity range 61 _(1_5)x1015 

CGSE. 

DAMPING O~ PLASMA OSCILLATIONS. A strong decrease of plasma os­

cillation smplitude was observed as a result of plasma compres­

sion /8/. This effect can be seen on 

oscillograms of Up' ne, CIII and OV 

intensity (~ig.1,) and strongly pro. 

nounced on magnetic probe signals 

(~ig.4). It must be mentioned that the 

oscillation amplitude before compres­

sion on the outer side of torus was 

larger than on the inner side. It is 

eF TORU$ 

-+J 
OUTSIDE. 
OF ToRu.\ 

Dv -
~~ 

o 200 t./"~ 0 100 t,!,S 

IH~ '.Jo .. ~ 

IN.,It"_ _ _ Dllr .... "JIIO 

-~ -\ -1 0 2 ~ 6 X,CM 

~ig. 4 

in accordance with larger H ~ intenBi ty which shows stronger 

plasma-wall interaction. The damping of oscillations after 

compression equalizes their amplitudes and make the Hp pro­

file symmetrical. This observation leads to the assumption 

that the oscillations are connected with the resistive balloon 

mode on the cold plasma periphery. If this assumption is true 

the damping of oscillations after compression can be caused 

by heating of electrons on periphery of current channel /8/. 

PLASMA HEATING. The data on electron heating during compres­

sion were obtained from conductivity, laser scattering and 

spectral line intensity measurements. Fig.5 shows the rise of 
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conductivity (~~6o) /6/. It can be seen 

that the increase of El after compres­

sion was higher than it follows from 

the adiabatic law (Te-~~; 6_ Te
V"" 

_c(). It is difficult to explain the 

discrepancy by increase of Zef since 

the impurity flux drops after comprea. 

sion. Therefore the obtained conducti­

to 
8 

6 

It 

2 

% • 

1 

vity rise must be caused by electron heating. 

• 

12 3 4 5 cC 
Fig. 5 

Laser scattering measurements /6/gave the most reliable 

data on electron heating near the axis of plasma cross sec­

tion (at r<2 cm) /6/. The maximum electron temperature mea­

sured by scattering for typical regime before compression was 

Te~(110!20}eV, just after compression Te=(190!30}eV and 320~s 

later Te=(280!40}eV. 

The data on electron temperature profile were deduced 

from spectral line measurements /7/. The profile during the 

period of ohmic heating was determined by location of OV and 

CIII intensity maxima. After compression it became possible 

to use the burnout of CV line caused 

by ionization, since the ionization 

time is determined by Te' The measure­

ments of burnout time at different 

chords were used for determination of 

Te profile. Spectroscopic data on Te 

spatial distribution along major ra­

dius before and after 3 fold compres­

sion together with laser data are pre-

I
T.. -, 
4111 

JDO 

Fig. 6 



sented in Pig.6. It can be seen that the temperature profile 

contracts during compression. The profile became asymmetric. 

the spatial decay of Te was steeper on the outer side of the 

torus. The electron temperature rise after compression 

Tec/Teo~ 3.5 was considerably larger than adiabatic one 

(Tec/Teo::: ol~~ 2). 

The data on ion heating were obtained from charge exchan­

ge particle analysis /10/. The ion temperature for typical re­

gime of compression increased from 30 up to 55 eV in agreement 

with the adiabatic law. 

The estimate of plasma pressure based on measured Te pro­

file. ion heating and density compression data leads to "1 .. 

.. 8Jr nT/H~ .. 2-2.5. This large value ( PI> 1) can cause the 

observed asymmetry in Te distribution on major radius (Fig.6). 

It can be shown that this asymmetry approximately corresponds 

to the displacement of magnetic sUrfaces predicted by equilib­

rium theory /7/. 

ON THERMOINSULATION OF COMPRESSED PLASMA. It has been shown 

that the rise of electron temperature during compression is 

larger than predicted by adiabatic law and that after compres­

sion the temperature continues to increase during some time. 

The estimates based on these data lead to the energy confine_ 

ment time in compressed state 1:'£ • 600-800 rs. i.e. 3-5 ti­

mes longer than in the ohmic heating period /6.7/. It can be 

mentioned that this result distiguishes the Tuman-2 experi-

ment from the major radius compression experiment on ATC in 

which the stored energy and its confinement time decreased du-

ring compression /11/ . • The d1fference can be caused by contact 
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It is interesting to compare the experimental value of ttE 

with scaling laws obtained from different tokamak experiments 

~ • 3 .6X10-8a2H'f /12/, 't'2,. 6x10-19iia2 " q/Zef /13/( 't' - sec. 

n - cm-3 , H - G, a - cm). The comparison for ohmic heating pe-

riod (aef- 6 cm) and for compressed state (aef- 3.5 cm) is 

presented in the table (the 

values of aef are taken 

from Te profile). It can be 

seen that the experimental 

value of t'1! for compres­

sed state is 3-6 times 

longer than 1:'. and 'C2, 

and only 2 times shorter 

Ohmic 
hea-
ting 
Comp-
res-
sion 

Comparison of ~ (ms) 

t'~ t:, 1:a 

0.15-0.2 0.22 0.2 

0.6-0.8 0.1) 0.2 

than the time of neoclassical heat transport 'C~. 

t"~ 

3 

1.5 

An observed improvement of thermoinsulation during comp­

ression may be caused by removal of the plasma column from the 

limiter. This effect was pointed out in /14/. Another possible 

reason is connected with the decrease of transverse energy 

transport caused by the damping of plasma oscillations. 

EXPERIMENTS ON TUMAN-2. Recently the Tuman-2 device was con­

siderably reconstructed to provide higher magnetic fields (up 

to 20 kG after compression), higher currents and better vacuum 

conditions. The experiments on the modified device Tuman-2A 
hea~ was 

were started in 1977. A stable regime of ohmic achieved at H • 

~ 6-7 kG, Ip~12 kA. The maximum plasma density measured by 

2-mm interferometer in ohmic heating period was n~2x101)cm-3, 

the maximum electron temperature as determined by spectroscopi­

cal and soft X rays techniques was-300 eVe The behaviour of 



plasma characteristics during 

2 fold increase of toroidal 

magnetic field (1;~= 0.5 ms) 

is illustrated by oscillog­

rams shown in Fig.7. Some of 

them are similar to those ob-

tained in previous experi­

ments (Fig.1). The inductan-

t-
o 

ce spike o~Up curve and in- Fig. 7 

crease of nt lead to a conclusion that compression is close 

to "frozen" condition. The decrease of Up after compression 

and the rise of OVII intensity show an essential heating of 

electrons. More detailed investigation of compression is now 

in progress. Its programme includes the study of density and 

temperature profiles, energy losses and plasma oscillations 

during and after compression. We hope that these experiments 

together with compression experiments on the Tosca device/4/ 

will clear up the matter of plasma thermoinsulation in comp-

ressed state. 

The next step in adiabatic compression experiments will 

be connected with the larger instalation Tuman-), the const­

ruction of which is now in finale stage. The dimensions of 

its chamber will be a = 23.5 cm, R • 55 cm, the magnetic field 

before compression Ho= 10 kG, after compression Hc. )0 kG. 

The programme includes three stages of heating: first - ohmic 

heating (Ipmax= 150 kA), second - high frequency heating in 

the ranges of electron cyclotron and low hybrid frequency and 

third - adiabatic compression in minor and major radius (the 

maximum compression degree ot = 5). Plasma density and tempe-
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rature are expected to be n~1014 cm-3 , T ~ 3 keV. 

The author wish to thank the staff of the Tuman group and 

especially Drs. S.G.Kalmykov, S.V.Lebedev and K.G.Shakhovets 

for numerous discussions and assistance in preparing of this 

paper. 
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Ohmic Heating Experiments in the W VII A Stellarator 

W VII A Team 

Max-Planck-Inslitut fUr Plasmaphysik, EURATOM-Ass. 
D-8046 Garching, Federal Republic of Germany 

Abstroct: 

The confinement of plasma in W VII A was studied in the parameter regime : 

B =20_35kG,-I: =0 . 055-0.23, densityoe.=.5-2 . 5xl013cm-3and 
a · 0 

temperatures between kT = 300 - 700 eV, kT. = 150 - 300 eV. In stationary 
e I 

discharges up ta 500 ms, energy canfinement times from 2 - 10 ms were found. 

T. (r) prafi le measurements show asymmetries. Parti cle confinement times are derived 
I 

from Ho:. -measurements . The stellarator field stabi li zes the discharge at q(a} = 2, 

where stationary operation is possible. 

In troduction 

The first experimental results of the W VII A stellarator were presented at the 

Berchtesgaden conference 1976 / 1 /. Since that time several techni cal impravements 

made it possible to expand the attainable parameter range. The magnetic field could 

be increased up to 3.5 T. With a feedback control system of the ohmic heating trans­

former the plasma current during the discharge could be varied in a programmable way. 

So stationary discharges and a maximum pulse lengfh of 650 ms could be achieved. Also 

the horizontal position of the plasma column was controlled using the signals from 

magnetic coils or X-ray diodes. In order to maintain the density for these long pulses 

and to bui Id up higher electron densities a constant influx of neutra I hydrogen was 

necessary . This seems to indicate that recycling rates are not high enough. A system 

of fast acting valves consisting of a combination of mechanical and pie7.oelectric 
-:"'I 

valves was used fo pragram the neutral hydrogen flux I (t) within a range of 
18 21 

10 -10 atoms/so 
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Diagnostics 

The main parameters of the W VII A device are given in Fig.l. This diagram also in­

cludes the diagnostic methods which have been used: 

- The line density is measured by 2 mm microwaves. 

- The temperature and density profi les T (r), n (r) are measured along a vertical line 
e e 

by Thomson scattering methods. This yie Ids a scan through the ellipti ca I plasma 

cross section under 45
0 

to the major axis of the ellipse. 

- Radial scans of impurity line emission were obtained with a normal incidence VUV 

spectrometer. 

- Also the temperature profi le of ions was measured with a movable particle energy 

analyzer. A 18 kV neutral beam was used to measure the ion temperature in the 

plasma center. 

- H,,- -light emission was measured across the plasma radius and at several positions 

around the torus in order to obtain the neutral particle density and the plasma 

particle confinement time. 

- Calorimetric measurements at the limiter and bolometric measurements of the energy 

flow to the wa 11 show that about 20% of the ohmic heating power is going to the 

limiter and 90% of the power is delivered to the wall. 

- MHD activity of the plasma is recorded by 12 magnetic pick-up coils around the 

minor and major circumference of the torus. 

- X-ray emission is investigated with diodes, the time dependent signals of the 

floating limiter segments and probe signals at the edge of the plasma complete the 

picture of transient phenomena. 

Parameter Range 

After one hour of cleaning discharges in a stationary magneti c field of 4 kG and a 

heating power of 5 kW (50 Hz} .reproducible operation with pulsed discharges is 

possible. Preionization is made by a plasma gun and an additional 108 MHz (3 kW) 

rf pulse of 10 - 20 ms duration. N.ormal filling pressure of H2 is 10-
4

_ 6. 10-
4

torr. 



The parameter range investigated so far is : 

magnetic field 

externa I transform 

density regime 

B =2.0 ~ 3 . 5T 
o 

./: =0.23 (2.5-3T) 
o 

./: =0.11 (2.5 - 3.5T) 
o 

./: = 0.055 (3.0 - 3.5 T) 
o 

.t = 0.68 (2.0 T) 
o 

12 13-3 
n =5xl0 -5xl0 cm 

e 
kT (0) = 200 - 700 eV 

e 
kT. (0) = 150 - 350 eV 

I 16 3 
nkT ~ 2 x 10 eV/cm 

The plosma current was varied between 11 and 40 kA. 

Several limitations prevented the-extension of the parameter range. In the stationary 

phase of the discharge the loop voltage could not be increased beyond 5 V because of 

technical reasons thus limiting the available ohmic heating power . The attempt to 

reduce the external rotational transform -t to zero failed because of a small radial 
o 

stray field .(.10 G, which shifts the plasma column in vertical direction. 

Below -t. = 0.01 this shift destroys the discharge. This stray field is generated by eddy 
o 

currents which are induced by the ohmic heating transformer. 

Energy Confinement 

r.- O(l'-The gross energy confinement time of the electrons LE' r E-

and the total energy confinement time r 
E 

= 
If nk(T + T.) dV 

e I 

P 
OH 

ifn kT dV 
e e ) 

p 
01< 

are calculated from the measured n ,T , T. profiles. The ion temperature profiles are 
eel 

rather flat and similar to the density profiles, therefore, T. "" n was used in all cases 
I e 

where only T. (o) was measured. The diamagnetic loop, which measures the total 
I 

plasma energy content, gives values of "E which are about 20~ higher than those 

from the profi le measurements. The measured profi les are fitted by functions of the 
T (0) 

type T (r) ':' _e __ -,-

e 1+(.':.-)'" 
ro 
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A comporison of dischorges with -f: = 0.055, 0.11, 0.23 shows a pronounced 
o 

difference in the shape of the profiles . At t = 0.23 the profiles are flat in the plasma 
o 

centre and more peoked in the case -t = 0.055 (Fig.2) . At nearly same plasma 
o 

current and plasma density the central temperature reaches larger values for 

.(; = 0.055 . In spite of this effect the energy content and the energy confinement 
o 

times are nearly the same. 

The enhanced transport mechanism whi ch flattens the profi les in the stellarator case 

-to = 0.23 is attribu ted to the sawtooth osci lIatiq.ns observed in the plasma centre. 

This is supported by severa I observations: 

1. The thermal electron conductivity DE derived from the energy balance 

D 
f(p OH - P ei) dV h . • h d' . h 1 

E = 2 dTe sows a minimum at t era IUS Wit q = 
411'. R rkdr (see Fig.3). 

2 . The flat area in most cases extends to the q = 1 surface. 

3 . The energy confinement time for the volume q b 1 as derived from the 

observed amplitude of the sawtooth oscillations shows that a significant 

part (~50%) of the energy losses of the electrons is due to these oscilla­

tions (Fig.4). 

The explanation for the flat temperature profiles is the anomalous loss which limits 

the current density and also the heating power in the centre so that q (0) <:::$ 1 is 

always maintained. 

The minimum values of the thermal conductivity DE(r) are between 1 x 10
3 

and 

1 x lO\m 
2
/ s; these data are close to those found in Ormak and TFR, although the 

temperature T is larger in these machines. Pseudoclossicol thermal conductivity 
e 

does not fit the observed data. The measured values of DE (which ore upper limits 

since radiation losses have been neglected) roughly scale with n~0.8 and decreose 

with increasing temperature. A dependence on the stellarator field could not be observed 

for the studied -to values at currents between 15 and 35 kA. The gross energy con­

finement time of the electrons 'E' (r) only varies by ~ 25% over the plasma radius 

. lE' (a) 6 ~(o). Because of the condition q = 1 in the ~entre 11:(0) can be 



connected to kT (0) and n (0) • The plasnia data in the centre therefore determine an 
e e 

upper limit for the electran confinement time (Fig.5). 

When the plasma current is increased the total energy confinement time 'rE decreases 

beyond a critical current which corresponds to a total rotational transform of 

.f: (a) f'06 0.2 and -t + -t (0) =1 (Fig.6) for fo is 0.055. 
pop 

In the case .( = 0.055 the decrease is accompanied by growing MHD modes of the 
o 

type m = 2, n = 1. -eta) = 0.5 could not be reached without current disruption. With 

higher external rotational transform -to = 0.23 the decrease of 'E with current 

begins beyond f. (a) = 0.5. Only a low activity of m = 2, n = 1 and m = 3, n = 2 

modes is observed, in this case the increasing effect of the enhanced transport due to 

internal disruptions within the q = I - surface is believed to be responsible for the 

deteriorations of the confinement. Beyond the criti cal current the energy content of 

the plasma drops again at low external rotational transform whereas in the equivalent 

case with {:' = 0.23 the energy content W reaches higher values (see Fig.6, upper 
o 

picture). This is another indication that in both cases different loss mechanisms are 

causing the deterioration of the confinement. 

In a small region around f. (a) = 0.5 the confinement time drops by a fa c tor of 2. 

No enhanced fluctuations are observed at the same time, therefore, a stationary 

loss in combination with is land formations may be the reason for this loss . 

The energy confinement time is an increasing function of the electron density (Fig.7). 

The plasma parameters are changed by varying the neutral gas inflow I'(t) with all 

other parameters kept fixed (B = 3 T, -t = 0.23, I = 26 kA). The temperatures of 
o 0 p 

ions and electrons approach each other with increasing density, therefore, a scaling 

of the confinement time should include a dependence on temperature . Evaluation of 

all data from the profile measurements showed a scaling of 'rE with n~·8 (ne is the 

space averaged density.) This scaling was found in a regime from 
- 13 -3 
n = 0.5 - 2.5 x 10 cm ,but temperature dependence was neglected . The absolute 

values of lE VQry between 2 and 10 ms, The optimum values always obtained at the 

lowest possible currents are nearly equal for all cases of external rotational transform 

(-t = 0.055 - 0 . 23). Although {; varies by a factor of 4 the stellorator field on Iy 
o 0 
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A comparison of discharges with of: = 0.055, 0 . 11, 0 .23 shows a pronounced 
o 

difference in the shape of the profi les. At t = 0.23 the profi les are flat in the plasma 
o 

centre and more peoked in the case -t = 0.055 (Fig.2). At nearly same plasma 
o 

current and plasma density the central temperature reaches larger values for 

.e = 0.055 . In spite of this effect the energy content and the energy confinement 
o 

times are nearly the same. 

The enhanced transport mechanism whi ch flattens the profi les in the stellarator case 

.j; = 0.23 is attributed to the sawtooth oscillatiQns observed in the plasma centre. 
o 

This is supported by severa I observations: 

1. The thermal electron conductivity DE derived from the energy balance 

J{P - P . ) dV 
DE = 2

0H d~~ shows a minimum at the radius with q = 1 

4fT. R rkdr (see Fig.3) . 

2. The flat area in most cases extends to the q = 1 surface. 

3. The energy confinement time for the volume q ~ 1 as derived from the 

observed amplitude of the sawtooth oscillations shows that a significant 

part ( ~ 50%) of the energy losses of the electrons is due to these oscilla­

tions (Fig.4). 

The explanation for the flot temperature profi les is the anomalous loss which limits 

the current density and also the heating power in the centre so that q (o) ~ 1 is 

always maintained. 

The minimum values of the thermal conductivity DE{r) are between 1 x 10
3 

and 

1 x 1O\m
2
/s; these data are close to those found in Onmak and TFR, although the 

temperature T is larger in these machines. Pseudoclassical thermal conductivity 
e 

does not fit the observed data. The measured values of DE (which are upper limits 

since radiation losses have been neglected) roughly scale with n:
0

•
8 

and decrease 

with increasing temperature. A dependence on the stellarator field could not be observed 

for the studied -1:0 values at currents between 15 and 35 kA. The gross energy con­

finement time of the electrons 1f' (r) only varies by ~ 25% aver the plasma radius 

. lE' (a) 6 ~(o). Because of the condition q = 1 in the ~entre 1(;{0) can be 



connected to kT (0) and n (0) • The plasma data in the centre therefore determine on 
e e 

upper limit for the electron confinement time (Fig.5). 

When the plasma current is increased the total energy confinement time YE decreases 

beyond 0 critical current which corresponds to 0 total rotational transform of 

-t (0)"" 0.2 and -t + .( (0) =1 (Fig.6) for 60 is 0.055. 
pop 

In the case -t = 0.055 the decrease is accompanied by growing MHD modes of the 
o 

type m = 2, n= 1. 1:(0) = 0.5 could not be reached without current disruption. With 

higher external rotational transform -to = 0.23 the decrease of 'rE with current 

begins beyond t (0) = 0.5. Only 0 low activity of m = 2, n = 1 and m = 3, n = 2 

modes is observed, in this case the increasing effect of the enhanced transport due to 

internal disruptions wilhin the q = I-surface is believed to be responsible for the 

deteriorations of the confinement. Beyond Ihe critical current the energy content of 

the plasma drops again at low external rotational transform whereas in the equivalent 

case with -t = 0.23 the energy content W reaches higher values (see Fig.6, upper 
o 

picture). This is another indication that in both cases different loss mechanisms ore 

causing the deterioration of the confinement. 

In a small region around -{; (a) = 0.5 the confinement time drops by a factor of 2 . 

No enhanced fluctuations are observed at the same time, therefore, a stationary 

loss in combination with is land formations may be the reason for this loss. 

The energy confinement time is an increasing function of the electron density (Fig.7). 

The plasma parameters are changed by varying the neutral gas inflow T' (t) with all 

other parameters kept fixed (B =3T, -t =0.23, I =26kA). The temperatures of 
o 0 p 

ions and electrons approach each other with increasing density, therefore, a scaling 

of the confinement time should include a dependence on temperature . Evaluation of 

all data from the profile measurements showed a scaling of 'rE with n~·8 (ne is the 

space averaged density.) This scaling was found in a regime from 
- 13 -3 
n = 0.5 - 2.5 x 10 cm ,but temperature dependence was neglected. The absolute 

values of 'rE vary between 2 and 10 ms. The optimum values a Iways obtained at the 

lowest possible currents ore nearly equal for all cases of external rotational transform 

(-t = 0.055 - 0.23). Although -t varies by a factor of 4 the stellarator field only 
o 0 
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changes by a factor of two. Even in the case of low rotational transform 0 . 055 the 

stellarator field is larger by a factor of 2 than the poloidal field of the plasma current. 

This might explain the relatively high confinement times in comparison with equivalent 

tokamak data (equivalent. density, plasma cross section, magnetic field, etc . ) 

Ion Temperature Measurements and Ion Energy Confinement 

The maximum ion temperature T. (0) has been derived from the slope of the energy 
I 

spectrum of the charge exchange (CX) flux JJ as measured by a 5 channel particle 

energy analyzer. Model calculations with the DUchs-code of the outgoing CX flux 

have been compared with the measured slope of JJ (E) at large energies (Fig. 8). 

To obtain agreement between the calculated and the measured slope it is necessary 

to assume an ion temperature T.(o) which is up to 10% above the ion temperature as 
I 

obtained from the slope of In JJ / if Measured values of T.(o) are in the range of 
I 

150 to 320 eV for electron densities n (0) from 1. 5 to 5.0 x 10
13 

cm - 3 . Injecting 
e 

a neutral particle beam across the plasma and detecting the CX flux perpendicular 

to the beam allows one to measure T. (0) also from the increase of the CX signal. 
I 

A hydrogen beam of 18 kV accelleration voltage increases the neutral density by 

about 1 x 10
9 

cm -3 over a width o( 3 cm along the observation line. The flux 

spectrum shows very intense lines at 6 keY and 1 keY. The origin of these is the 

extraction of H3+ ions (mass 3) and most probobly water or CH
4 

ions (mass 18 or 16) . 

The presence of the lines allows only a rough determination of the temperature which 

does not contradict the passive measurement. 

A radial profi le of T. has been measured by measuring the CX flux spectra at different 
I 

inclination angles of the detector. Taking into account the corrections far an 

e IIi pti ca I plasma cross section it turns out that T. (r) fo I lows the densi ty profi le, but 
I 

only in the upper half of the plasma diameter (Fig . 9) . Below the plasma centre the 

measured temperature is almost constant. This is due to the downward drift of the 

high energetic ions (> 1 keY) which are trapped in the helical mirrors. Between 

successive collisions these ions drift over a distance of about 3 cm. 

Absolute meosurement of the CX flux at high energies allows the determination of 

the centra I neutral density n
H 

(0) . The calcu lated flux JJ 1000= n· nj'fi (E) <6' v ~x ' Vol 



has been compared with the measured flux at E = 1000 eV which leads to a neutral 

density of the order of 10-
8 

cm ~3. Adjusting the outgoing flux of the model calcu­

lations to the measured ,01000 leads to a central neutral density n H (0) = 5 x 10
7 

cm-
3 

to 5 x 108 cm -3. Large n leads to low n t\ (0). The energy af the recycling particles 
e 

in the model calculation has been varied from E = 0.05 eV to 5 eV. Thi s energy 
o 

effects the neutral density profi les and consequently the low energy part of the 

CX flux spectrum. Comparison with the measurements (Fi g . 8 ) demonstrates that on Iy 

far E ~ 1 eV can the measured curvature of the spectrum at low energies be reproduced . 
o 

The energy ,;onfinement :ime of the ions as experimentally obtained from 

1/(;,.(r)= JP. rdrl f -2
3 

n.kT. rdr is typically 5 .to 15msin the plasma centre and 
I er J r I 

generally th;ee times larger at the boundary. The neoclassical heat conduction X. 
I 

together with ~n effective plosma radius 0eff leads to the neoclassical confinement 

time 't' = affiX. of about 100 ms for the centre (a ff = 6 cm) and about 200 ms 
ne e I e 

for the boundory (a
eff

= 10 cm) . These are roughly a factor 10 above the measured 

confinement times. To explain the measured energy losses in the centre by CX 

a neutral particle density of about 10
9 

cm -3 would be necessary. This is an arder of 

magnitude above the measured neutral density. Thus the energy losses of the ions in 

the central region cannot be explained by neoclassical heat conduction alone. In the 

outer region the energy losses can possibly be attributed to the CX losses because of 

the increose of I·he neutral density. 

Particle Confinement 

We have mode some ottempts to measure the particle confinement time in the W VII A 

devi ce. At present we con give some estimates and point out the problems . The average 

parti cle confinement is gi ven by dne ne L" . -- = - - + IonIzatIon rates dt (;' • 
P 

We assume, 

that the dominating ionization rate is due to hydrogen. This is supported by absolute 

measurements of impurity content and low Zeff values . 

Measuring the absolute intensity of HO( -light, the ionization rate can be calculated 

using the tate coefficients for excitation and ionization given by Johnson and Hinnov. 

12 I. Since ionization rates depend strongly on radial and azimuthal position we ha ve 
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tried to meosure the ionization rote at 011 available ports around the machine. All 

large scale devices nowadays use pulsed gas inlet systems because of low recycling or 

to build up higher electron densities. These gas inlet systems ore strong local sources, 

which hove to be token into account for the estimation of 'r' . 
p 

To measure the radial distribution of HO/. -light we hove imaged the elliptical cross­

section of the plasma through 0 horizontal port on to on array of 25 light pipes which 

are scanned within 2.5 ms by a mechanical chopper. A rotation of 900 of this array 

allows us to get information on intensity distribution in azimuthal direction to some 

extent. 

We also are able 1'0 view along radial chords at four additional ports . The experimental 

results indicate in man)' cases asymmetric radial profiles of HO/. -emission, which can 

change during the discharge. For some of the dischorges the asymmetry could be 

attributed to sources such os an antenna which was located at this port acting os 0 

limiter. The asymmetric port of the emission may be os high os 3010 of the total 

emission at one port. 

With 0 gas inlet system at the measuring port 0 very pronounced localized asymmetry 

was found toward the gas inlet. Also the intensity of the centre chord was up by a 

foetor of 6 compared to 0 measurement without gas inlet at this position. 

From these measurements we hove estimated that with gas inlet the emission per unit 

volume is about 0 faclor of 20 higher compared to the emission without gas inlet. The 

limiter was found to cause comparable emission. Rotating the light pipe array by 

90 degrees we found this increased intensity to fall off along the machine with about 

30 cm halfwidth. 

Considering three gas inlet systems which are being used, the limiter and the measured 

decoy length, we estimate that about 2/3 of the particle production ' takes place at the 

gas inlets. 

We present in the following Table some first results on particle confinement timeLp 

and compare ,it to particle exchange time .:rA' defined by t;,. '" J~~~ ,where 

fndV is the total number of particles and T(t) is the total external flux. 



TA should give on upper limit of the particle confinement time, since recycling is 

neglected. The energy confinement time 'rE and peak electron densities ne (0) ore 

also shown. 

-t ,.. 0.23 B =3T I = 26 kA :#- 7958 - 8053 
o -3 0 P 

n (0) I cm I lA I ms I 'Le 
I ms I 'lE I ms I e 

1.2 x 10
13 

15 5.3 2.9 

1.8xl0
13 

26 8.7 3.2 

3.5 x 10
13 

44 11.3 6.1 

L is about 0 factor of 3 smaller than LA' It increases with electron density os do 
p -

the other quantities. 1: is about 0 factor of 2 higher than the energy confinement 
p -

time 'rE' Note that this is different from W 11 b /3/, where t: was neoclassical 
p -

and a factor of 10 above 'rE' Defining a recycling coefficient 1:'A = _le. , 
~ is found to be around 0.7. 

,.., 1 - g 

From Abel inverted symmetric radial profiles of Hoc emission we con calculate the 

neutral particle density os 0 function of radius using electron temperature and density 

from lase r measurements. We find Lt to be ~ 3 x 10
9 

cm -3 at the limiter radius and to 

decrease on order of magnitude towards the centre. Because most of the intensity 

originates from the outside, we cannot get numbers for the central port of the plasma 

r 6: 4 cm by Abel inversion •. Absolute measurements of the flux from charge exchanged 

neutrals give numbers for n "'" 108cm -3 for the central part which is to be consistent 
o 

with the neutral density obtained from . Ha/. measurements. 

Imeurity Content 

For various values of -e and n the behaviour of Z ff was studied. The measurements 
o e e 

of Zeff by means of the conductivity, the VUV spectroscopy and X-ray fluxes yield 

very similar results. This is shown in Fig. 10. t was varied from 0.055 to 0.23. 
o 

The central electron temperatures were from 0.3 to 0.6 keY and the toroidal magnetic 

field between 2.5 ond 3.5 T. The upper part shows the spread of Zeff os 0 function 

of the line density, which was obtained from the central channel of 02 mm micro­

wave interferometer. This spread of Zeff between 1 - 6.5 increases with decreasing 
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electron density. However, there is no direct connection between an increase of Zeff 

with decreasing density. Also no clear dependence of the Zeff volues on the ex-

terna I rotationa I tronsform exists. 

The low Zeff volues ot low electron densities are not caused by slide or runaway 

electrons, as has been verified by the X-ray measurements. In general, the features 

of the upper figure are confirmed by the measurements of the X-ray flux through 

50/ Be ond the determination of the impurity content by means of the impurity line 

(1032 A) of 051- . 

For certain discharges the Zeff evaluated from the X-ray flux is overestimated because 

of the presence of line radiation (Fe and Mo L-lines). But usually this radiation was 

less than 30% of the total continuum radiatian. Since the cross sections needed for the 

calculation of the X-ray continuum radiation for the Molybdenum impurity are un­

known for electron temperatures below 0.5 keY, a Zeff value, assuming Molybdenum 

as only impurity, has not been determined. However, these Zeff volues should be 

between the iron and the oxygen Zeff's. 

The lower part of the figure shows the Zeff value obtained by VUV spectroscopy at 

a radius a"'" 8 cm. Oxygen was the dominating impurity as verified by the VUV 

measurements. This may explain the fact that the Zeff values from the X- ray fluxes 

assuming oxygen present as impurity are close to the conductivity Zeff' 

The dependence of the impurity content on the electron density is represented 

differently in Fig. 11 • The points connected by a continuous line ore obtained in 

one single discharge. This shows again that there seems to be no direct relation bet­

ween Zeff and the electron density. 

The oxygen density was determined in the usual way by radially sconning the minor 

cross section of the plasma at the different oxygen lines. Fig.12 shows the distri­

bution of 0 l+to 06+ across the minor radius after taking into account the elliptic 

plasma cross section in the Abel inversion. The resvlts are similar to those from TFR 

(Laussanne 1975), except for differences due to the flattening of the electron 

temperature at lower values (-0.4 keY). The broadening and the shifting inwards 

of the peoks of the different ionizotion stages acrosS the minor rodius does not agree 



with Coronal equilibrium calculations which shows that diffusion mechanisms must be 

token into account. 

In about 50% of the radial scans of O-Iine emission a strong asymmetry is observed 

which could not be explained by the geometry of the magnetic surface. This asymmetry 

is mainly found in the low ionization stages 0 1+_ 05+and decreases in the higher 

stages (Fig. 13). Also during one discharge the asymmetry changes. The plasma 

prafi les [T (r), n (r) J did not show asymmetries in these discharges, but it seems that 
e e 

the asymmetry of the oxygen emission is mainly localized to the magnetic surface with 

q = 2. It is believed that this originates from the interaction between the law ionization 

stages oxygen and the neutra I oxygen and hydrogen /4/. Asymmetries of the Hoc. -li ght 

emission observed in the same plane support this idea. 

MHD Stabi lity and Sawtooth Osci lIatibns 

The stability of the plasma column against the kink and tearing mode was studied with 

a numerical code+), which solves the equation for marginal stability. Cylindricial 

approximation was mode for the plasma column, the only stellarator effect inc luded 

was on additional tenm in the rotationa I transfonm -t (r)"" t + -t; = -t (r) • t (r) 
p pop 

is the rotational transfonm of the current . As already shown by Johnson et 01. /5/ and 

Shafranov et 01. /6/ for the stability of kink modes, the external transfonm t also 
o 

has 0 stabi lizing effect on the tearing mode. For 0 given current profi le j (r) the· un-
z 

stable zones become more narrow with increasing stellarator field. Also the region 

where different teoring modes overlap (e.g. m =·2/ n = 1 and m = 3/ n = 2) narrows 

with increasing stellorator field. Thus, the stabi lizing effecl· of the stellorator field is 

twofold: the unstable regions oround -t (0) = 0.33 and 0.5 are shifted to lower tp(r) , 

which means lower plasma currents and lower free energy i.n order to drive the kink and 

tearing modes. The other effect is the narrowing of the unstable zones. Both effects 

may explain, why the transition through t =: 0.5 is possible with an external 

stellaralor field. 

We have found experimental evidence for the theoretical picture mentioned above . 

A first striking feature is the disappearance of m =2, n = 1 modes when t (0) gets 

+) . 
The code was developed by K. Lackner. 

.! 
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above 1/2. As expected when the current profi le changes to a more square profile the 

m = 2, n = 1 reappears. For -t = 0 . 23 this can be seen in Fig.14 . The expected 
o 

change in the current density profile during the internal sawtoath disruption causes 

also changes in amplitude and frequency of the modes. The sawtooth disruption can 

be seen on the lower trace as measured by the soft X-ray flux. The several MHD modes 

present are identified by a proper series connection of the B -coils. The third trace 
e 

from above shows a weak ("'" 1 • 4 0/00) m = 3, n = 2 tearing mode whi ch diminishes 

its amplitude.". 1/2 ms before the disruption. This is supposed to be caused by a 

peaking of the current channe I towards the centre. Just before and after the dis-

ruption a stronger (30/00) m = 2, n = 1 kink mode appears. This suggests a flattening of 

the current channel (square profiles) which would make the m = 2 more unstable. Duri,ng 

this discharge t(a}"" 0.58. 

At lower -t(a} the m = 2, n = 1 mode is mainly absent except in a very small region 

around the resonant {'(a) = 1/2 with a small amplitude (~10/00). A similar behaviour 

of other modes near resonant -{:(a} va lues is a Iso found during the current rise. 

For lower values of -t the plasma is more unstable . Strong m = 2, n'" 1 modes are 
o 

present, depending on the e lectron density (this conference, paper presented by 

A.Weller). Couplingofm= 1, n= 1 with them=2, n= 1 mayoccuri larger saw­

tooth disruptions at q ~ lore preceded by sawteeth starting around the q = 2 surface 

(predisruptions). At even lower t values soft current disruptions and major current 
o 

disruptions occur {Fig. 15}. Tre upper part shows the dependence of the relative 

saw tooth amplitude versus densily. Apart from n ;6 2' 1013cm-3, the behaviour of 
e 

tlA-Y / A versus n is the same as for -{: = 0.23 up to n = 3.5.10
13

• Above this 
e 0 e-1-

density the m = 2 modes become progressively larger while the.1A / A becomes 

progressively smaller. This indicates an additional transport caused by the m = 2 

mode, which has meanwhi le coupled itself with and forced its frequency upon the 

m = 1 mode. With the increase of the m '" 2 is also linked the appearance of predis­

ruptions and soft current disruptions at 1: ~ 0.027 (lower picture). 
o 

The enhanced transport is also noticed when passing through or close to 

rational va lues of ..(; (a). This can be seen from increases of the impurity content 

(Fe and O), of the Langmuir probe signals (electron and ion currents) and of the 

I 



'liF emission (correloted with sow tooth disruptions). 

At the limiter voltage and current bursts ore detected; side-on light signals show 

simultaneous maxima. Also the bolometer signals ore corre lated with the transition 

through rationa .1 -t (0), showing on enhanced flux to the wall. In general, this 

coincides with an increase of MHD activity. But close to rational values of -t (0) 

the resonant mode may disappear completely . It is believed that then the mode, 

however, remains present but stationary. 

Summary and Conclusions 

The insta Ilation of 0 current feedback system for the ohmi c heating tra nsformer mode 

it possible to study stationary discharges for more than 400 ms. The impurity content 

in the main body of the plasma was found to be rather low at densities above 

n = 10
13 

cm -3 . An increase of impurity content during the discharge cou Id not be 

observed . The comparison of discharges at several values of the external transform 

showed the following picture : 

1. With increasing ex ternal transform and plasma current th e profiles ore flattened 

due to the in'creasing effect of the internal" disruptions . 

2. The energy confinement time increases with density os long os the temperatu re is 

not reduced too much. In the regime ofn = 0.5 - 2.5 x 10
13 

cm -3 the confin ement 

time reaches values between 2 and 10 ms . A dependence on the ex ternal trans­

form could not be found in the parameter range with -!-.Ip;" 8 kA . 

3. Above a critical cu rrent the confinement time drops. For t "0.055 this re­
o 

duction is accompani ed by growing MHD modes (m= 2, n = 1) . Simi lar to ORAMK 

this decrease starts at {. (0) = 0.2 (q (0) = 5). For .{; = 0.23 low MHD activity 
. p 0 

is observed, so the reason for this reduction .may be due to the dominating 

mechanism of the internal disruptions with q = 1 approach ing towards the plasma 

edge. 

4. Edge effects sharply localized at -t (a) = 0.5 deteriorate the confinement 

at high external transform. Nevertheless, stationary discharges con be main­

tained at -t (0) = 0.5. This demonstrates the stabili z ing effect of the 
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stellarator field on MHD activity and plasma equilibrium. 

First measurements of the particle confinement time by HI< -light emission showed that 

the particle confinement time is nearly twice the energy confinement time. The 

difficulty in evaluating the confinement time consists in the local sources of hydrogen. 

The measurements of ion temperature showed va lues between 150 and 300 eV. An 

asymmetry of the radia I temperature profi les was found which may be caused by super­

banana particles trapped in the helical mirrors. Neutral particle density in the plasma 

centre is found to be of the order of 108/cm3. 

Unsolved so far is the origin of the asymmetric profi les of oxygen light and HO(, -light 

emission. Also the mechanism of the plasma loss at -t (a) = 0.5 is not yet understood. 

The experiments show, that the stellarator field modifies the plasma profi les and the 

stabi li ty appreciably. 

Although a direct comparison with tokamak operation in W VII A was not yet possible, 

the measured confinement times show higher values than found in tokamaks with 

simi lar plasma cross sections and in the ~ame density regime. 
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HEATING AND CONFINEMENT IN THE CLEO STELLARATOR 

D.H. Atkinson, D. Bartlett, 1. Bradley, A.N. Dellis, S.M. Hamberger 

D.J. Lees, J.B. Lister, H. Millar, L.E. Sharp and P. A. Shatford 

I NTRODUCTI ON 

Euratom /V KA E A Fusion Association, 
Culham Laboratory, Abingdon, Oxon, England 

CLEO is a conventional stellarator, having 7-field periods of JC = 3 

helical windings wound on a 25 mm thick, stainless steel torus of mean major 

radius 90 cm and bore 28 cm. Hhen the lobes of the outermost closed magne­

tic surface (trefoil-shaped) are defined by the 13 cm radius tungsten 

limiters, the resulting plasma boundary has a mean radius a""IOcm. 

Recent modifications have for the first time allowed operation at the 

full helical winding current (I20 kAT) with maximum toroidal field 

Bq, = 20 kG; with the separatrix just inside the limiters the maximum rota­

tional transform due to the vacuum fields is t o =O.6. The computed 

magnetic surfaces have been confirmed by experiment using a low velocity 

electron beam. Most of the results reported here use this field configu­

ration (Ieq = ~~ to Bq,'; 66 kA), in contrast to that reported earlier (1,2) 

for which restrictions on the helical winding current limited the trans­

form to to '" 0.3 at Bq, = 12.7 kG (Ieq = 21 kA). 

Many of the trends reported here, e.g. the improvement in confinement 

at low currents, were suggested in the earlier results but the limited 

operating range did not allow them to be positively confirmed . 

Ohmic heating currents lasting up to 0.2 s are obtained using a series 

of up to 6 electrolytic capacitor banks discharged into a 12-turn primary 

winding on a two-limbed iron transformer core (0 . 8Vs). 

The principal diagnostics include: a single-channel 2 mm microwave 

interferometer producing a direct reading display of mean density; photon 

scattering (5 J ruby laser) for profiles of Te and ne' measured at 
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R = 90 cm along a vertical radius above the horizontal median plane; soft 

X-ray emission from minor radii between r = ± 7 cm (vertically) using 

uncoo1ed Si detectors and foil absorbers; energy spectra of neutral parti­

cles emitted both radia11y and tangentially; horizontally viewed electro­

magnetic emission spectra from 30 to 300 GHz (cyclotron ·radiation) using 

Fourier transform spectroscopy; absolute Ha emission from plasma regions 

both close to and remote from a 1imiter; quartz and grazing-incidence 

vacuum u1tra-vio1et line emission; and a sensitive multi-channel 2 mm inter­

ferometer used to study density fluctuations in the outer plasma regions. 

OPERATION WITH OHMIC DISCHARGES 
'Clean' vacuum conditions are obtained by continuous titanium getter­

ing over about half the internal surface of the torus between discharges, 

rapid discharge cleaning being necessary only following initial pump-down 

The normal operating base pressure is ~ 5 X 10- 8 torr, the residual gas 

consisting mainly of water vapour. 

Operation at the significantly larger po10ida1 fields than were pre­

viously avai1ab1e(I,2) allows the ready production of well-behaved, long 

duration discharges whose boundary is close to the computed separatrix. 

This contrasts with the operation at lower Ieq when it was found neces­

sary to apply a programmed vertical field proportional to the current Ig 

in order to obtain equi1ibria. This is now attributed to the effect of a 

leakage field from the transformer on the magnetic surfaces, whose eff.ect 

becomes weak at low Ig and high Ieq. 

Hydrogen gas is admitted from three pre-programmed electromechanical 

valves. Breakdown occurs readily for initial pulsed fillings of ~10-4 torr 

H2 and low loop vo1tages (V ,, 15V) with little evidence of runaway 

production, as inferred from the absence of hard X-ray and non-thermal e.m. 

emission. The low wall recycling rate resultin·g from the gettered surface 

allows the subsequent density to be controlled by a carefully distributed 

gas influx. The maximum rate of density increase depends on the gas 

current, too great a neutral influx quenching the discharge. For typical 

pulse lengths ~ 150 - 200 ms maximum mean densities achieved in this way 

range from ne ~ 3 x J013 cm-3 at Ig= 10kA to ~ 6 x 1013 cm-3 at 25kA, 

while much lower, steady densities, e.g. ne ~ 5 x J0 12 cm- 3, can be made 

reproducib1y and free of runaways. 



Some typical oscillograms illustrating two operating conditions are 

shown in Fig.l(a) and (b), Fig.l(b) showing the effect of too great a gas 

influx which quenches the discharge. 

The results quoted here have all been obtained with the vacuum magne­

tic fields chosen so as to place the separatrix just inside the limiter; 

under these conditions the Ha emission is not enhanced at the limiter, 

indicating the detachment of the plasma from the material wall (i.e. the 

plasma is defined by a magnetic limiter). This implies that the ioniza­

tion is essentially uniform azimuthally and thus allows a reasonable 

estimate of tpe total hydrogen ionization rate, and thus the particle 

confinement time Tp ' to be obtained. 

Electron density and temperature profiles (Fig.2) are obtained by 

optically imaging different parts of the ruby laser beam which traverses 

a vertical diameter at R = 90 cm on to the entrance slit of the receiving 

spectrograph; this allows measurements between the horizontal axis and 

the upper plasma boundary with a spatial resolution of ~ I cm. The density 

distribution is always fairly flat, and similar to those found earlier 

with the separatrix outside the limiter, while the temperature profile is 

narrower. 

Under some conditions, difficulty has been found in fitting the 

observed scattered spectra to simple Maxwellian distributions, a signifi­

cantly higher temperature 'tail' being apparent - this effect is not seen 

near the centre of the plasma (r = 0) but is quite pronounced at radii 

~ 2-4cm. Since we have not yet resolved whether this is due to a genuine 

non-Maxwellian electron distribution or due to instrumental error, we show 

in Fig.2(a) two limiting profiles which are consequences, (i) of fitting 

the best Maxwellian to the data, representing an upper limit on the true 

temperature; (ii) of neglecting the signals in the outer channels (Le. those 

associated with the higher energy electrons) and so finding a Zower tempera­

ture limit. The resulting profiles are shown in Fig. 2(a). In what follows 

we shall,for the sake of caution, assume that the temperature profile has 

the narrower shape (ii), so that, e.g., energy confinement times based on 

this profile may well be an underestimate. 

Notice that the temperature profile can be measured with the laser 

only along a vertical chord at R = 90 cm, while the maximum current density, 
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(corresponding to the self- consistent magnetic axis) could occur at 

R> 90 cm, so that the laser measurement may well underestimate the peak 

temperature when the profile is not flat. 

The approximate effect of the azimuthal current on the total rota­

tional transform is shown in Fig . 3 for Bcp = 18.7 kG and current direction 

such as to add .to the transform; the contribution due to the current is 

based on type (ii) temperature profiles together with the usual assumptions 

on current distribution. 

HEATING AND CONFINEMENT 

Confinement times have been derived in the following way for the 

parameter ranges given in Table I. 

TEe is the simple electron energy replacement time defined by 

d W ( dI) - (W ) + _e_ = I V - I -=-:.£ 
dt e TEe g g dt 

where a 

We = 3112 Ro r rn(r) T (r) dr = Ane re 
'0 e 

is the total electron energy, n(r) and T(r) have the forms given by 

Fig.2, ne and re are respectively the mean electron density (from inter­

ferometry) and central temperature (laser), A then being a shape factor 

taken as constant. In general the time dependent terms in the above rela­

tion were very small. Notice that, as defined , TEe excludes ion energy and 

includes inelastic collisions and radiative power losses in the power input 

term. TABLE I 

Parameter Range 

Mean density ne (cm- 3 ) 3 x 10 12 - 6 x 10 1 3 

Central electron temperature Te (eV) 100 - 1000 
Ion temperature T· 1 

(eV) 80 - 300 
Toroidal field Bcp (kG) 14 - 20 

Vacuum transform at separatrix 'to 0. 6 
Plasma. current Ig (kA) 8 - 25 

*Co11isionality L= R (electrons) IO-~ - 3 x 10-1 

\1* :t Amfp 
Co 11 isionali ty 

" " 
(ions) 10- 3 - 10- 1 

Electron drift/thermal velocity vd!ve 0.01-0.3 

Equivalent current Ieq 46 - 66 

* Averaged over Irl ,; 5 cm, assuming Z = 1 
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Generally it is found that both energy and particle confinement 

improve as the current decreases and as the <lensity increases . As a 

result of this, roughly similar temperature and density can be obtained 

for a wide range of ohmic heating current (in contrast to the usual situa­

tion in a tokamak where the heating and confining currents cannot be 

separated) . This trend is illustrated in Fig . 4, which shows the electron 

energy replacement time TEe for various currents for two sets of plasma 

conditions . At the largest currents used TEe approaches values typical 

of stellarators with Ig ~ I eq , i . e . about those for the equivalent 

tokamak(2,3) . The range of values corresponding to the empirical tokamak 

scaling law of Hugill and Sheffield(4) for the total energy confinement 

time 
( ) _ 2 7 0.61 1.57 BO. 88 

TE ms - • n l3 a 3 

(n 13 = ne x 10- 13 a = radius in m, B3 = Bcp in kG) are shown for comparison. 

However, at the lowest currents used,where the vacuum fields dominate the 

transform, the energy confinement increases to significantly higher values. 

The effect on TEe of increasing the magnetic field strength for low 

current discharges at roughly similar density and temperature, is shown in 

Fig.5 . This strong dependence (approximately T ox B~), is not, however, 

found when larger currents ( ,. 20 kA) are used (dashed error bars) . 

The overall effect of different densities, current and temperature 

conditions can be seen by plotting TEe against the drift parameter 

t; :: vd/ve ox I/n Ti. This is shown in Fig.6, which uses data from ~ 150 

discharges with the same to' but with other parameters as in Table I. 

This plot, which is qualitatively like that found in TORSO (I , 5) indicates 

a clear trend towards poorer confinement at large drift parameters. 

Particle confinement times , obtained using hydrogen ionization rates 

derived from the Ha emission and neglecting any contribution from impuri­

ties, are shown plotted in the same way in Fig.7. These exhibit essen­

tially the same trend, but with absolute values considerably longer than 

TEe ' 

Ion temperatures, derived in the usual way from the neutral particle 

analyzers , vary between 80 and 300eV . For most operating conditions the 

measured values are within a factor of two of estimates based on the usual 

Artsimovich scaling law, but at lower densities there is some indication 

of enhanced ion- heating, (Fig.8) . 

1 



'E 
(ms) 

5 
l. , 

1.0 

35kA 

0.8 20 kA 

10kA 
5kA 

0.6 0 

0.4 
18.7kGB_ 

0.2 

o 2 4 6 8 10 

r (cm) 

Fig.3 
Radial dependence of rotational transform for 
B$ '" 18.7 kG anq different values of plasma current, 
based on standard profile of Fig.2(a). 

10 

e. 16 kG -;;; 
n. - 2x1013 cm- 3 

E , 
T. 400-600eV 

~ , '0 0·6 w 
>-' 

I , 
, 
" , 

Sf = 18.7kG 
'0 = 0·6 
nC!: .... 5x 10 12cm- J 

T. - 400 - 600.V 

0.1 ~~'-'-!:-_---:::---=~ 
5102030 

Ig (kA) 

Fig.4 
Variation of energy replacement time 1:E,e with 
plasma current for two different condit1ons of 
density and temperature. 

CLM·P505 

99 



100 

o 

5.0 , 

, 

1.0 

0.5 

0.1 

Fig.6 

00 \ .. , . -,', 
o .r: · .' .~.' • '. .~.t.:'& . :",' .• ';It... . 

10 

1.0 

~E. 
(ms) 

Clco 
n_5 x l0 '2 cm-3 

'. = 0.6 

I 
: 300tY 
A 15 kA 

640tY 

Large Ig 

, 
: SOOIY 
: 25kA 

I 
I 
I 
I 
I 
I 
I 
I 
I , 

500tY 
21kA 

O.IL-_____ _ :':-___ ---!. 
W 15 ro 

B, (kG) 

Fig.S 
variation of e l ec tron energy replacement time 
with toroidal f i e ld . 

"tp (ms) 

, , , .... , 

10.0 
, , , 
, , 

, 
, .. . '~.', , · '.. '.':-- '. . .. ... "'" " .. ".~ 5.0 

, .,:,' . :. ':' . . : . . . .., .. .... ~ .. 
" ..:, .. ,' : · . . ~. -:' 

-.,I', •• 
o 00 

o 

o 0 0 

o 

I 

0.05 0.1 

o 
o 

o 

',. ,.'., 'IIo. ." ..... : . .,. 
'. . ..... , 

Oo' 

1.0 
, 

0.5 0.05 0.1 

Fig.7 

, 
, 
, " 

0.5 

Variation of electron energy replacement time 
with mean drift parameter Vd/Ve ' 

Variation of particle contai nment time with 
mean drift parameter Vd/Ye' 

CLM·P505 



A comparison with the pseudo-classical scaling law, which should 

result in the proportionality 

W <X 19(1 + 1eq) 

is shown in Fig.9, where the earlier data has been indicated by different 

symbols. This plot suggests that the apparent pseudo- classical dependence 

found in the early data was fortuitous, and resulted from the experiment­

ally unavoidable inter-dependence of density and current which no longer 

applies under present conditions. 

Some representative plasma conditions are snown in Table 11 . 

TABLE II 

Shot Number 3514 4400 

B.p (kG) 15.7 18 

'to 0.6 0.6 

ne (1013 cm- 3 ) 1.8 0.5 
h 

Te (eV) 540 ± 40 620 ± 80 

Ti (eV) 170 120 

VR (V) 2.4 2.a 

19 (kA) 12 . 0 10 . 5 

TEe (ms) 9.5±1.1 3.2 ± 0.5 

ZR 3.2 4.0 

Tp (ms) ~ 34 ~30 

6.pe 1.6 ± 10- 3 4 x IO- q 

TEe/TBohm ~ 100 ~40 

PLASMA PURITY AND RESISTANCE 

Absolute measurements of the soft X-ray emission spectra, made by 

pulse height analysis using the cooled detector, are shown in Fig . IO for 

a typical discharge condition. The emission is only slightly above that 

expected for pure hydrogen bremsstrahlung with the profiles used, the 

X-ray anomaly factor being Ax = 4. 3 corresponding to · Zeff " 1.05 (assuming 

the increase is due to oxygen recombination radiation) . The value of 

electron temperature derived from the slope is somewhat higher than that 

measured by the laser at R = 90 cm, consistent with a horizontal displace­

ment of the central (hottest) region . 
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expected for pure hydrogen bremsstrahlung with the profiles used, the 
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the increase is due to oxygen recombination radiation). The value of 

electron temperature derived from the slope is somewhat higher than that 

measured by the laser at R = 90 cm, consistent with a horizontal displace­

ment of the central (hottest) region. 
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The above result also agrees with an estimate of the oxygen impurity 

concentration based on the absolute emission of the 0 VIII resonance line 

at 231, viz Noxygen ~ 2 x 10 10 cm- 3
, so that Zeff" 1.1. Photographic 

records of grazing incidence emission lines show a very low level of metal 

impurity. 

The measured plasma resistance, however, generally shows a resistive 

anomaly Z between 2 and 4 times larger than that calculated for pure . R 
hydrogenic plasma (Z= I) with local conductivity given by the Spitzer 

value based on the measured central electron temperature and the assumed 

profile, but taking no account of e.g. trapped particle effects. The 

greatest resistive anomaly occurs at low currents and high temperatures; 

unfortunately the Te profiles are not sufficiently accurately known to 

determine whether this anomaly is real. 

ELECTRON CYCLOTRON EMISSION 

Electromagnetic emission spectra encompassing the first three har­

monics of the electron cyclotron frequency are obtained, with 14 ms time 

resolution,. using the mechanically scanned interferometer system described 

elsewhere(6). A typical spectrum is shown in Fig.II, and is consistent 

with a thermal electron distribution without enhancement due to collective 

effects. The peak electron temperature derived from the second harmonic 

component of the emission is always proportional (within ± 25%) to the 

central temperature measured by the laser; however, using the precise 

resonance condition W = 2 wce to find the position corresponding to this 

peak, shows it to occur some 2 - 3 cm outwards from the .geometric axis, 

Le. at R= 92 - 93 cm. Even at densi ties as low as ne "" 5 x 1012 cm- 3 , 

provided low loop voltages (V ~15eV) are used, non-thermal effects due 

to runaways disappear in less than 50ms after the discharge is initiated. 

When steady conditions are maintained throughout the pulse the emission 

remains constant, showing that the electron temperature, within the 14ms 

time resolution available, remains the same. 

Temperature profiles derived on the usual assumption that the plasma 

everywhere radiates as a black body are shown in Fig.12, with appropriate 

laser temperature data (normalized) for comparison. However, at the low 

densities for which this diagnostic has so far been employed (n<2 x I0 13 

cm- 3 ) the plasma is insufficiently locally absorbing, except perhaps at 
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the centre, for this apparent agreement to be relied on, since the low 

opacity in the outer regions can lead to an under-estimate of the profile 

width. 

DENS ITV FLUCTUATIONS 

The arrangement shown schematically in Fig.13 has been installed to 

observe density fluctuations in the outer region of the plasma in an 

attempt to examine these as a possible cause of the enhanced diffusion at 

higher plasma currents. A 2 mm microwave beam about 7 cm wide traverses 

the plasma, entering as an essentially plane wave and emerging with phase 

variations across the beam caused by the fluctuations. The phase is 

recorded with time resolution ~ 10-6 s at up to 8 positions across the 

beam by a set of 13 receiving antennae, wavelength and frequency spectra 

of the fluctuations being related to appropriate time and position corre­

lations of the received signals. 

A preliminary example ·of recorded signal is shown in Fig.14 for seven 

such channels: There appears to be more than one type of fluctuation 

present simultaneously, e.g. the signals show coherent, harmonic oscilla­

tions at ~ 20 kHz, well correlated for transverse distances > 3 cm, and 

with amplitudes on/n ~ 3% which disappear when the current decays in the 

afterglow, while at the same time incoherent oscillations, with much smal­

ler scale length and broad frequency spectra (up to 120kHz) can be observed. 

Magnetic probes outside the plasma show that the 20 kHz density oscilla­

tions are well correlated with fluctuations in the poloidal field, with 

oBe/Be ~ 1%. 

DISCUSSION AND CONCLUSIONS 

Although there inevitably remains some residual uncertainty about the 

absolute values of the electron energy replacement time resulting from un­

certainty in interpreting the laser scattering data , the general trends are 

clear, namely: 

I . That the energy confinement is improved when operating at low ohmic 

heating currents, i.e. with the vacuum magnetic fields essentially 

determining the particle confinement in the outer regions. 

2. The confinement at a given (low) current improves significantly 

with the magnetic field strength, when the plasma density and 

temperature are held approximately constant. 
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3. The confinement is noticeably worse when the drift parameter vd/ve' 

is larger, although no physical explanation is as yet available to 

justify this dependence. 

4. There is a variety of fluctuations present in the outer density 

region, whose relation (if any) to the confinement has yet to be 

explored. 

5. The plasma, presumably as a result of the surface gettering, appears 

to be almost free of impurity. However, under some conditions of 

current and temperature the measured plasma resistance is higher 

than expected. Further work is needed to ascertain whether there 

is a genuine resistive anomaly or whether this reflects a constric­

tion of the current narrower than can be explained by the temperature 

profile data presently available. 

6. Because the temperature gradients are not yet sufficiently wel l known 

to derive experimental heat conductivities it is not meaningful to 

make proper comparison with neo-classical transport theory. 

7. Operation over a much wider range of parameters than was previously 

possible shows that the confinement is no longer consistent with the 

semi-empirical pseudo-c lassical scaling law found at high current 

operation and a very restricted parameter range(l) (see Fig.9). 
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OHMIC HEATING EXPERIMENTS IN THE L-2 STELLARATOR 

I. S. Shpigel' 

Lebedev Physical Institute USSR Academy of Sciences, Moscow USSR 

1. A SHORT DESCRIPTION OF THE L-2 STELLARATOR 

The L_2 stellarator is a contemporary confinement device 

o 
with a vacuum chamber bake able to 300 C and an oil-free vacuum 

system, with a pumping speed of 150 litre/sec. Its basic cha-

rasteristics are shown in Table 1. 

TABLE 1 

Vacuum chamber major radius R = 100 cm 

Vacuum chamber minor radius r = 17;5 cm 

Average radius of last closed magnetic surface a = 11,5 cm 

Maximum toroidal magnetic field B = 20 kG 

Helical winding multiplicity 1 = 2 

Number of helical winding pitches N = 7 

Number of magnetic field periods !..f' = 14 

t (0) 
_- _/"(0) Rotational transform on axis 

2.1l" 
= 0,2 

Rotational transform on iast closed magnetic surface 

Shear $= 

t (et) 

dt 
= 0,7 - 0,8 

0,5 
d.-r. 

-8 Base pressure in vacuum chamber 1 _ 2xlO torr 

Interval between discharges 2 - 3 minutes 

The construction of L-2 embodies a number of features. 

The vacuum chamber, which does not have an insulating 

break, is made of stainless steel 0,125 cm thick. During 

ohmic heating of the plasma, an induced current flows 

through the chamber. However, because of the relatively 

large resistance of the chamber (4xlO-3 ohm) the chamber 
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current is negligibly small. The vacuum chamber is fitted 

with 28 ports with metal vacuum seals. The ports are distri­

buted in seven toroidal cross-sections: 14 vertical ports 

(on the top and bottom of the chamber) have an inner dia­

meter of 6cm, and of the 14 horizontal ports, the seven out-

side ports have an inner diameter of 9 cm, while the 7 in-

side ports have an inner diameter of 2 cm. 

Since the chamber has limited mechanical strength, it 

is not used to support the helical winding. The helical 

winding is attached by an external, insulating structure 

made up of four U-shaped rings. The helical conductors are 

arranged in an uniform angle spiral with an angle of 57
0 

with respect to the toroidal direction. 

Such a large helical winding angle requires some in-

crease in the helical current in order to keep the last 

closed magnetic surface inside the vacuum chamber. In this 

case the separatrix has a relatively sm\l ellipiticity (ra­

tio of semiaxes 1:1,5). Furthermore, the r ·otational trans-

form depends strongly on radius, which is usually a charao­

teristic of t = 3 helical windings. Thus, the large pitch 

angle of the helical w~nding pro~ces the finite rotational 

transform on axis t (0) ';::! 0,2 characteristic of an t = 2 

winding as well as the large shear ( 8 = 0,5) characteris­

tic of an t = 3 winding. 

We did not succeed in experimentally attaining the cal­

culated value of tea) = 1,06 at a last closed magnetic sur-

face and mean radius of 12,6 cm because an m = 1, n = 1 

distur.bance, caused by the finite accuracy of assembly, dis-



rupts tbe surraces in tbe outer region. As a r esult, tbe mean 

radius ror C = 0,228 is a = 11,5 cm, witb a rotational trans ­

rorm t(a)= 0,78 on tbe last closed surrace . 

An O-sbaped iron core witb a rlux or 0,18 volt-sec (wi ­

tbout back-biasing) was used to produce tbe obmic beating 

current. The experiments were conducted witbout a material 

limiter. 

Figure 1 is a scbematic or tbe diagnostic layout or L- 2. 

The complement or diagnostics allows tbe basic plasma 

parameters to be determined in several dirrerent ways . 

A mini - computer serves as a data acquist i on system and 

also perrorms preliminary data reduction in tbe interval bet -

ween sbots. 

2. GENERAL DISCHARGE CHARACTERISTICS 

1. Pre - ionizationwas errected by UV ,radiation rroma 

powerrul quartz lamp sbining into one or tbe ports and a sbort 

pulse or poloidal magnetic rield. 

The duration or tbe pre-ionization current pulse was 

l-2msec. The presence or .tbe vacuum magnetic rield structure 

produced by tbe belical winding allowed a plasma witb an ave ­

rage electron density or 1011_1012cm-3 to exist at tbe moment 

or main current start-up (i. e., 10msec arter pre - ionization ). 

Tbis value or initial electron density, under typical discbar ­

ge conditions in bydrogen (p=2,.10-5 to 2 . 10- 4 torr) ensured tbe 

subsequent growtb or tbe average electron density to a maximum 

- 12 13 3 value or ne = 5 . 10 -2.10 cm- in l-2msec witb very little 

runaway electron production. 
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2. One of the important parameters in p1asma ohmic heat­

ing is the va1ue of the 1imiting p1asma current [1). In order 

to determine this 1imit a ha1f-sine-wave current was induced 

in the p1asma . By varying the v01tage on the capacitor banks 

feeding the ohmic heating transformer primery winding, it was 

possib1e to vary the p1asma current over a wide range. However, 

experiments showed that there is a sharp 1imit on the va1ue 

of the p1asma current that can be excited. This critica1 cur­

rent let was found to be proportiona1 to~e toroida1 fie1d 

strength and independent of the fi11ing pressure (see figure2). 

Evident1y, the 1imiting of the p1asma current is caused by the 

deve10pment of a fundamenta1 mode of MHO instabi1ity, which 

causes the p1asma c01umn to interact strong1y with the chamber 

wa11s . The resu1tant inf1ux of neutra1 atoms co01s the e1ec-

trons, the conductivity fa11s , and as a resu1t, the current 

decreases. 

In figure 3 are shown two series of osci110grams, obtain­

ed from discharges with 1ess-than-critica1 and critica1 cur­

rents. 

It is c1ear that when the current reaches Jet , the in­

stabi1ity 1eads to extensive p1asma-wa11 contact . The density 

sharp1y increases, and peaks again appear in the hydrogen and 

impuri ty 1ines. 

Direct evidence of the instabi1ity was obtained from 

measurements with a system of sinusoida1 and cosinusoida1 he-

1ica1 windings with mu1tip1icities m=n=1. This system wou1d 

on1y respond to the fundamenta1 mode. The measurements showed 

that when the p1asma current attains the critica1 va1ue, a 

short, unip01ar pu1se appears on the diagnostic windings. 



It should be noted, hower that the skin time of the vacuum 

chamber is ~ 150-200 microseconds, which limits the high-

-frequency response of the diagnostic windings and thus 

distorts the true signal. Analysis of the signals from both 

windings shows that spatial phase of the disturbance is fix-

ed, thus indicating that there is a plasma-current-independent 

perturbation in the stellarator magnetic field structure. We 

cannot exclude the possibility that this perturbation leads to 

the destruction of outer magnetic surfaces, the reduction of 

the radius of the vacuum surfaces, and the reduction of the 

plasma edge rotational transform to tea) = 0,78. 

3. The ohmic heating experiments were conducted with 

t= 0,228, i.e. for that value of the ration of toroidal field 

current to helical winding current which places the lost clos-

ed magnetic surface inside the vacuum chamber. Therefore, a 

material limiter was not used to limit the plasma dimensions. 

As has been noted, the winding law used leads to an inward 
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shift in majbr radius of 2,5-3 cm from the vacuum chamber axis. 

The magnetic axis is thus a flat circle of major radius R 

~97,0-97,5. The self-field of the plasma current shifts the 

magnetic structure (and therefore the plasma column) outward 

in major radius. As is well-known, the magnitude of the 
n.B,£ -1 

depends on the- rotational transform: A"C Cl! " B t where 

shift 

B~ is 

the perpendicular field of the plasma current, and B is the 

toroidal field. The maximum shift occurs on the magnetic axiS, 

and the minimum shift occurs on the last closed surface. For 
Ip 

the experimental values - c:t0, 9-1,8, the shift on axis is 
:B 

~~(O)=1,5-3 cm, while the shift on the last closed surface is 

A'tCa ):::"0,4_0,7 om. 
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In view of the small edge shift~"t(~), an additional 

vertical field to compensate the B~ due to the plasma current 

was not used. 

3. OHMIC HEATING WITH QUASI~STAT10NARY CURRENT 

1. The basic ohmic heating experiments were performed 

with E = 0,228 and a quasi-stationary current. Typical dis­

charge oscillograms are shown in figure 4. Shown here are 

oscillograms of the plasma current Jp , the loop voltage, 

average electron density, and line intensities of hydrogen 

and impurity atoms. As can be seen, the current, loop voltage, 

and average electron density reach steady-state values 2-3 msec 

after the initiation of the discharge. The H~ and CIII lines 

behave similarly, and only the OYI line peaks and then falls 

to a low level after 5-6msec. Towards the end of the discharge, 

at 17msec in this case, the chordal average electron density 

reaches (9_10).1012cm-3. 

For the regime B=12 kG, Jp -5 = 14 kA, and p=4.10 torr, the 

ohmic heating power input does not exceed 25-30 kW in the 

steady-state portion of the discharge (see fig. 5). The time 

development of the central electron and ion temperatures, i, (0) 

and ~ (0), and the average plasma energy is shown in fig. 6. 

The ion temperature was determined by analysis of charge-

-exchange neutrals averaged over a Imsec time interval, the 

electron temperature was determined by analysis of soft X-ray 

spectra in the range 1,2 to 4 keY averaged over 7msec, and the 

plasma energy density was determined from diamagnetic loop 

measurements with the assumption of a last closed surface 

average radius of 11,5 cm. 



2. The dependence of the plasma tempe..,rature on density 

is particularly interesting. Fig. 7 shows the dependence of 
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electron and ion temperature on average plasma density .. As can 

- 12 -3 be seen, for n ~ = 4-5.10 cm , the central electron teDlpera-

ture reaches 800 eV. However,. as the density increases, Fe(O) 

decreases to 200 eV at n(! ::=:: l6.l0l2
c Dl- 3• The dependence of W, 

the energy stored in the plasma, and TE , its confineDlent 

tiDle, on average electron density for B = 12 kG, Ip = 14 kA 

is shown in fig. 8. Here is plotted the confired plasma ener­

gy, as de termined directly froDl diamagnetic Dleasurement (W"'-), 

as calculated trom the central electron and ion temepratures 

and average electron density. In the calculations it was assum-

ed that the radial dependence of these quantities i s parabolic . 

As can be seen, the measured and calculated energy densities 

I I W - 12 - 3 
Wd. and S agree in the density range ne = 7-15.10 cm • 

. - 12 - 3 
Significant disagreement occures for n~ < 7 . 10 cm in which 

case the energy determinedfrom diamagnetic measurements in­

creases, while the calculated energy, Ws ' falls. This <lis­

crepancy can be explained as a consequence of the contribu-

tion of suprathermal electrons to the diamagnetic signal [2]. 

The energy and relative number of supra thermal electrons in-

creases as the plasma densi ty decreases.. The agreement 

between Wet and W's which occurs for ne =:f 7_l5.l0
l2

cm-J 

indicates that the true distributions r; ("t.), 7i. (1) , and fl, (1) 

are little different from the parabolas assumed in the calcu­

lations . In experiments on Cleo (3) and W-7a [41 it Was found 

that the profiles were significantly wider than parabolic . 

3. In the majority of ohmic heating experiments on toka-

maks, the ion temperature in the center of the plasma coincides 
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with that given by the Artsimovich formula [ 5 ] : 

-'1-[ 2 '13 ( T{ (0) Q' 6.10 J B R ~] ev A,Gs,cm) 

For tokamak experiments, the plasma current Jp is used 

for I in the formula. In the case of a stellarator, one would 

expect that the thermal insulation is determined by the total 

poloidal field, including the contribution of the stellarator 

magnetic field. The equivalent current due to the stellarator 

field, I st , is determined by the geometry and the rotational 

transform on the 
Sa.2 B 

7? 

lasted closed surface, ts/ a), and is given 

(Ca). Fot' the L-2 stellarator with E. = 0,228, 

I St ~ 5,1 B amperes, with B in gauss. The total current which 

determines the thermal insulation of the plasma and ion tempe-

rature through the Artsimovich formula is then I~ = B(S+ 5,1) 

amperes, where B is in gauss and S = Ip/B' In our experiments 

the ratio S is in the range 0,9-1,8. As can be seen from these 

ratios, the contribution of the stellarator field to the ther-

mal insulation exceeds that of the plasma current bya factor 

of 2-5. 

In figure 9 are plotted measured central ion temperatures 

as a function of the parameter f -[I~BneJ1Q. As can be seen, 

the temperature rises proportionally with ~ . However, the 

absolute magnitude of 7i (0) is two times less than that pre-

dicted by the Artsimovich formula. 

Fig. 10 shows the dependence of the ion temperature on 

the ratio S = Ip 
~ for three different values of toroidal 

filed B. The very strong dependences "(0) .. ! (S) and 

~ (0) ::: f (B) are very striking. Thus, for S = 1,1, the ion 

temperature is 65 eV for B = 9,2 kG and 120 eV for B= 16,4 kG. 

l 



It should be noted that simultaneously J increases by a fac-

e "6, .. )2/3 
tor of 9 2 which is approximately the factor by cwhich , 
the ion temperature rises. 

Thus, while the ion temperature in L-2 has the same func-

tional dependence as the ion temperature in tokamaks, its mag-

nitude is two times smaller than that predicted by the Artsi-

movich formula with the substitution of ["'1 = [ + J for £. ,. .st 

4. Analysis 

clude that when 

of the experimental data allows us to con-

d.lp ,. 0 
dt 

the electron density, light impurity 

line intensity, central electron temperature, and electron 

temperature determined from conductivity measurements all 

remain constant for t .he duration of the falt - top current pulse. 

If the impurity contribution to the charged particle popula-

tion is neglected, it is possible to derive from the data a 

source function. Assuming stationary source and electron den-
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sities, it is then possible to determine the local and integral 

electron confinement time. 

For known or given profiles of ne ('l.) and r; (t) ,it is 

possible to calculate, in the case of multiple charge exchan-

ge, the neutral hydrogen density profile no('t.) [6~. The ab­

solute scale can be determined to within + 50% from absolute 

measurements of the neutral hydrogen flux or of the H~ line 

intensity. The first set of measurements gives the neutral 

density in the central region with greater accuracy while the 

second set gives the neutral density at the plasma edge. 

Fig. 11 shows the calculated profile no("t) , with abso­

*In the present calculation, it is assumed that ne ('t) and 
1.2 

'feC .. t)- 1 - -
a Z 
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1ute va1ue at ~ =0 determined by charge exchange measur~ments. 

A1s0 shown is the neutra1 density, no (a) , determined from 

spectroscopic measurements. As can be seen, the charge exchange 

and spectroscopic measurements are in c10se agreement . This 

justifies the assumptions made in ca1cu1ating no ('t) . 

In the same figure is a1so shown the radia1 dependence of 

the partic1e confinement time, 'Z';, (t) , which is ca1cu1ated 

neg1ecting the impuritiy contribution to the e1ectron popu-

1ation and under the assumption of steady-state no ('t) and 

ne ('t.) . The partic1e confinement time at a radius of 0,9a = 
= 10 cm is 15msec. for B = 1z,4 kG. 

In figure 1Z is shown the toroida1 fie1d dependence of 

the partic1e confinement time on-axis and at a radius of 

0,9a = 10 cm. The ca1cu1ations were done under the assumptions 

a1ready described. The ana1ysis shows that the partic1e con-

finement time is proportiona1 to the magnetic fie1d raised to 

a power greater than 1, and that for B = 16,4 kG 'G,.. (0,9 a.) Cf 

<:r ZO_ZZmsec. The dependence of r,.. < 0,94) was determined at a 

current of 10 - 14 kA, and that of Tp (0) for currents 8 to 

ZZ kA. 

5. An important characteristic of the therma1 insu1ation 

of the p1asma is the energy confinement time "E - "Gill' where 
.3 J P--'N:: 2' nt(~+~)c:lViS the energy contained in the ~fasma and 

p= 1p U is the ohmic heating power. 

In figure 1J is shown the dependence of the energy con­

finement time on toroida1 magnetic fie1d for Ip = 1Z-1J kA, 

as determined from diamagnetic measurments and as ca1cu1ated 

using the average e1ectron density, centra1 ion and e1ectron 

temperatures, and the assumption of parab01ic profi1es. The 



confined energy increases from 120 to 350 joules, i.e., by a 

factor of three, as the magnetic field is increased from 9 to 

16,5 kG. Tbe dotted curve represents the pseudoclassical pre­

diction for energy confinement [7,8] W..,Jp (.8.st +.B.1)calculated 
2 

with the coefficient C = 10. The difference between the two 

confined energies determined from diamagnetic measurements 

and calculated from n. , 1"e (0) , and 7",.' (0) is relatively 

small, and their dependence on the toroidal field coincides 

both functionally and in magnitude with the pseudoc1assical 

predictions (dotted line in fig. 13) in which the total polo­

idal field Ba S :B~t +- Ez is inoluded. 

Tbe P(B) and W (ll) data allow us to construct 'LE lB) , 
which is also shown in fig. 13. The energy confinement time 

increases faster than linearly with the magnetic field. The 

magnitude of ~E for B=12 kG agrees with the empirical 1aw 

'rE= 4.l0-
8

Q.
2 .B, [9]. 

If the magnetic field is held constant as the current is 
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raised, TE at first rises, but after reaching a maximum value 

[at S = 1,3], falls (see fig. 14). The ohmio losse P (see 

Fig. 5) in the interval of current variation S = 0,9-1,3 

remains practically constant, but with further increasing our­

rent P increases sharply, reaching 100-200 kW at S = 1,8. 

Under the same conditions the behaviour of W Cr ... )differs 

significant1y from that of the ohmic heating power. At first, 

the p1asma energy grows almost proportiona1ly with the current, 

but at S = 1,3( I,. = 17 kA) the growth of p1asma energy stops, and 

with further increase in current the energy begins to decrease. 

At a current of 20-22 kA the energy confined in the plasma is 

about one-ha1f the maximum va1ue. In contrast to P and VI the 
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seen, the resuits obtained on these three device fall on a 

straight line proportional to this parameter. The slope of 

the line is one-half the slope of the corresponding line for 

tokamaks . 

It is striking that the energy confinement times of these 

three devices differ marke dly. Fig . 16 shows the dependence of 

1:e on cC 
_ Ip 

, the ratio of the average electron drift velocity 

~ =' J dS to the average \ .e ,,~ 
electron thermal velocity iYth . As 

can be seen, the energy confinement time increases as ~ de -

oreases . In [10] it is shown that the particle confinement ti-

me depends significantly on the value of ~ Such a strong 

dependence of Te on OG indicates a significant transport of 

energy out of the plasma by convection. 

In all of the stellarator experiments it has been noted 

that an arbitrarily large ohmic heating current cannot be ob-

tained. The current is limited by Kruskal-Shafranov condition 

that the total rotational transform t£ <: 1 . This means 

that, in spite of its effectiveness, the ultimate capabilities 

of ohmic heating in stellarators are limited. Further progress 

in attaining better plasma parameters must be achieved through 

use of current-less heating. 

CONCLUSION 

1 . The goal of this paper was to give a review of the 

current status of experiments on the L-2 stellarator and to 

compare the L-2 r e sults with those of other stellarators. In 
- _ 12 - 3 

these experiments high density plasmas with ne - 5-20 . 10 cm 

are obtained. The central electron temperature is 800-200 eV, 

while the ion temperature is 60- 120 eV. The energy confinement 



central electron temperature changes only slightly as the cur-

rent is raised from 12 to 22 kA. It may be possible to explain 

the dependence shown in Fig. 14 by supposing that, for cur-

rents greater than 16-17 kA (.s > 1,)), the plasma column 

shrinks, due to the development of instabilities in its outer 

regions. This leads to a constriction of the current channel, 

an increase in gas influx from the walls, an increase in power 

input, and, as a result, a reduction in Z-E . At the same time 

TeCO)can remain unchanged, since, although the energy confine-

ment t{me decreases, the power input to the plasma increases 

significantly (2-4 times). 

4. COMPARISON OF EXPERIMENTAL RESULTS FROM THE L-2, 

CLEO, AND W-7A STELLARATORS 

Data presented in this and in an earlier paper (1) in-

dicate the confinement of the L_2 stellarator plasma is good. 

The long energy confinement time of 6-12msec achie ved in 

L-2 can be attributed to the significant contribution of the 

poloidal component of the stellarator field to the thermal in­

SUlation of the plasma. As has already been shown, for 5~ 1,0-

-1,2, this component is about five times larger than the polo­

idal field of the current, and for Jp = '15 kA, it reaches 

Bst = 1,2 kG. Other work [1,),4) has also shown the importance 

of the stellarator poloidal field. 

However, in stellarator experiments [1,),4,61 the ion 

temperature has been found to be about one-half the value ex-

pected from the Artsimovich formula. In figure 15 the central 

ion temperatures of the Cleo, W-7A, and L_2 stellarators are 
2 ( 1/J 

plotted versus the paramete r [13 R ne l~! ~ Jp)] . As can be 
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time reaches 8-12msec. The energy density averaged over the 

p1asma cross-section is 6_7.1015 eV/cm3 for a tota1 p1asma 

energy of 350 jou1es. A11 of these resu1ts were obtained at 

re1ative1y 10w magnetic fie1ds of B=9-16 kG with an ohmic 

heating current of 10-20 kA. 

2. The resu1ts 1isted above show that the p1asma tempe­

ratures and energy confinement times attained in L-2 can on1y 

be attributed to a significant inf1~ence of the po1oida1 com­

ponent of the ste11arator fie1d. 

The presence of a significant rotationa1 transform creat­

ed by the he1ica1 winding on the one hand increases the ¥JID 

stabi1ity of the p1asma co1umn for va1ues of totoal rotationa1 

transform t.~ '" 1 , but at the same time 1imits the p1asma cur­

rent, and therefore the ohmic heating power input to the p1as­

ma . This limits the maximum e1ectron and ion temperatures. 

3. Ana1ysis of the C1eo [3,11) and W-7A [4J experiments 

in which the ste11arators were operated as tokamaks with out 

ste11arator fie1ds shows the importance of the po1oida1 ste1-

1ara tor fie1d. 

These experiments showed that when these devices were 

operated as tokamaks, the p1asma parameters.ere significantly 

10wer than those achieved in ste11arator operation. The con­

c1usions dra.wn in the papers (3,4,11J unequivoca11y show the 

significant contribution of the po1oidal ste11arator fie1d to 

energy confinement. 

4. A10ng with this, it is necessary to note the re1ative-

1y 10w ion temperature, one-ha1f the Artsimovich va1ue, obtain­

ed in these ste11arators. A possib1e exp1anation of this may 

be enhanced 10sses due to charge exchange or diffusion. 
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ExperiDlents on the Levi tron [10] have shown the iDlportan-

ce of convective losses. Certainly the presence of an electron 

drift velocity due to current flow effects the particle and 

energy confineDlent tiDIes. 

In conclusion, it is the author's pleasant duty to express 

his deep gratitude to the DleDlbers of ~he L_2 stellarator group 

for Dlany useful discussions. 
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THE MIRROR MACHINE PROGRAM IN THE USA 

by 

F. H. Coensgen 

Lawrence Livermoce Laboratory, University of California 

Livermore, California USA 

ABSTRACT: ,As the result of recent experimental progress, theoretical 

advances, and the emergence of new approaches to the improvement of mirror 

confinement, the mirror approach has become the principal alternative to 

the tokamak in the USA magnetic fusion program. Emphasis is now centered 

on the Tandem Mirror and Field-reversed Mirror Concepts, which theoreti­

ca1iy can obtain Q 'values of five or more. 

INTRODUCTION: Recent progress in the mirror fusion program (see Table 1) 

includes a series of favorable advances in the 2XIIB experiment and the 

Table L , Recent Highlights in the Mirror Fusion Program 

July 1975 2XIIB plasma stabilized; lifetime increased 

10-fold; mean ion energy of 13 keV . 

July - December 1975 

October 1975 

February i976 

March - September 1976 

July 1976 - April 1977 

December 1976 to date 

Theory of 2XIIB stabilization developed; 

predictions of this theory guide Mirror Fusion 

Test Facility (MFTF) design. 

Simple method of ';startup" in a dc magnetic 

field demonstrated : neutral injection ,on a 

cold-plasma stream. 

High 8 achieved (peak 8 ~ 1.2 to 1.6); raises 

hope for field-reversal concept. 

MFTF proposed and approved by ERDA. 

Tandem mirror idea for high-Q reactor 

introduced, favorably evaluated at LLL. TMX 

proposed and ' approved. 

2XIIB field-reversal experiments yield 50% 

greater diamagnetic signal and maximum electron 

temperature to 140, eV; neutral-beam current 

being increased beyond 500 A for further 

experiments. 
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development of a theoretical model that accounts for observed plasma be­

havior in 2XIIB and other mirror experiments. This theory provides scaling 

laws for extrapolating of present experiments to larger devices. 

These advances, together with the emergence of new approaches to the 

improvement of mirror confinement, have led to increased planning and con­

struction of magnetic mirror systems in the USA. The USA mirror program 

(shown in Table 2) includes several universi~y experiments as well as 

Table 2. USA Mirror Research Facilities. 

Cornell University ~ Field-reversal experiments in a mirror machine using 

energetic electron beams to form electron rings. Working on production 

of intense bursts of energetic ions to be used in field-reversal experi~ 

ments to either directly reverse the field in a mirror machine or to 

produce the reversal by subsequent compression of the trapped ion ring. 

Massachusetts Institute of Technology - Investigating a possible means of 

stabilizing the drift cyclotron loss cone (DCLC) mode. Idea is based on 

Ioffe's interpretation of PR-6 ~lnd -7 results. In the MIT experiment, 

electron beams will be used to generate rf fields within the plasma that 

will heat a portion of the electrons until they become magnetically con­

fined and serve to produce a depression in the ambipolar potential. It 

is expected that low-energy ions trapped in this depression will 

partially fill the loss cone and thus· suppress the DCLC instability 

mode. 

University of California at Berkeley - Constructing a new, multiple mirror 

facility that is fully stabilized against MIlD interchange mode and in 

which the density decay time is long enough to observe any residual MIlD 

instability. The loss cone is nearly full in this device, which should 

suppress mirror-associated microinstabilities. 

University of California at Irvine ·- Planning an experiment to test the 

possibility of stabilizing the MIlD interchange modes by "line tying" 

only the plasma boundary through a cold-plasma blanket that surrounds 

the hot plasma. 

University of California at Los Angeles ~ Planning to produce a collision­

less, mirror-confined plasma with radial density gradients confined to a 

surface region to test the prediction that the DCLC mode will be local­

ized in boundary region . 



Table 2. Continued 

University of Wisconsin - Planning to build a tandem mirror experiment in 

which the ions are heated by low-frequency rf rather than by neutral 

beams. 

Lawrence Livermore Laboratory - Operating the neutral-beam-injected 2XIIB 

experiment. Constructing a tandem mirror experiment (TMX) to be com­

pleted by October 1978. Constructing the Mirror Fusion Test Facility 

(MFTF) to be completed in 1981. 

Los Alamos Scientific Laboratory - Operating a field-reversed theta pinch 

which produces field reversal for 20 ~s or more and which shows 

incre.ased electron temperature when the field lines close. 

Naval Research Laboratory - Pursuing two field-reversal experiments . In 

one, a 50- to 70-ns burst of l-MeV ions is to be cusp-injected into a 

low-ratio mirror field. In the other, an electron ring is formed by 

injection of a burst of relativistic electrons that induce an ion "back 

current. " The electron current decays in 60 ns, leaving an ion ring 

·current that reverses the magnetic field. Field reversal persists for a 

time (5 ~s) consistent with resistive diffusion and cross-field 

diffusion times. 

Oak Ridge National Laboratory - Operating electron bumpy torus (EBTI), 

which is a toroidal mirror experiment. Increasing rf power to convert 

EFTI to EBTS and planning a larger experiment called EBT 11. 

United Technologies Corporation - Preparing an experiment to explore 

stabilization of the DCLC instability. Electron cyclotron resonant 

heating is used to generate a population of energetic, magnetically 

confined electrons that will depress the plasma potential in the plasma 

interior to confirle low-energy stabilizing ions . 

installations at the Lawrence Livermore Laboratory (LLL), Los Alamos 

Scientific Laboratory, Naval Research Laboratory, Oak Ridge National 

Laboratory, and the United Technology Corporation. 

As a candidate for a fusion power plant, a mirror system offers a number 

of advantages, including high beta, the possibility of steady-state oper­

ation, small unit size, arid natural divertor action along the open field 

lines. This divertor action precludes buildup of impurities, somewhat 

reduces wall loading , and makes practical the direct conversion of the 

energy of escaping plasma and charged reaction products to electricity. 
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The major disadvantage is the relatively poor particle confinement, 

leading to a power amplification factor Q of about unity even if stability 

is achieved. Augmented by a blanket of uranium or thorium, such a system 

might provide an attractive fissile fuel breeder · or hybrid fission-fusion 

reactor . !l] As a pure-fusion reactor, it would have to operate as a driven 

power amplifier with a large recirculating power fraction requiring very 

efficient energy recovery and high heating efficiency in order to produce 

net power. 

Emphasis in the mirror program is now centered on new concepts that 

theoretically can obtain Q. values significantly larger than that of previ­

ous mirror reactor designs . Q is defined as the ratio of fusion power out­

put to the injected neutral-beam power required to sustain the plasma 

density and temperature . From among the possibilities!2] for enhancing Q 

in mirror machines, the Tandem Mirror and the Field- reversed Mir.ror 

Concepts have been selected as the basis for the LLL mirror program. 

Theoretically, both concepts can obtain Q values of five or more . During 

the next 5 years, · the largest USA mirror facilities will be 2XIIB, a tandem 

mirror experiment (TMX), and a large mirror facility called the Mirror 

Fusion Test Facility (MFTF). The specifications of these three machines, 

which will all be located at LLL, are compared in Table 3. 

Table 3. LLL Mirror Facilities. 

TMX 
2XIIB (end plugs) MFTF 

Magnet ic field 7 kG 10 kG 20 kG 
(midplane) 

Field duration 10 ms Seconds dc 
(superconducting) 

Length between 1.6 m 1.15 m 3.2 m 
mirrors 

Injection current 600 A 550 A/plug 750 A 
maximum maximum (sustaining beams) 

Beam accelerating 20 kV 20 kV 80 kV 
voltage (some 40 kV) 

Beam duration 10 ms 25 ms 500 ms 
(first beam set) (later, seconds) 

Date operational Operating October 1978 October 1981 
(proposed) (proposed) 



RECENT PROGRESS : Experimental progress at LLL was made possible by modify­

ing the 2XII experimental facility to iricorporate a system of 12 neutral 

beams,[3] each designed to inject 50 A of deuterium atoms into the con­

tained plasma at energies of up to 20 keV in lO-ms pulses. First experi­

ments with the new 2XIIB facility were carried out in January 1975. 

Research centered about identifying and eliminating the source of micro­

instability that had limited confinement times to a few hundred micro­

seconds. EXperimental evidence[4] pointed to the drift cyclotron loss-cone 

(DCLC) instability. Following the lead of an earlier theory[5,6] and 

experiments,[7] a low-energy plasma stream wa~ injected along magnetic 

field lines into the contained energetic plasma in an attempt to partially 

fill the loss cone an·d stabilize the DCLC mode at a low level of turbu­

lence.ln a period of a few months (see Table 1), the principal issues of 

the Mirror Program - control of microinstability, scaling of nT with 

energy, and startup in a dc m&gnetic field - were addressed with favorable 

results. Details of this work are reported in Refs. [8] through [11]. 

An alternative technique of providing cold ions for suppression of the 

DCLC mode uses electron cyclotron resonant heating (ECRH) to heat electrons 

in the mirror trap. The presence of the hot electrons modifies the 

ambipolar potential so that the cold ioris are trapped in a local potential 

well, filling the· loss cone sufficiently to stabilize the DCLC mode. This 

approach produced apparent stabilization for 50 to 100 ~s in the PR-6 trap 

at the Kurchatov Institute . [12] In the USA, similar investigations (see 

Table 2) are underway at the United Technologies Research Cent er and at the 

Massachusetts Institute of Technology (MIT). In the MIT experiment, the 

ECRH is replaced by rf fluctuations driven by electron beams. 

Concurrently with the 2XIIB experimental program discussed above, the 

quasi-linear theory[13,14] of the DCLC mode was developed at LLL. The DCLC 

mode is driven by the plasma derisity gradient coupled with a loss cone ion 

energy distribution. It can be stabilized either by reducing the density 

gradient or by partially filling the ambipolar potential hole in the ion 

energy distribution with a warm-ion plasma. Warm-plasma s tabilization has 

been tested successfully in 2XIIB but has the disadvantage of increasing 

the elect'ron energy loss rate, hence, lowering T. As the density gradient 
e 

is reduced, the amount of warm plasma necessary for stability decreases, so 

the -electron temperature can increase. 

Tho quasi-linear theory also predicts the long-standing e xperimental 

observation that the stability condition is easiest to satisfy at high 
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values of beta. Plasmas of reactor size" and density are predicted to be 

completely stable to the DCLC mode with the possible exception of boundary 

effects. 

MIRROR FUSION TEST FACILITY (MFTF): Testing the predicted geometric 

scaling of Te [and (nT)E1 with the density gradient is a primary physics 

objective of the MFTF. To achieve values of (nT)E significantly larger 

than those attained in 2XIIB and to provide a convincing test of predicted 

scaling, it is necessary to increase both electron and ion" energies. A 

NbTi superconducting Yin-Yang magnet provides a 20-kG, minimum-B magnetic 

field (40 kG at the mirrors). Startup is accomplished as in 2XIIB by 

injecting pulsed beams into a transient cold plasma provided by an array of 

streaming guns. After startup, the plasma will be sustained by injecting 

750 A of deuterium atoms with energies up to 80 keV for a period of 0.5 s. 

The injection period is long enough to achieve steady-state plasma condi­

tions but not sufficient to attain equilibrium particle reflux from the 

walls, which are initially clean titanium surfaces providing high-speed 

pumping during the startup phase. Twenty-four 80-keV neutral beams provide 

the 750-A sustaining current, and twenty-four 20-keV, 10-ms, 2XIIB-type 

neutral beams inject a current of 1000 A into the cold-plasma stream for 
14 -3 startup. MFTF plasma parameter goals are: density'" 10 cm ,mean ion 

" 12 
energy "'50 keV, electron temperature ",1 keV, and confinement (llf~ '" 10 

cm-l·s. Successful completion of the MFTF requires development of reli­

able, high-current, 80-keV neutral beams; methods of disposal of intense 

flux of energetic particles; steady-state, high-speed, high-capacity 

pumping techniques; reliable, large-scale, complex, superconducting 

magne ts; and reliable control systems for all beams, magnets, machine, and 

safety monitors. 

TANDEM MIRROR EXPERIMENT (TMX): A tandem mirror system[15,16] consists of 

a solenoidal central magnet that is terminated at each end by conventional 

mirror cells that by virtue of their high positive potential act as 

e lectrostatic "end plugs" to prevent plasma leakage out the ends of the 

solenoid. In TMX, each end plug is essentially a duplicate of the 2XIIB 

experiment, except that the energy of four of the neutral beams in each 

plug has been increased to 40 keV and duration of all beams has been 

increased to 25 ms. The particles lost from the central solenoid are 

replaced by injection of gas or low-energy neutral beams that are ionized 

and heat ed by the hot electrons. The electrons are, in turn, heated by the 

energeti~ ions in the plugs. Electron temperature is the same in both 



plugs and the center cell. The system is characterized by E » T > T , 
P e c 

where E is average ion 
p 

energy of the plugs and T is the ion temperature 
c 

in the central cell. 

If the density in the plugs is greater than that in the sol enoid, the 

requirement of quasi-neutrality establishes a potential difference ~i 

between the two regions that confines the center-cell plasma ions. 

Electrons are confined by a net positive potential ~ relative to ground; 

this potenti~l adjusts to equalize the electron losses with the combined 

ion loss from the plugs and the solenoid. 

Projected TMX plasma parameters are: T ~ 0.2 keV, ~ ~ 1.1 keV, plug 
e 

density n 
p 

5 x 1013 cm-3 , mean plug ion energy E ~ 26 keV, plug beta 
13 -3 P 

S '" 0.5, central density n 
p ·c 

~ 1.2 x 10 cm , center cell ion temperature 

T ~ 80 eV, confining ion potential ~i ~ 290 eV, center beta (ion + c , 
eleetron) Sc ~ 0.54, center magnetic field 0.50 kG, plug cent er field 

B ~ 10 kG. Magnet and current parameters of the end plugs are given in 
p 

Table 3. Experiments using 20-keV beams to independently heat the center 

cell are also being prepared . With these beams, the principal parameter 

changes are that 

increases to 280 

T increases to 290 eV and center-cell ion energy e 
eV. 

The purpose of TMX is to provide a proof-of-principle evaluation of the 

Tandem Mirror Concept as rapidly as possible. To accomplish this, there 

are three main physics objectives of the experiment: to demonstrate the 

establishment and maintenance of a potential well between two mirror 

plasmas, to develop a scalable _magnetic geometry while keeping macroscopic 

stability at high beta, and to investigate the microstability of the plug­

solenoid combination. In the firSt experiments, low-energy ions required 

to stabilize the DCLC mode in the end plugs w'ill be provided by plasma 

losses from the center cell. If the above goals are met, TMX should 

demonstrate the enhancement of confinement by the electrostatic barriers 

and determine the limitation on beta in the central cell. 

Plasma containment in tandem mirror systems is directly dependent upon 

plasma containment in the end plugs. Thus, in scaling TMX to the large 

sizes required for fusion power plants, the most important question is 

stability of the end plugs. The MFTF experiment discussed above will , 
provide a definitive test of the relevant scaling laws. 

FIELD-REVERSED MIRROR (FRM): The FRM is an entirely different mode of oper­

ation of a mirror machine. In the field-reversed state, the plasma diamag­

netic current is strong enough to cause magnetic lines in the c~nter of the 
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system to close upon themselves. Plasma confined on these closed lines 

would assume a toroidal shape embedded in a system of open lines that would 

act as a natural divertor, shielding the toroidal volume from accumulation 

of impurity ions. The FRM is similar to the Astron, the toroidal Z-pinch, 

and the reversed-field theta pinch. It differs from the Astron in that the 

current is carried by the plasma rather than by an independent axis encir­

cling the electron current layer. In contrast to toroidal pinches, the 

current would be carried by the ions (at least initially), and there is the 

possibility that the FRM could be maintained continuously by neutral-beam 

injection. 

In the fluid (guiding-center) limit, the FRM is similar to the toroidal 

Z-pinch with no stabilizing field. Theoretically, such configurations are 

MIID ans table. [17] On the other hand, field-reversed Astron configura­

tions[18] and reversed-field theta pinches[19] have been established 

experimentally and appear to be stable for periods much longer than the 

respective MIID instability growth times. It is speculated that stability 

in these cases is attributable to ·the small plasma radii as measured in 

gyroradii of the energetic component carrying the current and to the fact 

that the aspect ratio is near unity, a domain that is not accessi~le in 

tokamaks . These conditions violate both the limits of validity of the 

fluid theory and the limiting geome·tries amenable to stability analysis . 

The unexpectedly high values of beta (S > 1) obtained in 2XIIB (Table 1) 

have raised the possibility of obtaining field reversal by neutral-beam 

injection into a mirror field. Measured flux changes through a loop encir­

c ling the plasma and in an array of small loops outside of the plasma 

volume establish that the circulating diamagnetic current in 2XIIB is 

intense enough to cancel the externally produced field within the plasma. 

Independent measurement of plasma ion energies and electron temperature 

indicate that these currents must be produced by the ions . 

Values of the field-reversal parameter 6B/B have been derived from 

experimental data and the "best values" exceed unity. These results are 

encouraging but inconclusive. Data from the experiment are compared to 

plasma parameters calculated using a two-dimensional (r-z) particle simu­

lation · code, SUPERLAYER.[20] There is reasonable agreement with 2XIIB 

values of n, 6B/B, and beta. Although comparison shows the necessity for 

including turbulence in the code, it indicates that the field-reversal 

parameter 6B/B has approximately a three halves power dependence 

is linearly dependent on the injected current. It is hoped that 

on T 
e 

field 

and 



reversal will be conclusively demonstrated in 2XIIB either in the present 

system or in a later modification with increased beam power. 

Even if field reversal is achieved ·in 2XIIB where the plasma radius is 

only one to two gyroradii, there will remain issues of scale size because a 

viable, reversed-field mirror reactor[2l] will require a minor radius of 5 

ion gyroradii (in vacuum field) and a major radius of 10 to 15 gyroradii. 

If closure of the magnetic field lines .improves nT by as much as a factor 
13 of ten (to 10 ), the MFTF beam system is more than adequate to maintain a 

toroidal plasma of 15 ion gyroradii major radius . Thus, MFTF could be the 

ideal place to explore the issues of MIlD stability, microinstability, and 

transport in plasmas of the size required fo~ field-reversed reactors. 

A conceptual central power plant design [21] based on · the FRM incorpo­

rates a linea.r chain of modules of approximately the MFTF size. Each 

module injected with 200-keV neutral beams would produce 10 MW of electric 

output. 

SUMMARY: 2XIIB experiments have demonstrated the possibility of stable 

plasma confinement in magnetic mirror geometry. A theoretical model has 

been developed which predicts observed plasma parameters of 2XIIB and which 

can be used to extrapolate 2XIIB results to the larger systems required for 

fusion reactors; This theory has been used in the design of an experi­

mental MFTF, which should obtain an order of magnitude improvement of nT 

over present mirror machines and provide a definitive test of the theory. 

Several university and USA national laboratories already have programs, and 

others are starting programs to investigate alternative approaches to 

stabi1ization and development of concepts to enhance the Q of confinement 

systems based on magnetic mirrors. The breadth and depth of the effort 

indeed substantiates the statement that the mirror approach has become the 

principal alternative to the tokamak in the USA magnetic fusion program . 
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Abstract. Toroidal axisymmetric systems which aim at the confinement of 

high-a plasmas can be divided into two categories by means of the Kruskal­

Shafranov limit. The reversed field pinches operate at currents above this 

limit; their stability is governed by shear and wall stabilization. The 

screw pinch and high-a tokamak operate in the tokamak mode where the plasma 

current is below the K.S.-limit. Experimental results of both categories 

are discussed. 

Introduction. Toroidal high-a systems include reversed field pinches (RFP), 

screw pinches and/or high-a tokamaks , non-axisymmetric systems like the 

high-a stellarator and the bumpy torus, and non-circular systems like the 

belt pinch. The subject of this paper is limited to axisymmetric systems 

with a circular cross-section of the torus . Since t his in general does not 

imply circularity of the plasma cross-section , also some remarks on systems 

with weak non-circularity will ·be made . 

Figure I shows the zero- and first- order Bessel functions, which represent 

the final field configuration after a relaxation process in a zero-a slight-
~oI . 

ly resistive plasma, when the "pinch ratio" 8 = --- is smaller than 1. 6, 21TaB
t 

I being the induced current, Bt the initial toroidal field, and a the plasma 

radius .• This configuration, which Taylor I) derived by minimizing the energy, 

subject to Woltjer's integral invariant 2) over the total volume and to the 

invariance of the toroidal flux, is a force-free configuration which is com­

pletely determined by the stored volt-seconds and the toroidal flux. Since 

in such a configuration the current is proportional . to the magnetic field 

(1· aB), it follows from the figure that the configuration can only be sus­

tained if parallel (force-free) currents flow at any position. The complete 

drawing in Fig. I applies to the field configuration of a reversed field 

pinch, whereas the part at the left approximates that of the screw pinch. 

Figure 2 shows q as a function of the radius for both configurations. 

q-profile of the RFP is a measured profile in HBTX-1 3) at Culham, the 

The 

one 

of the screw pinch is a hypothetical q-profile in a high aspect ratio screw 

pinch with a small vacuum region near the wall. The high-a plasma column 

itself is in the centre region , where the behaviour of q is uncertain 
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and l ar gely dependent on the precise initial conditions and on the details 

of the imp losion process. Since the pitch is nearly constant, the screw 

pinch can - for stability - not rely on shear stabilization. Instead, like 

in t okamaks , it depends on the toroidal periodicity condition, which implies 

that q has to be larger than 1. Since q = rB /RB , this leads to high values 
t p 

of t he toroidal field and small values of the aspect ratio A = R/b. In 

SPICA4), for instance, this value is equal to 3. 

In the reversed field pinch q changes rapidly as a function of r, excep.t 

near the axis. By sign reversal of q, very strong shear can be imposed with­

out ever creating a pitch minimum, even if a vacuum region near the wall is 

present. The stability is governed by shear and wall stabilization; there is 

no direct necessity for high toroidal fields or for a small aspect ratio. 

The question arises how in practice the field configurations can be produced. 

Figure 3 gives a simple illustration of the principle of pitch conservation . 

in an imploding plasma shell . The torus has been replaced by a cylinder with 

. length 2rrR. If the conductivity in the moving shell is sufficiently high, 

the fluxes ~t and ~p in toroidal and poloidal direction are conserved5), so 

~ = 2rrr dB = const . and ~ = 2rrRdB = const ., which implies that ~t/~ = 
t t P P P 

rB /RB = q = const . This mechanism offers a possibility for fast program-
t p . 

ming of q- profiles in inward moving plasmas. In screw pinches it is the 

usual method6); here an approximately constant q-profile is needed which 

makes the programming extremely simple, as it asks for a constant field 

ratio at t he wall of the discharge chamber during the pinching action of 

the rising fields . The described mechanism is also the principle mechanism 

underlying the concept of the flux-conserving tokamak7) and it can be ap­

plied to create a reversed field configuration, although the necessary 

strong q- varia t ion complicates the programming during the initial phase. 

For the revers ed field configuration other options exist for its production, 

of which I mention the well-known self-reversal mechanism, which has been 

observed in many experiments and of which a number of descriptions is 

available8) . 

In the next section a review is given of the existing and of some older 

RFP- experiments with the main experimental results. Some proposed experi­

ments wil l also be discussed shortly. Thereafter, the same will be done 

for the screw pinches. 

The experiments in table I are quite similar: the minor radius varies from 

4 to 7.7 cm, the filling pressure from 10 to 100 mtorr and the main mode of 

operation is fast field programming with rise times of 1 to 10 \ls . 



TABLE I 

HBTX I ETA- BETA ~TL-TPE-I STP ZTI IZT l-der.1 ZT- S 
CULHAM PADUA TOKYO NAGOYA LOS ALAMOS 

Minor radius (cm) 6.5 5 5 4 5 5 7.7 

Major radius (cm) lOO 40 40 IZ 37 37 40 

Wall material quartz quartz pyrex quartz sectored al umina 

Filling gas 40 ZO- 80 30-50 ZO- 30 10 lOO DZ -. (mtorr) DZ HZ He DZ 

Plasma current 40-Z00 30-150 lOO 50 30- 40-70 30- 140 
(kA) ZOO 

Production mode progr . progr. progr . progr. p r 0 g r a m me d 

Remarks self- self- a l so primari- i=I.4 i=IO ll 
reversaJ reversa s crew l y high- x 101 2 

Als applied applied pinch beta A/ s 
tokamak 

Because of the fast programming , the walls are exc l usively made of insul ating 

mater i al . The machine which differs most from the others is ZT- I, where a 

very high toroidal electric field (E ~ I kV/cm) has been applied . Although tor 
ver y high ion temper atures wer e produced i n t his way, the configuration suf-

fered from skin formation near the wall and too high values of S to be 
p 

stab l e . I n the derated vers i on9) the temperature dropped substantially and 

field prof i l es with more favourabl e stabi l ity characteristics were obtained. 

These experiments have .shown that compl e t e l y stable high-S RFP-configura­

tions can He obtained by means of the f ast fie ld programming technique. The 

thus produced profiles are predicted t o be s tabl e according to ideal and 

resistive MHD-theory . Besides, the life time of these stable discharges i s 

governed by classical diffusion . Since the temperatures obtained are l ow 

(between 10 and 40 eV), and the dimens i ons are smal l , t he energy confinement 

time is limited to about IS ~s and the res i s t ivity destroys the configura­

tion in some tens of micros econds . The l ow temperature is attributed to line 

radiation from impurities . In ZT- S, for instance, the impurity level was 

found to be 0.3 to 0.5%, mainly oxygen , which is too high for the ohmic 

heating to burn thr ough I 0) . Improvement is expected from a low impuri t y 

level (~ 0 . 1%) or from a high initial t empera t ure produced by fast compres­

sional ion heat i ng and/or anomalous resistivity. In HBTX- I it was shown I I) 
• I 

that the electr on temperature sca l es a s 1 2 up to 110 eVat ISO kA. However, 
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like in the other fast programmed reversed field pinches, no stable dis-. 

charges could be produced above a current level of 40-60 kA. 

Spontaneous reversal of the toroidal B- and E!-fields has been observed in 

Perhapsatron 12) and ZETAI3) already long .ago .• Recently, it was also demon­

strated in ETA-BETAI4) and in HBTX_J J5 ). In this mode the set-up phase is 

analogous to the tokamak start-up in the sense that both pass through a 

turbulent state before reaching a quiescent mode 

which the reversal proceeds depends on the pinch 

and on the compression ratio. At relatively high 

of operation. The way in 

ratio e (- B ll/Bt ) pwa av 
a-val ues · (8 ~ 3) and high 

compression ratio, the reversal is associated with a large m-I kink ins ta­

bilityl6). At Iowa-values (8 ~ 1.2) and low compression ratio the reversal 

is produced by a series of small m-I instabilities. If the current or the 

magnetic Reynolds number is high enough, this reversed field configuratIon 

can be sustained by maintaining the plasma currentJ1l , as has also been 

d d . . 1 . ·1 . 18) Th . f h . emonstrate 1n numer1ca S1mu at10ns • e lmportance 0 t e magnetlc 

Reynolds number (S = 'R/TH) lies in the fact that the field distribution 

decays on the resistive time-scale'R' whereas the RFP-restoring instabili­

ties act on an MIlD time-scale 'H' At high magnetic Reynolds numb.er,fast 

regeneration of the RFP can then become possible by small amplitude fluctua­

tions, thus keeping the profile continuously close to a "Taylor state", 

like it is from the beginning in a programmed screw pinch. Since the exact 

needed level of fluctuations for sustained reversal and the associated 

losses are not exactly known, it is important to determine the s,caling of 

the fluctuation level with S in future experiments . 

Proposed ·RFP-experiments 

Some experiments in table 11. have not yet been officially approved of and 

the design parameters and completion dates may not be final. 

The engineering design of HBTX-IA is based on the use of a spare ORMAK shell 

and core from Oak Ridge. The experiment is intended for filling the gap be­

tween today's fast experiments and RFX, which will not be completed before 

1982. Since in future experiments the residual level of fluctuations is . 

crucial to the question whether the losses can or . cannot be compensated by 

ohmic heating only, in HBTX-IA the conditions will be studied in which 

quiescent plasmas are established by means of the · self-reversal effect . 

Therefore, a metal-walled torus, slowly rising magnetic fields, and a high 

value of ,S (up to 5 x 104) will be used as well ·as field-matching tech­

niques. Furthermore , the effects ',of impurity, minor radius scaling, 13- and 

transport properties will be studied . A time-dependent model, tested with 



TABLE II 

HBTX-IA, RFX ETA-BETA II ZT-40 
Culham Culham Padua Los ·A,lamos 

minor radius· (em) 25 60 12 20 

major radius (cm) 80 180 50 I 14 

wall material metal metal quartz ceramics 
metal metal 

plasma curren~ (kA) 300-500 700 
(t2000)* 

200 600 

'rise (~s) 100-500 2-10 ms . 2-100 2.5-30 
. (10-50) 

T 1-5 ms 10.-20ms > 100 < 100 ~s decay (50-100) '" 
completion dates 1979 1982-'83 1978 1979. 

(1985) 

* Values between brackets are those for an envisaged second stage of RFX. 

ZETA, data, was used to predict a temperature of lOO-ISO eV at I s 450 kA. 

The Christ·iansen-Roberts c·odeI8} predicts somewhat higher values. 

Whereas in this experiment the emphasis is . placed on studying the setting­

up phase of the quiescent state, in RFX the ·main interest is in the sustain­

ment phase, when the configuration decays slowly and the plasma parameters 

are considerably higher. It is expected that a highly quiescent state can 

be obtained in this· experiment, since the parameter range encompasses that 

of ZETA,. The predicted temperature here is up ·to 500 eV. 

In close cooperation with Culham, a new RFP was designed in Padua (see table 

Il). An interesting feature of this machine is ·that pinches produced in 

quartz as well as in metal vessels can .be compared. This comparison may help 

in deciding whether fast programmed pinches, which are heated mainly during 

the implosion phase, remain a viable alternative to the slow pinches which 

rely on Joule heating. Furthermore, the electric circuitry is designed to 

make a wide range of rise times possible, thus allowing a gradual transition 

from the fast production modes to the slow ones compatible with metal walls. 

In the metal-walled torus, where a rise time of 100 ~s is employed, the con­

ditions for spontaneous (or aided) field reversal will be a matter of inves­

tigation. The possibility to replace the continuous conducting shell by an 

array of conductors js being considered for a later stage . 

The prime objective of the programmed version of ZT-40 is to increase the 

confinement time by an order of magnitude over that of ZT-S. From minor 
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radius .scaling (T .I" b2l, which was demonstrated in ZT-S I9l , the confinement 

time of ZT-40 would bec.ome 150-200 JJS if the diffusion constant were left 

unchanged. It is to be expected that this time can be improved by a decrease 

in resistivity. At an impurity level of 0.1% 

values between 100 and 200 eV at a density of 

the temperature should reach 

1-5xl01S cm-3 and higher tem-

per"tures can be reached if stable operation is possible at lower densities. 

Another objective of ZT-40 is to determine the maximum current density (and 

the minimum electron density) compatible with stability to micro-perturba­

tions. The machine is primarily designed to operate with an insulating 

(either quartz or A1 20
3

) wall, the rise tim~ of the fields being in the jJs­

range. For longer rise times (» 10 jJs) also a metal discharge tube is be­

ing considered. 

Screw pinches and/or high~beta tokamaks 

TABLE III 

SPICA STP-2 STP~3 ETL.,.TPE-I ETL-TPE-2 

Jutphaas Nagoya Tokyo 

minor radius (cm) 20 10 15 5 22 x 14 

major radius (cm) 60 25 50 40 40 

wall material quartz quartz alumina pyrex quartz 
alumina 

filling gas (mtorr) 5-20 D2 < 10 10-150 
He,D2 

plasma current (kA) 400 75 100 600 

toroidal field (T) 1.4 1.5 5 2 2.5 

Tj (jJs) 10 4.5 3 4.7 

TI / e (\ls) \000 lOO '" 104 150 600 
(const) 

T (eV) 60 50 t 1000 30-] 00 400 

remarks B B elliptical v v 
completion date 1979 1979 

This part of the paper is concerned with devices which derive their magnetic 

field configuration from a fast pinching action due to a simultaneous rise 

of the current and the toroidal field. Naming them high-beta tokamaks or 

screw pinches is a matter of taste. When the experimentalist wants to stress 



the similarity with the tokamak configu~ation , he usually chooses the former 

name . When the force-free current region has appr oximat el y a constant q­

profile, the name screw pinch is more appropriate , al so f or historical 

reasons. 

In the experiment ETL-TPE-1 20} the q-prof i 1e is changed by varying the time 

delay between the onsets of the fast rising toroida1 current (I ) and the z 
toroida1 magnetic field ·(B ). The value of S is varied by means of the to-

z 
roida1 bias field strength. A typical result of the t ime dependence of the 

plasma parameters is given in Fig . 4 , where the toroida1 current has been 

crowbarred in such a way that it matches the decay of t he t oroi da1 fie ld . 

For given values of I and B z z optimum values with respec t t o stabilit y have 

been found for the bias field and the time delay between I and B • In such z z 
1-2. The maximum an optimum the q~profi1e is nearly flat , q > I,andS = 

p 
time of stable plasma confinement is 70 ~s. since the aspect ratio (A = RIb 

= 8) is rather large, it is very hard in this experiment t o combine good 

high-S equilibrium, which requires a high plasma current, with good stabili­

ty characteristics, for which the value of q has to be greater than I. At 

these q-va1ues the large shift of the plasma column immediately after the 

implosion phase is also responsible for a substantial l oss of energy, which 

can amount up to 50% of the input (implosion) ener gy . An improvement may be 

expected for smaller aspect ratios. A new experiment (TPE-2), with aspect 

ratio 2.9, is being constructed and may produce i ts firs t results in 1979. 

In this machine the plasma position is controlled by pulsed vertical fields 

and compensating coils will reduce the error fie l ds t hr ough the gaps. The 

cross-section of the tube will be slightly elliptical (elli pticity 1.6). 

STP-2 in Nagoya21 ) indeed has a low aspect ratio, but also here a viol ent 

movement of the plasma to the outer wall is obser ved af ter t he implosion 

phase, accompanied by a serious loss of energy. In STP this l oss has been 

reduced by pulsed vertical fields which compensate the outward drift and 

keep the plasma near the centre of the tUbe 22l . The r esul t of th i s i mprove­

ment is shown in Fig. 5, where the decay of Te is given f or a discharge with 

and one without a vertical field. A similar difference is observed for the 

measured pressure distribution over the cross- section . It is found that with 

the help of this compensating field higher S- va1ues can be confined for 

longer times. 

It is shown in this experIment that the dominant po10ida1 mode number is 2, 

which, at these q- va1ues , is the mode number predicted by Freidberg and 
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Haas 23) for a toroidal high-B tokamak surrounded by a vacuum region. Since 

it is not the predicted dominant · mode for a screw-pinch plasma with a broad, 

rather homogeneous, current distribution and since this low aspect ratio ex­

periment shows a very large equilibrium shift when no vertical field is ap­

plied, it is possible that a constant pitch region does not fully develop. 

STP-2 has undergone some important changes: e.g·., both the toroidal field 

and the p.lasma current can be maintained fs>r more than 100 ]ls without decay 

and a complete A1
2
0

3 
torus without joints has been completed. In the mean­

time a new experiment, STP-3, is being constructed, which is also a low­

aspect ratio high-B tokamak with circular cross-section. The projected tem­

perature after fast implosion heating and adiabatic compression is 500-

1000 eV .• Besides the programmed vertical field, feedback-controlled vertical 

and horizontal fields will be applied. 

Aft~ a series of small experiments in Jutphaas6) the first large bore ex­

periment with small aspect ratio, SPICA4), showed reasonably good confine­

ment properties already iri 197424), but the low value of the bias field pro­

duced B-values for which the column became unstable after some tens of micro-

. seconds. This led to a rapid decay of the toroidal current ('lie ~ 100 ]ls). 

Since then the value of the bias field has been enlarged and discharge 

characteristic.s improved accordingly at qwall ~ 1.5. In contrast with the 

Japanese experiments mentioned above, there appears to be no dramatic tem­

perature drop during or after the outward drift of the column. No measures 

have been taken to stop this drift .and the column settles at an equilibrium 

position that is in 

roughly constant up 

agreement with theory. The measured r n d~ remains 
e 

to 150-200 ]lS and its behaviour suggests that in the 

equilibrium posi·tion the column is vertically elongated. The most interest­

ing observation is that the decay rate of the plasma current during this 

time has increased to values (~ 700 ]ls) which approximate that of the prima­

ry circuit (see Fig. 6), while the inductance increases at a very slow rate. 

This shows that the resistivity of the low-density plasma outside the main 

column is quite low, that current scrape-off at the walls hardly takes place 

and that current peaking as predicted by Hoekzema25) takes place on a long 

time-scale. A self-amplifying effect of current scrape-off due to an eccen­

t ric equilibrium position is negligible if the width of the vacuum region 

is small 24). 

For the SPICA discharge to behave well, .the history of ~all is crucial. 

Where in ETL-TPE-I the best results were obtained when I started somewhat 
z 

before Bz ' in SPICA ~all has to start at q = 00, drop rapidly to q ~ 1.5, 



and remain constant thereafter. The exact procedure of pre-ionization and 

pre-heating also appears to be an important initial condition26). 

Finally, measurements in SPICA suggest that the impurity level plays an im­

portant role; clean "discharges giving more stable p1asmas. From theoretical 

calcu1ations2
7) it follows that the highest beta-values may be confined 

when vertically elongated plasma cross-sections with their centre of gravity 

towards the major axis are combined with force-free fields. The SPICA con­

figuration may be close to this optimum configuration, the maximum 13 obtain­

ed being 20%. Improvement can be expected if also the discharge tube is 

chosen non-circular, e.g. D-shaped or racetrack-shaped, with a moderate 

e11ipticity • . Such a new torus is currently being considered for SPICA. 

Final "remarks. The flux-conserving tokamak28}, which is closely related to 

the screw pinch ,as it exploits the same principle, and high-Il tokamaks which 

operate at long "time-scales (like TOSCA29» have not been included in order 

not to ove"rcrowd this review. Reactor considerations have also been left out. 

The experiments on the RFP and the screw pinch are accompanied by an impres­

sive number of publications on numerical simulation of the setting-up phase 

and the relaxation state. The codes have been reasonably successful in de­

scribing experimental results and they have been used to predict the perfor­

mance of proposed experiments. The results are presented in several papers 

at this and preceding conferences. Interesting new theoretical results on 

the resistive interchange mode in the RFp30 ) and on MHD-equi1ibrium and 

stability of the high-Il tokamak27 ,31) as well as the most recent experimen­

tal results on implosion heating of toroida1 8-pinches32) are presented at 

this conference. 

This work was performed under the Euratom-FOM association agreement with 

financial support from ZWO and Euratom. 
• 
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NEW RESULTS IN HIGH-BETA STELLARATORAND BELT-PINCH RESEARCH 

E. FUnfer 

Max-Planck-Institut fUr Plasmaphysik, 8046 Garching, Fed. Rep . of Germany, 

EURA TOM Association 

I. Introduction 

The production of hot plasmas with stable equilibrium and high 13 is the aim of all 

fusion-orientated plasma experiments. Howevef, high-13 plasmas can, at least for the 

moment, only be achieved by means ofshock compression heating. Therefore the essential 

criterion ofthe two experiments to be discussed here, namely the High-Beta Stellarator 

and the Belt-Pinch, is the high 13 value which is achieved experimentally by fast mag­

netic compression. In contrast, with the tokamak it is not yet possible to achieve 

beta values which are necessary for a fusion reactor, although the tokamak ga ins more 

and more importance. On the other hand, regarding stability, the tokamak is superior 

to high-13 plasmas produced by fast magnetic compression, at least in so far as the fast 

MHD modes l)ave not yet been completely overcome in the present high-13 machines. 

In view of these facts it seems justified to pursue both concepts with their respective 

experimental techniques . It is clear that a number of questions which in tokamak ex­

periments cannot be solved today beca~se of too small l3 - values, can be answered 

with little effort in the existing or planned high-13 experiments. On the other hand, 

problems as for instance transport phenomena and impurities can be investigated better 

in a tokamak due to the long lifetime of the plasma. High-13 experiments with their 

still short confinement times yield until now only limited results to this effects. 

The High-Beta Stellarqtor is not axisymmetric and is therefore a true alternative 

to the tokamak. The third dimension increases the number of possible equilibria and 

thus the chance to find a particularly favourable one. 

In the Belt-Pinch, an enhancement of 13 is intended by configurational studies ofaxi - ­

symmetric equilibria. Configurations with elongated cross-sections are expected to 

confine plasmas with considerably higher l3-values than are achievable in circular 

cross-section tokamaks. 
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11. High-Beta Stellarator (HBS and Scyllac) 

The Principle 

In the following, mainly the High-Beta Stellarator experiments in Garching (HBS) and 

the Scyllac experiments in Los Alamos are being discussed. 

High- beta stellarators /1, 2/ are understood to be configurations with the following 

properties : toroidal equil ibrium with nested magnetic flux surfaces and 6 :E: I, but 

without essential toraidal net current. Such a configuration is campletely 3-dimensio­

nal. The magnetic axis normally describes a spatial curve, e.g. a toroidally closed 

helix. The rotational transform ~ is finite. The structure of the flux surfaces is M+S­

like, i . e . there exists a stronger corrugation on the . inner side of the torus than on the 

outer side . 

Todate there is no rigorous proof of the existence of equilibria with finite 6, not even 

within the scope of the ideal MHO theory (except in the special case of plane magne­

tic axis and e = 0/3j). On the other hand, a large number of such 3-dimensional 

equilibria are conceivable, and it is possible that among them there are some with 

particularly favourable properties. 

Theoretical Basis 

A fairly detailed analysis of periodic configurations has so far only been carried out in 

a surface current model and by investigating only such equilibria which can be de­

scribed in small parameter expansion around the linear O-pinch /4 - 10/. This analysis 

has revealed that for reasons of stability, preference is given to the helical e = 1 con­

figu ration. Additional weak fields with e = 0 and t= 2 symmetry produce the M+S 

structure and thus the toroidal equilibrium and suppress the Pfirsch-5chlUter currents. 

It seems also that for stability reasons so far only largedspect ratios A ~ 100 (A=R/a) 

are useful (R = major torus radius, a = plasma radius). 

The m = I instability can be avoided by wall stabilization at large A if a small com­

pression ratio r~a is used (r
w 

= wall radius). Theoretically a critical 6 is then ob­

tained above which the wall stabilization becomes effective. This makes the slow heat­

ing up of plasma beginning with low 6 impossible . The high-6 regime must be reached 

faste r than MHO instabilities can grow. 50 far this can only be done with shock waves. 

Therefore the HBS is at present also from this point of view linked with shock heating. 
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But it might be possible to find more favourable equil ibria providing greater freedom 

for the production and heating of plasma . 

Another approach to m = 1 stability is the feedback me thod as tried in the Scyllac 

experiments, thereby avoiding the low compression ratio which is necessary for wall 

stabilization /6/. 

Based upon the results of sharp boundary calculations, the theoretical investigations 

and the experiments were focussed on equilibria wit-h mainly e = I symmetry, i.e. with 

helical magnetic axis. An important step ahead has been made with the calculation of 

unsealed helical equilibria with arbitrary boundary and diffuse pressure profile /11/.1 

However, the subsequent stability analysis was restricted to circular cross-section and 

E ~~ I. (E. = ha, h = helical wave number) . Lateron , a stab il ity analysis of these 

2-dimensional,helical MHO equilibria was carried out without any scaling /12/. In 

HBS and Scyllac configurations with a compression ratio of rwla ~2, the m = 2 mode 

is the dOllJinating one . Fig. I shows a comparison of growth rates of the m = 2, k ~O 

mode versus J.. ( d'1 = relative amplitude of the he lix), calculated in the surface 

current model, the 20-code /12/, and a cfW-analysis /11/. 

(Several attempts to calculote toroidal higb-B equil ibria with diffuse pressure profile 

were at first not very successful /2/ or led to singular sol utions / 13/.) 

A more detailed description of all the theoretical invest igations cannot be given here. 

In general, the analytical results of the surface current model ca lculations could be 

largely confirmed so that they are still being successfully applied . In addition, there 

were indications of improved stabil ity. For example, investigations of slender e = 1 

high-B equil ibria with a small vacuum range outside the plasma showed that a magnetic 

well exists already at relatively low B values (B ),:,0. 23) and that at B values of 

B ~ 0.75, stability in the sense of the Mercier criterion is obtained over the entire 

plasma cross-section except for a very small area around the mognetic axis /14/. If 

strong, non-circular cross-sections are allowed for, the Mercier cri terion and even a 

sufficient criterion can be fulfilled on the magnetic axis /15/. 
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• 
Experimental Tests 

The theoretical results were tested in linear helical a-pinches in Garching / 16/, in 

Los Alamos / 17/ , and in JUlich / 18/. Regarding helical equilibrium and m = 1 stabili ­

ty, good agreement was obtained with MHD theory . 

Toroidal equilibria were investigated in Garching / 20/ and in Los Alamos / 21 /. The 

necessity for M+S-like deformation in high-13 plasmas was impressively demonstrated. 

The ISAR Tl-B experiments have shown that extremely large hel ical plasma distortions 

can be achieved {radius of helix =- 3 - 5 a}. Regarding stability, the results hardly 

differ from those found in the linear experiment . Problems such as initial dynamics, 

se lf- induced toroidal currents, damping of helical AlfvE!n modes etc. cannot be dealt 

with further in this paper /16 - 21/. 

The wall stabilization of the m = 1 mode has not yet been proven in the ISAR Tl and 

Scyllac experiments because they have too large compression ratios . In the linear ex­

periment "Helix" in Julich, a surprisingly favourable m = 1 stability was found in con­

trast to theory / 18/, but here,ather interpretations are possible. 

The feedback stabil"ization ofthe m= 1 mode as alternative ta wall stabil ization has brought 

first successful resultstoScyllac /22/. Helical e= 1 and bumpy e= Oequilibriumfields 

in 0120
0 

sector are produced by shaped coils. A hel ical quartz tube is used to facil itate the 

format ion afhel ical plasma equi librium. The streak photographs in Fig. 2 {Los Alamos} 

show the transverse motions of the plasma column in the hori zontal and vertical plane with­

out feedback {upper photogroph} and with feedback {lower photograph}. Without feedback 

stabi li zation, them= 1 instabil ity carries the plasma tothe wall inabout15 usec. With 

feedback stobil ization, the plasma confinement is extended to more than 50 fJsec {in the 

centra l region ofthe sector}. This confinement time is many e-folding times ofthe m = 1 

instabi l ity. The plasma confinement is terminated by end effects in the sector and radial 

diffusion in the 120 eV plasma which reduces the plasma 13. 

An e= 1,2 equil ibrium configuration with a large hel ical plasma distortion {radius 

of the plasma helix ::.l3 • a} is now installed in the Scyllac feedback sector. This 

configuration avoids bumpy plasma distortion and its troublesome transient effects. 

First results seem to be very encouraging /22/. 



The Finite Ion Lormor Radius and Longtime Effects 

The m ~ 2 modes are unstable according to the ideal MHD theory. Between the ex­

periment and the original sharp boundary model /23/, there was at fi rst disagreement 

concerning the critical value of the ion Larmor radius \ above which the fast m = 2 

modes should disappear. Fig . 3 shows the theoretical situation. The m = 2 growth 

rate If (normal ized to the ideal MHD growth rate t MHD) is plotted versus the ratio 

/}'l, = rL/a . We define the gyro radius at the transition regime 2 ond 3 to be the 

critical one. 

ISAR Tl-B is 0 toroidal HBS with extremely large helical e= 1 amplitude. The most 

important data are summarized in Table 1. 

Major diameter 

Minor average coil diameter 

Inner tube diameter 

Number of he I ical periods on the torus 

Bank energy 

Maximum magnetic field 

Rise time 

0.5 MJ 

1.4T 

4.7 us 

Table 1 : The experiment ISAR Tl-B 

271 cm 

17 cm 

9.2 cm 

16 

1.5 MJ 

3.1 T 

6.4 fJs 

By varying filling pressure, filling gas (hydrogen, Deuterium) and bank energy, the 

ion gyro radius r
L 

and the ion-ion-collision time (; .. were varied over a large range. 
11 

In Fig. 4, the experimental results are shown in a 'l(.versus ( c..:>L • 't'jj) - plane 

(W
L 

= ion Larmor frequency). Fast m = 2 modes were observed only for "l<:::.0.14. 

This critical I imit is much more optimistic than originally predicted. Meanwhi le im­

proved theoretical results have been achieved /25 - 28/, as shown in Fig. 5. The 

critical ion gyro radius is shown as function of il, appropriately normal ized for com­

parison. The best theoretical results lie within the experimental error bars. 

The problem of gyro stabil ization has thus been solved satisfactorily, at least on the 

fast MHD scale . With the above results we have investigated the possibil ity of ob­

taining simultaneously wall stabilization of the m = 1 mode and gyro stabilization of 

the m ij2 modes for HBS reactor dimensions. At the same time oI.-particle orbits must 
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not hit the woll. This seems possible, in particular at aspect ratios of A ~ 200 which 

may still be feasible. The long-time behaviour of gyro effects under reactor conditions 

is still doubtful. There exist at present only rough estimates /29/. 

Theoretical Work in Progress 

An interesting method allowing a systematic analysis of toroidal configurations without 

rotational symmetry is still in progress /30/. A power series expansion of the unknown 

functions in the distance of the magnetic axis up to 3rd order is used to calculate to­

roidal, 3-dimensional equilibria. The stability behaviour of these configurations is in­

vestigated in the vicinity of the magnetic axis by means of necessary and sufficient 

criteria. The discussion of the stagnation points of the magnetic flux surfaces yields 

estimated maximum f3-values of MHO-stable equilibria. 

Since some years promising efforts are being made in order to find 30 solutions byap­

plying numerical methods. The procedures /31, 32/ are based on a properly defined 

variation principle for the potential energy of the plasma integrated over the volume. 

The potential energy is minimized following the steepest descent while at the same 

time magnetic fluxes and mass are conserved. This way only stable .solutions should be 

obtained. 

In another study /33/, MHO equilibria and their stability are investigated by inte­

gration of the n!:m-linear, time-dependent MHO equations. Non-ideal MHO effects 

(resistive effects, shear viscosity etc.) can be implemented straight forward into this 

code . 

All these investigations are still in their initial stage. Yet, there are already some re­

sults which are encouraging enough for us to pursue the HBS concept. For instance, 

the 30 numerical calculations /32/ agree satisfactorily with the experimental results 

and indicate improved stability at triangular plasma cross-sections /34/. However, it 

is not yet certain whether this permits to dispense with the wall stabilization and its 

restriction to small compression ratios, which seem to be necessary at present. 

A Next Experiment 

The HBS II project /35/ is the next step of the Garching high-beta stellarator group. 

It is still a shock-heated toroidal stellarator without additional adiabatic heating to 

provide for low compression ratio in order to wall-stabilize the m = 1 long wavelength 



modes. Although the dimensions are large, the magnetic field and the energies are 

rather modest, as can be seen from the following Table 2. 

Temperature T. ::. T 
I e 

Electron density n e 
B 

Torus radius 

Minor coil radius 

Minor plasma radius 

Radius of the helical distortion 

Toroidal magnetic field B 

Rise time 

Fast bank energy 

Magnetic pulse duration 

= 600 eV 
14 -3 = 8 x 10 cm 

= 0.8 

=8m 

= 10 cm 

= 4 cm 

= 6 cm 

= 0.7 T 

~0.5 !Js 
= 0.5 MJ 

/' 50 fJs 

Table 2: High-Beta Stellarator HBS 11 

The main object of HBS 11 will be to prove wall stabilization of m = I modes and to in­

vestigate the limits of gyro stabi!ization on an extended time scale. The experiment is 

in the coil region still flexible enough to eventually incorporate new theoretical re­

sults which may arise from computerequil ibrium and stabil ity calculations in the future. 

Ill. Belt-Pinch 

The Principle 

The Belt-Pinch represents an axisymmetric high-B equilibrium which stands in a close 

relation to the tokamak. In present day tokamak experiments, beta is I imited to 

rather low values. In the belt-pinch, however, configurations are investigated which 

could open the range of higher B in axisymmetric geometry. In these modifications, 

very high B I-values are obtained by strong shock heoting and non-circular plasma 
po 

cross-sections. The possible gain in B can easily be deduced from the well-known 

equation for beta in a tokamak which does not take into account restrictions with re­

spect to q due to instabilities. 

In the case of a vertically elongated cross-section with minor half axis fixed, an 
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additional geometry factor has to be taken into account, yielding: 

1 

A2 
i3 
pol 

(qb = inverse rotational transform at plasma boundary; A = aspect ratio; 

e = ratio of the half axis b/a) 

With the optimistic assumption that the critical qb -value still is in the range of 3 - 4, 

already modest elongations should allow medium i3-values of about 10% /36/. A fur­

ther increase of b/a to 5 or more is sufficient forhigh-i3 equilibriawith 13 larger than 50% 

/37/. 

Theory 

During the recent few years, much theoretical effort has been spent on the question of 

plasma stability for finite 13 and non-circular cross-section. According to these efforts, 

increased beta values as well as strong non-circularity give rise to different types of 

ideal MHD modes which usually are stable in the conventional 10w-13 tokamak. 

From local stabil ity criteria it can be shown that for elongated cross-sections, the q­

value on axis (q ) must be increased well above one in order to provide stability 
o 

against localized modes. Some improvement, however, can be expected if triangular 

deformations are applied /38, 39/. Other internal modes seem to have stability COIl,­

ditions similar to those of the localized modes /40, 41/, as is shown by recently de­

veloped, large MHD spectral codes. At finite 13, however, the unstable forces due to 

the plasma pressure gradient becomes essential and ballooning-type distortions set a 

severe limitation for 13 /42, 43, 44/. In contrast to the internal modes just mentioned, 

external modes grow on a much faster time scale and can destroy the confinement with­

in a few microseconds. For the standard tokamak (circular cross-section, large spect 

ratio and I3
pol 

~ 1), a qb ~ 3 and a ratio of qb/qo ~ 3, which means a centrally 

peaked plasma current, are known to stabil ize these external kink modes. First re­

sults of the new spectral codes indicate that this also holds for elongated cross­

sections: the kink branch approaches its marginal point for practically the same fa­

vourable q-ratio /42/. For a fixed q -value, there follows a strong increase of beta 
o 



with b/a according. to the above relation for 13. Taking into account the internal modes 

which cause q to rise above one, the gain in 13 is reduced, but there still seems to be 
o 

a considerable advantage compared with circular cross-sections. Further improvement 

of 13 by increasing the 13 I-value, however, again leads to the problem of ballooning 
po 

modes covering also the surface region /42, 43/. Considering all requirements for 

ideal MHD stability, l3-values above about 5% might be rea listic with an optimized 

plasma shape. 

A complete experimental verification of the critical l3- values does not yet exist. A 

contribution to this important question has been obtained in the different belt-pinch ex­

periments where the stability properties of elongated high -13 equilibria have been in­

vestigated at least for the time scale of the fast MHD modes. 

A further problem of non-circular cross-section is its sensitivity with respect to axisym­

metric displacement modes. Theoretically and experimentally it has been shown that the 

modes can easily be suppressed by a conducting shell close to the plasma. For long 

times, a feedback system is necessary /45, 46, 47/. 

Shock-Heated Belt-Pinch Experiments 

Like the High-Beta Stellarator, also the belt-pinch experiments use the fast shock com­

pression in order to produce a toroidal high-13 plasma . Fig. 6 shows schematically the 

arrangement of such a belt-pinch experiment. The plasma, is compressed mainly by the 

fast rising toroidal field which is generated by a single turn toroidal coil. The inner 

part of this coil is helically wound. In combination with the outside vertical coil, th is 

inner helix works as OH-transformer for the fast induction of the toroidal plasma current. 

The further programming of vertical and shaping coils finally provides the toroidal equi­

librium during the discharge. Because of the small distance between the plasma and 

these coils, plasma lossduetovertical displacement instability can be avoided. 

Table 3 summarizes the main physical results obtained in different belt-pinch experi­

ments /48 - 52/. As shown in this table, the experimental range of non-circular cross­

sections covers b/a ratios from 3 to 30. The plasma density varies from about 10
14 

to 

1016cm-3. A special problem in most of the experiments is the limited temperature of 
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Experiment b/a critical initial <ne>(c,ih ~-deCQy remarks coil-cross 

qb neV) ( ~s) section 

TENQ -, ~2 -lOO m) 3 '10'4 -50 stable operation 
IIlm 

Diilich) ~ 70ne) at ~poI ~ 2 

Lausanne 
-20~30 ? -50 7·10'5 ~30 

confinement limited I 
BP by displacement 

TORUS I 
1O~ 15 <3 -10 _10'6 -10 

corresponds to first 
I (Newyo,k) BPI at Ga,ching 

TERP -3 t5 ~2.5 -5 _2 ' 10'4 -10 mode analysis by 
(Maryland) internal probes • 
BP lIa - 100ITi) 

~-decay mainly <ile 

I IGarchingl _2·10'4 
to rodiation losses 

6 ~ 12 :; 2.8 -60 (influence of inter-
- 35nel nal modes?) 

HV BP 
700ITil - 5' 10'3 

investigation of I IGa,chingl -la ? ? fast shock com-
-300ne) pression 

Table 3: Main physical data obtained in different belt-pinch experiments 

T ~ 100 eV. The reason for this limitation is moinly the large poloidal circumference 

of the experiments, which in practice allows only a modest electrical field strength 

that determines the shock energy. Furthermore, the small wall distance necessary to 

maintain the elongated cross-section and to avoid displacement modes excludes strong 

adiabatic hllating. In experiments with smaller b,k, lower B-values are required. This 

is achieved by bias fields which reduce the effectiveness of the shock compression 

(TENQ). On ly in the Garching High-Voltage Belt-Pinch /52/, where relatively small 

dimensions are combined with extremely high voltage and rather low densities, col­

lision-free plasmas in the keV- range have been produced. The disadvantages of this 

experiment, however, are the high neutral . backgraund and the comparatively large 

ratio of gyro radius to plasma thickness 2 a. 

Experimental results on Equilibrium and Stability 

The typical arrangement of the poloidal field coils as sketched in Fig. 6 provide an 

elongated cross-section with more or less ·flattened ends (race-track). As an example, 

Fig. 7 shows two plots of poloidal flux surfaces for different Bpo(values in Belt-Pinch Ila. 



These pictures have been obtained with the aid of a numerical equilibrium code /53/ 

which fits several experimental input parameters (pressure and magnetic field profiles 

and 13 values) /51/. During the first phase of high 13 I (13 I ~ A), the race-track ge-
, po po 

ometry is very pronounced. For later stages, the equilibrium has a tendency towards an 

ellipse with remarkable triangularity. From these calculations it can be deduced that 

the toroidal current distribution stays roughly homogeneous in the z-direction during a 

discharge. Compared with a simple ellipse, these plasma forms have strongly elongated 

flux surfaces also in the central plasma region. As a consequence, a modest ratio of 

qb/qo can be maintained even at high 13 and elongated cross-5ection. At this point it is 

interesting to note that the proposed" flux conserving tokamak" -concept is based on the 

idea to preserve initial, modest qb/qo -ratios by means ofa fast plasma heating towards the 

high 13 I-values /54/. For this reason, in the belt-pinch experiments not only the high 
po 

13 I-values but also details in pressure and current profiles are quitesimilartothose of the 
po 

FCT -equ iI ibria. 

• 
Typical radial prafiles of p, Bt' Bp' and toroidal current density it for a high-B belt-

pinch equilibrium are shown in Fig. 8. - Note the strong shift of the 'maximum toraidal 

current density to the outside region due to the high B-value of the plasma. 

Concerning plasma stabil ity at high beta values, all belt-pinch experiments show the 

same encouraging result: above a critical qb around typically 3, fast growing MHO 

modes (except for displacement instabilities in some special cases /49, 51/) can be 

avoided. Below this obvious stability limit, hawever, different types of pronounced 

kink modes have been observed /50, 37/. For instance in the Belt-Pinch 11 experiment, 

the occurrence of such modes resulted in an explosive destruction of the high-beta 

equilibrium within typically 10 - 20 JJs. 

In the recent experiments in Belt-Pinch lIa, a strong reduction of the impurity level 

did improve the high-B confinement time bya factor of 2 to more than 100 fJs. Again 

no macroscopic instabilities are observed. The time behaviour of all measured plasma 

parameters has been compared with simulations using the Garching high-B multi-fluid 

transport code /55/. 
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For the new, improved parometers, the experimentally observed decay of the plasma 

energy content seems to be somewhat faster than predicted by the coli is ion dominated 

model and a certain influence of intemal modes on tronsport cannot be excluded. 

Cone! us i ons 

Modifications of the simple tokamak configurotion in the direction of non-circular 

cross-section and high B I-values indicate that the critical B can be enhanced. 
po 

Extreme conditions in this direction have been realized in the different belt-pinch ex-

periments. As the main result of these experiments, the fast kink modes as the first 

barrier of high-B confinement, are obviously stabilized by qb ~ 3 with a sufficiently 

high shear (qb/qo ~ 3), even at strongly non-circular cross-sections. This allows to 

investigate the high-B regime and especially tronsport problems in toroidal geometry 

for time scales which have not been realized in other high-B configurotions so far. 

For longer time scales, one has to suspect the appearonce of intemal kink or 

ballooning modes which are outside the scope of the fast pulsed experiments at present. 
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Fi gure Capt i ons 

Fig. 1: Growth rate t versus ~ of the m = 2, k:; 0 mode 

Fig. 2: Transverse motions of the plasma column in the horizontal and vertical plane 

wit.hout feedback (tOp) and with feedback (bottom) 

Fig. 3: Theoretical m = 2 growth rate i for a Vlasov fluid model (normalized to the 

ideal MHO grciwth rate f MHO) plotted versus the ratio of the Lamor radius 

to the plasma radius, 'Yl, = rr!a 

Fig. 4: The experimental results are summarized by representing each set of plasma 

parameters by nand (c..:> L • 't .. ) at t Old 4 liS. Individual points are drawn 
"I.a lIa r 

for deuterium only. The experimental m = 2 stabil ity boundary is shown, 

yielding'1lcritRfO.14 

Fig. 5: Critical ion radius rL as a function of B (normalized with 1 = -\1'-.-"-(-- and a) 
{J MHO 

Fig. 6: Technical arrangement of the Belt-Pinch 11 experiment 

Fig. 7: Poloidal flux surfaces at two times with B I = 4 (left) and B 1= 1.5 (right) 
. ~ ~ 

Fig. 8: Radial prafiles of toroidal and poloidal magnetic fields, toroidal current 

density and plasma pressure at t = 10 fJs in Belt-Pinch lIa 
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Giving an introduction to a laser-fusion research carried 

out now I shall give more attention to the comparison of expe­

rimental and theoretical results especially on the possibility 

of the mathematical simulation of the whole process. The re­

sults obtained till now by different study g'roups are, in ge­

neral, in a good agreement. This gives us the confidence in 

correct understanding and intepretation of physics of the laser 

radiation interaction with matter, the dynamics of the fuel 

compression and the transport phenomena. There are also some 

results, however, which need more detailed examination . More­

over, there exists also, in several points, some discrepancy 

between different experimental results and their theoretical 

explanation. The aim of the investigations both performed now 

and planned for future is to make these problems more clear and 

to determined the ways for the further development. 

GENERAL PROGRAM LASER-CTR 

- DEVELOPMENT OF HIGH-P01VER HIGH-EFFICIENT LASERS 

- HIGH-GAIN TARGET PERFORMANCE 

- DEVELOPMENT OF REACTOR CONCEPTION INCLUDING 

FUSION AND FUSION-FISSION APPROACHES 

- NEW TECHNOLOGY AND MATERIALS 

Fig. 1 
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The general program of the laser-fusion research includes 

the items shown in Fig. 1 . It is clear that these items are 

closely connected with each other. The high gain of a target 

(of the order of several hundreds) would simplify the problem 

of the development of new lasers as we do not need the high 

effeciency of lasers in this case (it can be of the order of 

one percent only). Also the approach of fusion-fission reactor 

design would reduce some of the dif~iculties of both laser and 

target prog'ramme. In addition, among the very important prob-

lems the development of new laser technology especially of 

optical elements with high reliability is worth mentioning. 

LASER RADIATION-PLASMA INTERACTION 

r----------------r-------------------------------------------~ 

: FLUX DENSITY ON: DOMINANT PHYSICAL PROCESSES OF INTERACTION: 
I I ' I 
I ~~ I I 
I I . I 

~---------------~-------------------------------------------~ : ::: : THERMODYNAMIC : 
I NEODYMIUM I CO

2 
I ABSORPTION I ENERGY TRANSPORT I I 

I I I I I CONDITION I 
I I I I I I 
r----------,----~----------,-----------------_r-------------, 

1013 _1014 : 1012: REVERSE : CLASSICAL ELEC - NEARLY THERMoJ 
I I 
I BREMS_ I TRON HEAT DYNAMIC 
: STRABLUNG CONDUCTION EQUILIBRIUM 
I 
I 
I 

PARAMETRIC 

I RESONANT 

1015 _10
16 ! 10

12 RESONANT 
I 
I 
I 
I 
I 
I 
I 
I 

PARAMETRIC 

FLUX LIMITED 
ELECTRON HEAT 
CONDUCTIVITY 

INHIBITION OF 
CONDUCTIVITY 

HOT ELECTRONS 
(- %) 

HOT IONS 
(-1 %) 

--------------------------------------------------------------

Fig. 2 
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The physica1 phenomena of 1aser radiation interaction with 

a p1asma is schematica11y presented in Fig.2. Various mecha-

nisms of the absorption are dominant for different power densi-

ties of the interacting beam. The experiments show that the 

absorbed part of the tota1 f1ux remains on the level of appro­

ximately 50% throu~h the whole region of the power variation. 

Perhaps, at a high intensity of radiation, there exists some 

similarity in the absorption of the neodymium and CO2 radiation 

due to sharpening of the plasma density profile by the pondero-

motoric forces. The occurence of hot electrons in the inter-

action region could result in an initial preheating of fuel 

preventing its subsequent high compression. Also the inhibition 

of the electron heat conduction 1ea~s to the decrease of the 

momentum transferred into a target. 

10'· 

1:1. Janus 1-0.4 lW) 

1013 
o Argus (-2 TW) 

Slope· 1.03 keY 

10u 

:; 
:: -

10'" 

Slope ~ 0.75 ~V / 
21.7 keY 

10" 
--0 

11.3 keY 

o 10 20 
hI'. keV 

Fig. J H.G. Ah1strom, Proc. US-Japan Seminar on Laser 

Interaction with Matter. OsakaUniv. 1977. 
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Tmax'------------------------I 
(eV ) 

3 
10 

2 
10~ ______ ~ __ ~ __ ~~~~~~~ ____ __ 

Fig. 4 E. Fabre et al . , "Plasma Physics and Controlled 

Nuclear Fusion Research",vol.II,1976(IAEA,Vienna 1977) 

In the Fig. J the presence of two groups of electrons in 

the interact ing corona is illustrated. The main part corres-

ponds to thermal electrons with temperature of the order of 

1 keY typically, but the "tail" of electron distribution has 

a "temperature" of . the order of few tens of keY. In the Fig.4 

the flux dependence of both these temperatures is shown for 

the case of the target illumination by CO
2 

laser radiation. 

The target compression driven by the pressure arising at the 

a blation front can be affected by Rayleigh-Taylor instabilities 



• 

resu1ting in deg~adation of the spherica1 symmetry of the com­

pression. The unstab1e region corresponds to the 1ayer of the 

target materia1 near the ab1ation front in which the signs of 

the pressure and density gradients are opposite (Fig.5) . 

UNSTABLE 
ABLATION 

GLASS 
SHELL 

DT FILL 

CORONA 

STABILITY OF COMPRESSION 

STABILIZATION FACTORS 

- SMALL VALUE OF '( t DUE TO SHORT 

TIME INTERVAL OF EVAPORATION 

- SMALL R,\TIO OF "TURBULENT POTENTIAL 

ENERGY" TO KINETIC ENERGY OF GLASS 

SHELL ( - 10-4) 

- EXPERIMENT: VOLUME COMPRESSION ~ 1000 

Fig. 5 

Neverthe1ess, the one-dimensiona1 ana1ysis of the ab1a-

tion process shows that the thickness of this 1ayer is very 

sma11. This 1eads to some stabi1isation of the materia~ f10w 

due to the very short time within which the 1ayer is affected 

by the Ray1eigh-Tay1or instabi1ity. Another important circum-

stance is connected with the relative1y sma11 va1ue of energy ' 

associated with turbu1ent motion of the p1asma. The ratio of 

this energy to the kinetic energy of the acce1erated 1ayer is 
-4 . 

of the order of 10 on1y. It corresponds to the ve10city 

ratio of some 10-2 . This is quite a sma11 va1ue which cannot 

1ead to a 1arge asymmetry of the compression even for very 

thin g1ass she11s (aspect ratio ~ 50). 
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P.N. LEBEDEV IHSi'ITUTE "KALMAR" EXPERIMENT 

TARGET PER},ORMANCE : DIAMETER 140 pm 

WALL THICKNESS 2.2 pm 

DD PILL 5.4 mg/cc 

LASER PULSE: 2.5 ne. 0.04 i'W 

LEBEDEV INST. CODE " LUCH " 
EXPERIMENT 

ABSORBED ENERGY 20 30 

g max 6 + 8 9.7 

gR 10-2 5.4x10-3 

\ Ti 0. 67 

T 1 0.67 e 

FUSION EVENTS (}.6) x 106 4.4 x 106 

C OMl'RESS ION VELOCI· 
(5+10) x 106 106 

TY 8.6 x 

COMPRESSION TIME 1.4 x 109 -9 1.33 x 10 . 

Fig. 6 

It is very important to discuss the problem of numeri-

cal simul·ation of processes of the laser-tar.get interaction 

and of the compression of fuel. The numerical modelling is 
". 

based on the gas dynamical and energy transport equations 

accounting for the dominant physical processes and their 

characteristics. These processes are : the mechanism of ab-

sorption which determines the value of the absorption 



coefficient, electron heat conductivity, radiation losses and 

transport, transport of the hot electrons. The usual method 

of the comput~r simulation consists of fitting the introduced 

parameters to achieve good agreement with experimental data. 

This procedure implies, however, a certain degree of freedom 

and may lead to some discrepancy between computed and expe­

rimental data under highly different experimental conditions; 

e.g. at significantly higher or lower power densities and so 

on. The Fig.6 shows the experimental data obtained on 9-beam 

installation "Ka1mar"· at Lebedev Physical Institute. This 

data are compared with calculated ones by means of code "Luch" 

developed at the Institute of Applied Mathematics by A.Samar­

sky group and at Lebedev Physical Institute by N.Basov group. 

It was assumed that the main part of the radiation absorption 

is determined by parametric instabilities, which is consist­

en± with direct measurements, and that the electron heat con­

duction is classical one. Similar results and similar con­

clusions were obtained by Limei1 group and were presented on 

"IV Workshop on Laser Interaction and Related Plasma Pheno­

mena" in November 1976. 

The Fig. 7 (according to Univ. of Ca1if. Report UCRL­

-79736 by W.C. Mead) presents the Argus experimental results 

obtained at the Lawrence Livermore Laboratory and their com­

parison with the expected from the simulation parameters. 

One can see a good agreement between the experimental data 

and the Livermore simulation model achieved by fitting the 

code parameters to the experimental situation. This model 

takes into account the presence of the hard electrons, the 

inhibition of the flux limited electron thermoconductivity 

and transport of radiation. 
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LLL "ARGUS" EXPERIMENT 

TARGET PERFORMANCE: DIAMETER 

WALL THICKNESS 

DT PILL 

105 pm 

0.78p 

1.7 mg/cc 

LASER PULS.r;: 4.2 ps, 2.5 TW 

LLL EXP. LLL CALC. LLL EXP. CODE "LUCH"-

ABSORBED 12 1).5 21.8 21.8 EHERGY 

9max 0.2 0.16 0.37 

fR 3.10-4 3.10-4 4.10-4 

Ti 5 4.6 5.4 18* 

T 3 e 

PUSION 4.108 3.6x108 (2+5)x108 2.7x108-EVENTS 

* GASDYNAMICAL DESCRIPTION OP PUEL IONS BEHAVIOR 
IS INCORRECT; PUSION EVENTS ARE CORRECTED 
ACCORDING TO HENDERSON (PHYS.REV.LET. 33,1142, 

(1974). 

Fig. 7 

On the other hanQ the calculations by code Luch were 

made by the same way as for the Kalmar experiment. Probably, 

the large discrepancy in the value of temperature occurs at 

first from the more strong shock wave given by Luch model. 

Inadequacy of the gas dynamical description is due to the 

large free path of the fuel ions. Under the experimental 



oonditions indioated in Fig. 7 the"out off" energy oorresponds 

to approximately 6 keV. Moreover, the measured ion tempe~atu-

re of some 4-5 keV oan be, probably, oonneoted with the 

esoape of the energetio ions. 

RECENT U.\SNEX CALCULATIONS INDICATE THAT THE SOVIET 
PELLET MODEL IS OPTIMISTIC ll\lJ . '. 

1000 Joules absorbed 
0.25 nsec pulse width 

0.* p* pR* Fusion 

~ 
Model (keV) (g/cm3 ) (g /cm2 ) events 

1 0.01468cm Soviet 10 3.8 1.0 X 10- 2 1.4 X 10'3 

3-T (I) 2.6 8.0 8.2 X 10-3 1.9 X 10" 

2'T + pains:» 1.7 3.2 4.5 X 10-3 2.7 X 10'0 

3-T (T ) 

w/o e - i 11.9 ' 2.9 4.2 X 10-3 1.3 X 10'3 
coupling 

III (+) 5.0. 0.17 6.5 X 10-4 6.3 X 1010 

. *Fuel averaged values at peak reaction rate 

Fig. 8 

In the Fig. 8 the results of several oomputer simula-

tionsof pellet oompression by 1000 J energy absorbed 

within 0,25 ns are oompared. The ~ivermore oa1ou1ations oor-

' respond to: 

1. three temperature mOde'l - for e1eotrons, ions and radia-

tion 

2. two temperature model with mu1tigroup transport ·for 

radiation 

J. three temperature model without e1eotron-ion relaxation 

4. mu1tigroup e1eotron and radiation transport and inhibited 

thermooonduotivity. 
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The last model agre es favorably with the Livermore Argus 

expe riment at the absorbed energy in the range of 10-20 J. 

Ther e exists a large difference between our result and 

the Livermore one, but this only demonstrates the sensiti -

:vi ty of the yield on parameters introduced in a model. The 

different models have their own optimum target parameters -

the diameter ar.d the wall thickness. Target which is shown 

at the first row in Fig. 8 corresponds to the maximum output 

in our model which a grees favorably with "Kalmar" experiment. 

The ser.sitivity of the yield on the target parameters is 

shown in Fig. 9 . 

CALCULATED YIELD AT 10 TW ABSORBED POWER IS 
-7J IN 1·C. "GAIN" - 0.3% ~ 
----~77r===r=~r=~===T==~~=r==T=~--

..., 
~ 

• o 

5 

W 3 

1 

1 2 
W,pm 

Fig . 9 

With T ,= 100 ps 

3 4 
5()'6().on7·1188 

This Figure g ives the dependence of the yield on target dia-

me t e r and on the thickness of its wall. The curves have 



smooth maxima with a width of_ 1 pm and a sharp fall out-

side this region. But the difference in the maJ!:imum yield 

is negligible for the diameter change from 250 to 400 pm. Our 

target is located very far on the right hEUiu side of the 

Livermore curve corresponding to the wall thickness of 5.5 pm, 

being thus very far from the optimum region of the Livermore 

model. The maximum yields predicted by Luch and LLL models, 

however, differ only by a , {actor of 4, which is not too much 

from the point of view of accuracy of such predictions . 

The last two Figures are reproduced from the Report of 

Univ. of California UCRL - 79736 by W.C. Mead et al. with 

a comment: "Models other than turning off electron-ion .coupl-

ing might produce similarly high yields and that we do not 

intend to imply that your calculations were done in that 

way"- (J.T. Larsen, private communication). 

TARGET PERFORMANCE: Diameter 300 pm 

Wall thickness 2.6 pm 

DT fill 5 mg/cc 

LASER PULSE 100 ps 

r--------ir----------ir-----------, 
I I I I 
I I LLL model I Luch model I 
I I I I 

~--------~-----------~-----------~ I I I I 
I Absorbed I I I 
I I 1000 I 1000 I 
I energy I I I 

~--------~-----------~-----------~ I I I I 
I max I 0.35 I 0.50 I 
I I I I 

r--------,------------r-----------~ I I -4 I -3 I 
I R I 7xlO I 1.6xlO I 

~--------~------------~-----------~ 
Fig. 10 

I T i I 15 I 19. 1 I 
~--------~-----------~-----------~ I T I I 46 I 
I e I I' I 

~--------~-----------~-----------~ I I 1 I I 
tFusion I 3xlO 2 I 7 8 1012 I 
I events I I' X I 
I I I I 

-----------------------------------~ 
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In the Fig. 10 parameters of the target corresponding to the 

maximum yield from Fig.9 are indicated. The final parameter 

calculated by means of "these t,vo models differ only slightly. 

The new laser installations based on the neodymium and 

CO
2 

high power laser '''ill operate in one-two years. After 

the completation of these facilities we can expect a notic­

able advance in understanding the physical processes of the 

laser driven compression, the instability problem as well as 

better computer simulation models. 

I should like to underline the importance of the deve­

lopment of laser technology. The laser which are available 

till now are mostly scientific instruments and not the tech-

nical ones and cannot be considered, therefore, as suitable 

form the practical fusion. I should not like to exclude also 

various possibilities of "mixing" of the different approaches 

within the inertial confinement programme. From this point of 

view, too, the laser-fusion program seems to be the most ad­

vanced one in the investigation of physics towards the 

realization of pulsed thermonuclear reactions. 



SANDIA'S RECENT RESULTS IN PARTICLE BEAM FUSICN RESEAROl 

Gerold Yonas 

Sandia Laboratories 

Albuquerque, New Mexico 87115, U.S.A. 

The dual goals of the Sandia particle beam fusion program are to detennine 

the feasiBility of using pulsed high-voltage accelerators of intense 

particle be~ to achieve ignition of inertially confined thermonuclear 

fuel and to detennine methods for practical application of those results 

to fusion reactors. Pulsed power accelerators potentially offer a poten­

tially efficient (up to 50 percent) and relatively inexpensive (several tens 

of dollars per joule) route to an experimental reactor ignition system if 
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the yet to be answered physics questions have a favorable outcome. These 

physics issues encompass the following :(1) power concentration and dielec­

tric breakdown, (2) beam focusing and transport, (3) beam target interaction, 

and (4) implosion hydrodynamics. These interdependent elements of the pro­

gram are being investigated to determine which of the three particle approaches 

(electrons, light ions, or heavy ions) will provide an optimal route to our 

goals. 

The use of electron beams will require low inductance power concentration 

methods to deal with the ultra-high currents ('" 108 A) thought to be needed 

at MeV electron energies and either substantial improvements DUSt be made 

in vacUllll1 insulator flashover strength, or instead nI,lltiple, magnetically 

insulated vacUlIIIl transmission lines IID..JSt be used to deliver power fram low 

stress insulators to the target region. l ,2 Numerical time-dependent 2-D 

silIul.ations of the electron flow in magnetically cutoff lines predict effi­

cient power transport with energy loss only due to pulse front erosion. 
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Experiments have already confinned those predictions and studies are con­

tinuing on the use of rectangular transmission lines which would pemit 

further power concentration. 

If such lIIl1tiple lines are terminated in a single or double diode configura­

tion, the resulting low inpedance load will experience substantial energy 

losses due to enhanced ion current generation in the self-pinched electron 

flow. 3 Two-dimensional particle flow simula1Jons indicate that a dual 

diode arrangement, such that the ions reflex between two anodes through a 

CODlllOll hollow cathode, will suppress the net ion current and still pemit 

efficient electron focusing. 4 Reduction in the ion current can also be 

achieved by utilizing higher impedance diodes and this step would be facili­

tated by raising the electron accelerating voltage. Pellet design calcula­

tions which employ higher electrm voltages by shaping of the power and 

voltage pulse have not been successful in reducing the power requirements. 

This appears to be a result of the bremsstrahlung preheat of the pusher. 

Nevertheless, higher voltages may be usable if the electron stopping distance 

can be substantially shortened in low.Z ablators as a result of the beam 

self-magnetic field penetration into the deposition region with subsequent 

JOOdification of the electron stopping distance. 5 ,M:m.te Carlo s:iJllllations 

of this effect predict measurable changes in beam-target coupling for current 

densities> I MA/cmZ and I > IAlfven.6 Deposition experiments with focused 

beams interacting with thin foils are being carried out using soft X-ray 

and optical diagnostics. In our experiments on Hydra, the currents and 

current densities have not as yet reached high enough values to expect 

enhanced deposition. We have observed enhancement with targets which protrude 



185 

from the anode thus perturbing the electron flow and causing beam stagnation. 7 

Magnetic enhancement of deposition in thin foil targets has been reported by 

the Kurchatov electron beam groupS apparently using a diode which achieves 

higher current densities and operating in a turbulent plasma pinch rather 

than a beam mode. 9 

Beam deposition in thin foils and exploding pusher targets are being studied 

with two opposing beams irradiating a common spherical target using the Proto 

I generator operating at the 1 TW level . Current densities of - 107 A/cm2 
• 

have been measured with thick targets and although symmetry of irradiation 

with thin targets has been found to be within a few percent, the maximum 

ablator temperatures appear to be less than 10 eV. The measured temperatures 

are too low to produce measurable neutron yields. Numerical sirnulations in-

dicate that relatively thick targets are needed for efficient energy absorp­

tion and it is believed that higher power levels than available on Proto I 

will be needed to produce measurable neutron yields from simple targets. 

Successful neutron production experiments have been performedlO using the 

0.25 TW beam from the Rehyd generator and employing a more complex target 

concept. An exploding pusher consisting of a thin spherical plastic shell 

3 mm in diameter and containing a 25 to 50 ~ diameter CD2 filament was imploded 

symmetrically with a velocity of 4 cm/~sec by a single beam. ll Approximately 

106 neutrons with an energy of 2.5 ± 0.2 MeV have been detected using neutron 

time-of-flight techniques. With a simple target, this beam power would be 

insufficient to produce measurable neutrons but here magnetic reduction of 

thermal conduction allows one to reach higher final fuel temperatures with a 

1 .. 12 ower compresslon ratlO. Fuel preheat and magnetic insulation are achieved 
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using a 5 to 10 kA,.:). ]Jsec prepulse which is collected by a thin foil att·ached 

to the target . This prepulse current pre-explodes the wire thus creating the 

necessary initial conditions. Null experiments support the contention that 

magnetic thermoinsulation is essential for success of these targets and 

these resul t s open up promise for substantial reduction in pellet ignitor 

requirements . This target approach should permit the use of longer power 

pulses (-100 ns) than possible using more conventional target designs.13 

Thus far, l-D calculations indicate that breakeven power levels are reduced 

by about a factor of four and allowable pulse durations are increased by almost 

an order of magnitude. 

Another approach to utilize higher impedance diodes and thus reduce inductance 

restrictions on minimum power pulse widths is to subdivide the beam current 

into multiple beams which are then individually transported and combined at 

the target. 14 In contrast to the Kurchatov cusp transport approach, we have 

proposed to propagate separate focused beams in plasma discharge channels. 

Such channels have been formed in air at 1 atm using a fine wire to define 

the path of a SO .kA discharge . With the focused beam injected into the low-

density , high-conductivity I-em-diameter channel formed after a delay of - 10 

]Jsec, efficient and stable propagation over 1 m has been observed. lS Experi­

ments on beam combination with multiple channels and theoretical modeling of 

beam transport and combination are underway. Use of laser guided discharges 

in a background gas16 may provide a means of achieving the standoff necessary 

for high gain reactor applications. 

I . f h d f· b d .. 17 1 h . n Vlew 0 tea vantages 0 10n eam eposltl0n, an a ternate approac lS 

to utilize the self-pinched low-impedance diodes discussed above as ion sources 

with ballistic focusing of the resultant space charge neutralized beam. 18 ,19 



Externally applied magnetic fields can be used for electron current suppres­

sim in relatively high impedance diodes tIrus pennitting controlled beam 

collimation, ion sourCe production, and beam extraction,20 Such teclmiques 

are being developed for us at diode power levels approaching 1 1W on Hennes 

and Proto 1.21 Magnetic insulation for electron current suppression may 

also be useful in space charge neutralized high current, nultistage linear 

accelerators. 22 The prospects of this application are under study for pro­

ducing high quality beams which can be propagated over substantial distances 

to a target. Such a pulsed power driven high current linear accelerator 

would have negligible power flow problems and would readily lend itself to 

repetitively pulsed applications. 
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Scaling of intense particle accelerators to higher power levels is continuing 

with primary enq>hasis on Proto 11 which has been tested at the 6 'LW level 

with a 20 ns pulse. The accelerator is also being operated in 50 and 80 ns 

modes in order to detennine component characteristics over a wide range of 

parameters. Another test facility (MITE), has also been completed to evaluate 

a single module of the 36 module electron beam fusion accelerator which is 

planned for completion in 1980. If the initial steps now planned prove 

successful, then an ignition experiment using an upgrade of EBFA would be 

carried out in the 1985 time frame to set the stage for a later experimental 

power reactor. Economic analyses have shown that high efficiency and low 

cost Le.F. ignition systems would be able to compete with other postulated 

long-term energy sources with pellet gains < 10 in hybrids and - 100 for 

f . 23 pure US10n reactors. 
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GENERATION AND APPLICATIONS ·OF HIGH POWER ION BEAMS TO FUSION RESEARCH* 

R. N. Sudan 
Laboratory of Plasma Studies, Cornell University 

Ithaca, NY 14853 USA 

I. INTRODUCTION 

At the 1973 European plasma Physics conference in Moscow, towards the 
1 end of my paper on electron beam/plasma interaction I ventured the hope .that 

"by suitable modifications of E-beam technology, it might prove feasible to 
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5 create ion beams in the 10 A range". 
2 strated at Cornell by the successful 

Soon after, this possibility was demon­

generation of a 0.5 kA, 100 keV proton 

beam. Since then, extensive work at Cornel~, NRL, and Sandia has pushed the 

parameters to well beyond the prediction so that intense ion beams of over a 

100 kA are routinely available. Indeed, the main limitations on ion beam 

parameters are those imposed by present day pulsed power machines. Ion beams 
3 of 6 MeV has recently been generated on the Hermes machine in Sandia, 200 

kA beams at ~ 1 MeV have been reported from NRL,4(a) and ~ 100 kA beams at 
5 

~ 300 keV have been routinely obtained on the Neptune machine at Cornell. 

11. ION DIODE TECHNOLOGY 

The principal difficulties to be overcome in producing ion beams from a 

diode energized by a high power voltage pulse as compared to an electron diode 
16 -3 are twofold: (1) the creation of an ion-emitting dense plasma ni t 10 cm on the 

-8 anode surface within a time interval of say, 10 sec. from the initial of · 

the voltage pulse, (2) the suppression of the electron current which is larger 
1/2 than the ion current by a factor of (mi/Zime) in a simple planar diode is 

necessary for reasonable device efficiency. 

The solution to the first difficulty was obtained by employing insulating 
2 anode surface instead of the normal conducting surface. On the application 

of a voltage pulse the electric field within the diode has a tangential compo­

nent to the anode surface. This component can initiate local electrical break­

down. The anode surface material is generally a hydrogenous plastic e.g. 

mylar and a dense hydrogen surface plasma is formed very rapidly within a few 

nanoseconds. The actual details of this process is not well understood but 

in practice it works very well. Figure 1 shows details of a configuration 

that has been successfully employed. This arrangement is one in which the 

mylar sheet is backed by a conductor and an array of copper pins, machined 

flush, pierce the mylar to provide local breakdown centers. More than a 
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hundred shots can be fired with this anode before any deterioration sets· in. 

Electron current suppression can be handled in two ways: (a) electron 

refl exing and (b) magnetic insula t i on. 

Reflex Triode2 

In this device the cathode and anode are made in the form of meshes 

transparent to charged-particle f low. Electrons emerging from the anode 

create a virtual cathode on t he f ar side and ar.e r eflected by the resulting 

space charge. The anode is made of a mesh of insulati ng nylon wires or a 

t h i n mylar sheet. The anode plasma formed by the surface flashover emits 

ions which are accelerated i n both directions and emerge as two ion beams 

f r om either end. A magnetic f ield coaxial with the applied electric field 

prevents the electrons from wanderi ng off at the edges . The theoretical 

unders t anding of the performance depends critically on whether the anode is a 
2 6 7 mesh or a thin sheet.' A reduction in the electron power by a factor of 

10-20 can be achieved for a t r ansparent mesh anode . Ion currents well above 

the Child-Langmuir limit are observed when the anode i s a thin sheet of plastic . 

This point is discussed at length i n Refs . 6 and 7. 

Magnetic Insulation 

A magnetic field perpendicular to the diode electric field exceeding the 

critical fie l d B* required to t urn the electrons within the gap would be effec­

tive in cutting down the electron cur rent . S However , it is desirable that the 
9 E x B electron Hall current should have a closed circuit - -

build-up as in ·the cyl i ndri cal geometry shown in Fig . 2. 

magne t ic i nsulation has pr oved very useful and cylindr ical 

to prevent charge 

This principle of 
10 11 5 magnetic diodes' , 

with the anode design of Fig. 1 have been successfully operated in the voltage 

r ange 100 kV to 10 MY . Chi ld- Langmuir current densities are easily achieved 

and f or B » B* it could approach the ideal efficiency . The diode current is 

adjusted by varying t he i on emission surface . Beams are extracted through 

cathodes pr ovided with slo ts , and such diodes survive several hundred shots. 

t he 

I f a closed circuit i s not provided for the electron Hall current as in 
12 parallel plate diode shown in Fig. 3 then an interesting phenomena occurs 

when B > B*. At this value of the f i eld the electrons are prevented from cros-

sing t he 

emission 

gap and the Hal l curr ent begins to flow orthogonal to ~ and~. RF 
12 

is observed at j ust at t his field (Fig. 3) . The probable cause of 

this emission is t he build-up of space charge at the ends leading to RF emis­

sion by some "diocotron-like" mechanism . This emission has the effect of 
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allowing the electrons to cross the gap thus shorting the build-up of charge. 

In equilibrium the total current is the sum of the ion current 

electron current, I = Ii + ~, where IH = ICL(d/L)(B*/B) for B 

the electron Child-Langmuir current, d is the gap and L is the 

The planar diode perveance P = I/V3/ 2 is therefore higher than 

drical diode of the same area. 

I. and 
1 

> B*, 

diode 

for a 

the Hall 

ICL is 

length. 

cylin-

In situations where the self-magnetic field of the diode current becomes 

comparable to the external field the analysis gets quite complicated. In the 

complete absence of an external field pinching of the electron flow takes place at 

high currents. If the anode is ion emitting by virtue of the energy depos~ted 

by the 

to be: 

pinch the ratio of the ion current to electron current has been shown 
1/2 * l3a b I/Ie = (me/mi ) (R/d) (B/B ) where R is .the cathode radius. ' 

Bu t as an ion source the pinch suffers from potentially higher divergence, 

electrode damage and somewhat less controllable discharge. It is possible that 

self-fields, which are unavoidable, could be used to advantage in diffe rent 
14 geometry. 

Ill. ION BEAM EXTRACTION AND PROPAGATION 

Propagation in Vacuum 

Early experiments 2b in which an ion beam from a reflex triode was allowed 

to propagate in a drift tube at a pressure of ~ 10-4 Torr with no magnetic 

field, showed dramatically that the ion beam emerged completely neutral ized 

f rom the cathode. The drop in beam energy density measured calorimetrically 

as a function of distance was explained in terms of the geometrical beam 

divergence. Without neutralization the beam would be unable to propagate more 

than a few mm. It is in this property · that intense ion beams differ notably 

from relativistic electron beams which require a gas or plasma environment for 

neutralization and propagation. The source of these electrons has not yet 

been resolved in detail but presumably they could originate from the region of 

the virtual cathode. These beams were also magnetically neutralized indicating 

that the mean drift velocity of the neutralizing electrons is approximately 

the same as that of . the ions. 

Propagation Across a Magnetic Field 

Several experiments have been performed to investigate. the propagation of 

ion beams across a uniform magnetic field using magnetically insulated diodes 

as a source. For the configuration shown in Fig. 2 the measured ion current 

density as a function of radiusll is shown in Fig. 2 (inset). This shows that the 
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ion beams follow approximately single particle trajectories ; in other words 

space charge neutralization along the magnetic lines of force has occurred . 

In this particular experiment a small fraction of the ion beam was allowed 

to impinge on a plastic surface thus providing a synchronized source of 

electrons . In the second experiment
12 

shown in Fig . 3a the ion beam emitted 

from a planar diode spiralled down the magnetic field for a few turns. This 

is evident from Fig . 4 , where the response from several ion collectors spaced 

down the axis is plotted as a function of axial distance . Note that ion are 

rotating close to their gyro-period. Magnetic probe measurements on the 

axis show diamagnetic fields of 140 G maximHm indicating a circulating cur­

rent of ~ 110 A/cm, which indicates that magnetic neutralization does not occur, 

in contrast, to field-free propagation. This result is not surprising since 

for complete magnetic neutralization a radial electric field E = Bv , /c would r 1. 
be required. If the radial thickness of the beam is approximately an ion 

2 Larmor radius thaen the potential ~ is given by ei~ , m,v ,; ;here v , is the 
1 1 ~ 

ion azimuthal velocity. Potentials of this magnitude cannot be set up with-

out breakdown occurring and neutralization therefore takes place by electron 

currents along the lines of force . 

IV. ION BEAM FOCUSING 

Geometrical Focusing 

One can take advantage of the propagation features of intense ion beams 

to geometrically focus these beams. An experiment using large area cylin-

drical magnetically 

hi 'b'l' 5 t s poSS1. 1. 1.ty. 

insulated ion diode was (see Fig . 5) performed to confirm 

The cathode was constructed of aluminum rings 0.64 cm 

thick and spaced 0.80 cm apart. Since the magnetic field is pulsed, the 

cathode rings prevent the flux from penetrating into the interior region. 

This arrangement provides magnetic insulation in the A-K gap but allows the 

ions to propagate inwards in a field-free region, as shown in Fig. 2a . Ion 

collector probes and damag·e on target plates give evidence of beam convergence. 

However, since the ions suffer a small deflection in the A- K gap they do not 

all reach the axis but miss it by an amount ~ ~ dB where d is the A- K gap 

distance and B is the i nsulating field. This is verified by the fact that the 

on both sides of either plate are offset from each 

Ion current densities up to ·90 A/cm
2 are observed over an area of 

The total ion current ~ 105 . A with an efficiency estimated at 45% to 

damage pattern other by ~. 
2 1070 cm • 

70%. 

Damage to targets appear to i ndicate a 10:1 radial focusing and over 2 
500 A/cm 
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has been observed using biased charge collectors at the focal region. By 

examining each of the beamlets emerging , from spaces between the cathode rings 

we estimate a radial and axial divergence of no more than 3° and 5° respec­

tively. 

The region interior to cathode is next filled with a steady bias magnetic 

field opposite in direction to the pulsed field used for gap insulation. By 

adjusting this bias field Bint ~ -B· d/R where R is the cathode radius the ion 

trajectories can be brought together to meet at the line focus (see Fig. 6). 

Magnetic Focusing 

The use of magnetic· lenses for ·focusing low current unneutralized charge 

particle beams is well known in high energy accelerators. A priori it · is not 

obvious that such lenses could influence charge neutralized intense ion beams 

which appear physically more closely related to a highly directed plasmoid. 

However, in view of the experimental evidence supporting the concept of single 

particl~ trajectories for such beams, an experiment (see Fig. 7) to test the 

focusing of an ion beam by a simple dipole lens is in progress. The "field­

inclusion" diode used as ion beam source for this particular experiment is 

unique in that the insulating magnetic field is almost entirely enclosed 

within the A-K gap allowing the beam to emerge into a field-free region. ls 

This feature is very useful when ions are required to be injected into a 

field-free region. The cathode is shaped like a e-pinch coil which is energized 

from a capacitor bank to produce the insulating field. The anode is within 

the coil and the pulsed field is contained in the region between the cathode 

and anode. 

Preliminary results are shown in Fig. 7. The current density at a 

particular z-location is plott.ed against the amp-turns in the dipole lens . 

There is clear indication of focusing. Particle simulation of ion trajectories 

in the dipole field also shows such beam focusing. 

V. APPLICATIONS TO FUSION RESEARCH 

Many of the potential uses to which intense ion beams can be put in 

fusion research have been anticipated in discussions of relativistic electron 

beam applications. However, there may be significant advantages in many 

cases to replacing electron beams with ion beams, e.g. for heating plasmas in 

a long solenoid reactor. 16 Let me discuss two of these applications. 

Pellet Fusion 
. 17a b 

Calculat~ons ' of the energy deposition of 1-10 MeV proton beams in 
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gold foils have shown that the power levels required for breakeven with protons 

are as low as 60 TW, an order of magnitude less than that required with electron 

beams. This option has provided a serious impetus for ion beam research. A 

reactor chamber is likely to be 10-15 m in radius to contain the products of 

thermonuclear burn and the question of beam transport and focusing over this 
18 

important for success may favor protons or even heavier ion. Now the strong 

focusing achieved in electron diodes is a result of strong self-magnetic fields 

produced by beams with v » y; 

r 
e 

v" Nr is the Budker parameter, N is the num­
e 

is the calssical electron radius, y is the ber of electrons per cm and 

usual relativistic factor. However, this very facility for self~focusing 

makes transport difficult because the self magnetic fields can give rise also 

to unwanted · instabilities, like the "pinch" and "kink" modes. Increasing the 

particle mass reduces v/y in proportion, so that a proton beam of the same 

power is less unstable than an electron beam. Moreover, such ·beams do not 

require an ambient gas or plasma for electrostatic neutralization and are also 

magnetically neutral when propagating in vacuum. Since the equilibrium self­

fields are small, focusing of such beams can only be accomplished either by 

appropriate geometrically shaping 

fields as discussed in Sect. IV. 

of emission surfaces or by external magnetic 
11 A conceptual design for a spherical, mag-

netically insulated, 10 MV, 12.6 MA diode can achieve 63 TW on a target 1.5 mm 

dia., with the anode Child-Langmuir current density at 5kA/cm2 for an emis-
2 sion area of 2625 cm. But in order to focus the beam on the target it is 

necessary for the beam divergence not to exceed 0.5 0 and for the radius of the 

sphere to be within 25 cm. Because of this small radius of curvature of the 

emitting surface such a device cannot serve as the basis for a reactor design. 

Thus geometrical focusing cannot lead all the way to a reactor. However, if 

magnetic focusing of these beams is practical, and preliminary indications 

from a small scale experiment appear to justify some optimism, then intense 

proton beams could be viable as the "ignitor" for pellets but further improve­

ments in identifying and reducing the sources of beam divergence are necessary. 

Field Reversed Ion Rings 

A field reversed configuration obtained by injection of ion beams into a 

magnetic mirror similar to the Astron like geometry produced by relativistic 
19 electron beams is another important application for this technology. There 

are two possible scenarios for a reactor based on this concept. In the first, 

know as the "Field Reversed Mirror",20 the closed-line region produced by the 
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circulating ion current reduces mirror end losses and the system Q is enhanced 

from the marginal figure just -in excess to unity, to about 3 ~ 5. This arrange­

ment requires a steady sequence of pulses of ions with energy between one and 

a few hundred keV. One possible mode of injection is to convert the pulsed 

ion beam into a neutral beam by passage through a charge-exchange grid. This 
21 

approach is being pursued by Prono at Livermore. 

The alternative approach is to form an ion ring by the resistive trapping 

of an injected 10-20 MeV ion beam. The ring is adiabatically _compressed by 
22 23 an external field to increase its energy to a few hundred MeV.' After com-

pression the D-T plasma confined within the closed line region is heated by 

the fast ions and allowed to burn. At the end of the burn phase the ion energy 

is recovered by adiabatic expansion. There can be more than one ring in the 

burn region simultaneously to improve the reactor economy. 

At Cornell the experimental effort is devoted to the injection and trap­

ping of ion rings. A small experiment12 which demonstrates the injection and 

propagation phases has been discussed in Sect. III Fig. 3. The field- reversal 

on axis oB is given by ~ = oB/B = Niri/R where Ni is the number of fast ions in 

the ring, r., and R are the ion classical radius, ring major radius respectively. 
~ 17 

For R ~ 10 cm and ~ < 2, N = IT/e
i 

~ 10 is required. For a pulse time 
-7 ~ i 5 

T ~ 10 sec we need an injection current I ~ 10 A. If pulse duration of a 

microsecond is feasible in diodes, the margin for success is greatly improved. 

In any case, the injection system must be designed for high trapping efficiency. 

Fig. 8 shows a "field exclusion" ring-shaped, magnetically insulated diode24 

whose anode emission surface is made to coincide with a flux surface by adjust­

ing the ampere-turns contained within the anode. All the ions emitted from 

this surface have the same canonical angular momentum and therefore form a 

tight rotating bunch with minimum axial and radial spread after passing through 

the cusp shaped field.Preliminayy experiments have shown that the diamagnetic 

signal from a magnetic probe on axis are in agreement with the estimates of 

the circulating ion current. Experiments on the resistive trapping of this 

ring are in progress. Numerical studies on two dimensional (r,z) particle 

codes show that the efficiency of resistive trapping improves with the number 

of injected ions to about 90% at N ~ 1017 for a particular design of the 
25 resistors and magnetic field profile. 

Finally, I would like to say that intense ion beam technology and physics 

is still in -its infancy and much further work is needed to establish the 
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nature and extend of its role in fusion · research. 
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Figure 1. Details of plasma anode for magnetically insulated diode. 
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Figure Z; Schematic of cylindrical magnetically insulated ·diode showing elec­
tron trajectories and ion trajectories for Cl} Bint. = B, (Z) Bint. = 0 and 
(3) Bint.= -B d/R. Inset shows observed ion-current density vs. radius for 
case (1): (Ref. 11). 
Figure 3. Parallel-plate magnetically insulated diode for ion injection across 
field. Inset shows measured RF signal against insulating magnetic field (Ref. lZ). 
Figure 4. Trajectory of'spiralling ion beam injected from diode of Fig. 3 as 
recorded by magnetic probes plotted as a z-t diagram; Zw/wgp is the cyclotron 
time (Rei. lZ). 
Figure 5. Layout of cylindrical geometrical focusing experiment; A, pumping 
port; B, diagnostic isolator output; C, glass vacuum vessel, 30 cm i.d.; D, 
diagnostic isolation inductor; E, Delrin support rod; F, Za-turn, Za-kG magnetic 
coil; G, anode, H, cathode assembly; I, ion-current-density probes; J, bellows 
for electrical connection; K, high-voltage terminal from the Neptune C gener­
ator; L, return conductors; M, Rogowski loop-current monitor; N, support rods; 
0, resistive diode-voltage monitor (Ref. 5). 
Figure 6. Plot of the position 6x of the most intense damage on a plate located 
on the axis (see Fig. 2) as a function of bias field Bzs; dotted line is esti­
mated position. 
Figure 7. Layout of magnetic focusing experiment using "field-inclusion" diode. 
Inset shows plot. of relative ion current density at target as function of ampere­
turns in dipole lens. 
Figure 8. Layout of ion ring injection experiment using annular ring anode: 
A, Omnipulse Output; B, Experiment Frame; C, Glass Vacuum Vessel; D, External 
Coils; E, Anode Coil; F, Extraction Cathode; G, Cathode Stalk; H, Anode Stalk; 
I, Field Lines; J, Proton Orbit Projection. 
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ABSTRACT . : Among the large number of wave-plasma interaction, Ion-Cyclotron 

Resonant Heating (I.C.R.H.) and Lower Hybrid Resonant Heating (L.H.R.H.), 

are two promising additional R.F. heating schemes for toroidal hot plasma. 

They both offer the advantage of using power generators which requires a 

moderate development for next generation machines. It seems important to try 

to state in the limits of this paper the present experimental situation of 

these two R.F. heating methods as it results from the vast litterature 

published from the last European Conference (Lausanne September 1975). 

L.H.R. COUPLING STRUCTURES AND WAVE LAUNCHING. 

The L.H.R. frequency for plasma densities in the range of few 10 
13 

to 5.10 14 and toroidal magnetic BT between 10 to 100 kG is in the 0,5 < f < 3 GHz 

bandwidth (Fig. I). In this frequency range one can use in preference to 

loops waveguide launching, which presents obvious technological advantages 

in the thermonuclear context. 

The Grill is a simple and elegant solution (Fig. 2) for launching 

L.H.R. waves in a toroidal machine which satisfies the accessibility condi­

tion. It is provided by an array of 2,4, or more guides /1/, /2/ mounted 

with their small side parallel to the toroidal magnetic field ; and each 

guide is excited in the fundamental TEOI mode. The phasing between the single 

element s of the Grill is adjustable, so as to excite in the toroidal 

vessel a retarded wave. By means of suitable size and phase choice, the 

average value of N/ / can be varied in order to heat either the electrons 

or the ions . 

x between 
p 

dient L 
n 

The coupling efficiency of the Grill /2/ depends upon the distance 

the edges of the 
dn -I 

(n)res· (dx)at x 

Grill and the plasma, and upon the density gra-

= xp 
The coupling requires x < 

p 
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Other less simple and internal structures in the liner have also been propo­

sed for the excitation of slow waves /3/, /4/. 

An excellent experimental verification of BRAMBILLA's Grill theory 

has been obtained on the Princeton's linear device HI with 2 and 4 guide 

arrays /5/ Fig. 3. The behaviour of the coupling system was, as predicted 

by the theory, determined by the plasma parameters near the antenna. 

An apparent disagreement between BRAMBILLA's theory and the expe­

riment was noted when a four guide Grill was used on A.T.C. for the E.L.D 

heating. Later this disagreement was explained by an error in the calibra­

tion of the phase of each guide of the Grill /6/. Once the real values of 

the phases 0, 0, TI TI and 0 TI TI 0 established, theory and experiment agree 

again. 

Coupling by one loop (Tokamak TM3 and LlWEREX linear machine) or 

two phased loops (WEGA) or 22 ring slow wave structures (F.T.I) have been 

used with success. On WEGA when the two loops are well matched, a transmis­

sion of 95 % of the input power is obtained. The phasing of the loops is im­

portant according to the density where they are immersed. 

LOWER HYBRID WAVE PROPAGATION, RESONANCE CONE. 

The L.H.W. propagation and the resonance cone has been observed by 

many authors /7/, / 8/. A clear experimental demonstration was made by 

P. BELLAN and M. PORKOLAB /9/ in the Prince ton L3 plasma column. The dis­

persion relation and wave packet propagation was verified. The wave packets 

were experimentally localized in space. They propagate as predicted by the 

theory along two resonance cones which make a small angle with respect to the 

confining magnetic field. The waves were damped, by E.L.D. and as result the 

main body of electrons was heated and high energy electron tail was observed. 

L.H. WAVE HEATING. 

Ion heating of a linear or toroidal plasma using L.H.R. mode has 

been studied at Garching (LlWEREX) at Kurchatov (TM
3

) /10/, at M.I.T. (ALCA­

TOR), at the IOFFE Institute (F.T.I.) at Princeton (A.T.C.) /11/ and at Gre­

noble (WEGA) /12/ . The F.T.I . experiment (see 3) aimed at the study of the 



production of fast ion tail during L.H.R •• A flux of fast neutral of high 

energy (- 1 keV) was observed during the H.F. pulse . This flux increases 

sharply when L.H.R. conditions are met. This leads the authors to the con­

clusion that the fast ion production .occurs mainly in the L.H.R. region, 
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and takes about 15%0£ theinput power. This conclusion is in contradiction 

with what has been observed on the WEGA and A.T.C. Tokamaks. The application 

of the H.F. pulse did not change the' current, the loop voltsge and the equi­

librium of the discharge . A small increase (10 % - 25 %) of the density and 

of the electron temperature T in the central part of . the discharge was no-e 
ticed. The A.T.C. and WEGA ~hich are very similar were conducted with improv-

ed experimental conditions. A better understanding of L.H.R.H. was thus 

possible. The double loop on WEGA and the double guide Grill on A.T.C. in 

opposite phases are very appropriate coupling structure. Almost complete 

t.ransmission (> 95%) has been obtained with matching . Natural matching was 

~xcellent (70 % - 80 %) and in agreement with theoretical predictions. 

The heated component (electron or ion) depends strongly upon the 

Nn energy spectra .excited by the slow wave coupling structure. For low 

e.verage ~/ ion heating should prevail according to linear or parametric 

instability theory, while for ~/ ;:; 5 electron Landau damping should prevail. 

The former conditions prevail in LlWEREX, TM3 (Fig. 4a) , F.T.I., ALCATOR, 

A.T.C. (Fig. 4b), WEGA (Fig . 4c). The fate of the transmitted energy is still 

not completely understood. On the one hand as it appears from the A.T.C. and 

WE.GA results, the charge exchange analysis (Fig. 4b and 4c) and DOPPLER 

broadening on impurity lines as 0 VII (Fig. 5a- b) /11/ , /12/ show that the 

ions of the bulk are heated ; on the o ther hand an energetic tail in the ion 

energy distribution is observed in the charge exchange curves. The fast ions 

have after the R. F. pulse a life time shorter than 100 ~s (Fig. 4c), which 

means that they are produced in the outer layer of the plasma and badly con­

fined since they are lost after so short a time . As a verification, the WEGA 

group has shown that fast neutral flux is progress ively reduced when a collect­

ing plate is pushed deeply in the tenuous plasma (Fig. 6) /12/. 

The location of OVII ions is known by . the radial electron tempe-

rature profile T (r). This temperature is determined by THOMSON scattering, 
e 

radiometry and soft X-ray methods . The highly ionized oxygen ions ~re very 

deep inside the plasma, at few cm from the axis of the discharge. Experiments 
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with and without R.F . heating prove without any ambiguity that bulk plasma 

heating occurs. 

During the R.F. pulse on the WEGA device, it has been observed 

that the electron temperature remains quite constant, while the electron 

density and the loop voltage increase. For a constant applied R.F. power 

the density increase is proportional to the pulse length. 

However the increase of T. cannot be attributed to the improved 
1 .' 

efficiency of ohmic heating, due to gas or i~urity influx produced by the 

R.F. /12/ . An equivalent increase of density has' been simulated with light 

neutral gas (02) puffing. It has produced a variation of Ti less than 30% 

of that produced by the R.F. power, and with a different time .history. The 

bulk heating is then reliable ; what still remains undetermined experimen­

tally is the sharing of the transmitted power among the wall, the low den­

sity plasma, t\le ion ta'il and in the bulk ions. 

The observed heating has been simulated with the Fontenay's code. 

The results of the gas puffing experiments were nicely reproduced by assum­

ing a reasonably enhanced neutral in flux from the wall. OH the other hand 

to reproduce the results of the R.F. experiment it was necessary to suppose 

2,n energy source in the ion energy balance of about 50 kW localized at 

r/a $ 0,5 (for larger radii the energy confinement time was too low for a 

built up of T. to be observed) in agreement with the experimental measurement 
1 ' 

tnrough OVII DOPPLER broadening. 

CONCLUSIONS ON L.H.R.H. 

The coupling of a .waveguide array to a plasma is effective. Reflection 

coefficient of 95% can be obtained, when the Grill is well matched. 

Heating of ions ,and electrons of the plasma bulk has been shown by corre­

lated charge exchange analysis and OVII line DOPPLER broadening. Tails in 

the ion or electron energy distributions have been observed . They are 

correlated with parametric instabilities in the R.F. noise spectra. These 

instabilities are a general but not necessarily dominant process in L.H.R.H •• 

it might be possible to avoid them in the future. No deleterious effects 

on the M.H.D. equilibria have been observed. 
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The distribution of the transmitted R.F. energy between the wall, the 

tenuous plasma and the bulk is not yet known. However it has been possible 

to double the ion temperature of the bulk plasma in a Tokamak. The recent 

results on WEGA suggest that 30% of the launched power could be transferred 

to the bulk ions. 

ION CYCLOTRON WA YE LAUNCHING AND COUPLING. 

I.C.R.H. has also been the object of an intense theoretical an~ 

experimental research during these ' last two years /13/-/15/ . In the I.C. 

waves frequency range, coupling can be facilitated by the existence of cavity 

eigenmode in the plasma loaded toroidal chamber. 

These modes were first observed in 1971 by V.L . VDOVIN et al. /16/ 

and by N.V. IVANOV et al. /17/ and analyzed theoretically in a series of 

publications /13/ to /21/. 

The existence of toroidal modes is beneficial in that it enhances 

the plasma loading of the launching structure and allows efficient heating 

of the plasma. In medium size devices the eigenmodes are well separated. 

Mode selection requires an appropriate antenna design and needs mode tracking 

/22/. The situation is not so good for fusion reactor /26/. In large devices , 

the toroidal cavity becomes highly oversized so that the modes are so dense 

that their selection might be impossible. It seems then difficult to extra­

polate present experiments on fast waves "mode physics" to fusion device. 

The coupling of R.F. energy to the fast toroidal eigenmodes is 

obtained generally by loops. It has also been proposed to use special wave 

guides /23/, /24/ (ridge wave guides and loaded wave guides) in large 

torus (2a > 3m) and at high magnetic field (B :> 50 kGs). For loaded guides, 

as an example, with titanium dioxyde, the dielectric has to be protected 

by Faraday shield. In both cases, loop and guide, the antennas must be 

matched to the toroidal loaded cavity by external circuits. 

I.C.R.H. IN TOROIDAL DEVICE. 

V.L. VDOVIN et al. /25/ have shown on the TOKamak Tli
l

, wave genera­

tion and heating of ions at w
RF 

= nw " n = 1,2 in a Deuterium plasma, The 
C1 
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wave launching system consisted of two asymmetrically placed coupling coils 

insulated with a quartz Jacket, and placed along the plasma column. For a 

correct phasing the efficiency P /P. of this launching system is up 
wave em1tter . 

t.o 80-90% and only 40-50% in the case of one symmetrical loop. The modes 

generated in the plasma were identified and their attenuation along plasma 

measured by R.F. probes. 

Charge exchange analysis shows an increase of the perpendiculaT ion 

temperature of lOO eV for an R.F. power comparable to the ohmic heating 

(_ 60 kW) . The perpendicular energy distribution has a tail corresponding to 

an ion population of 430 eV (Fig. 7) as in the case of L.H . R.H . 

The efficiency of magneto sonic waves heating at 2w . was about 
C1 

30-40% and a little less at W •• 
C1 

and that of the fast ions of the 

The lifetime of the bulk ion was 200-300~s 

tail much less. 

In connection with the energetic ions of the tail, strong neutral 

influx is observed, which has as a consequence to increase the rate of 

energy exchange between ions and electrons. A very important result of this 

€.xperiment was the presence of a small percentage of protons in the chamber 

(of the order of 1%) . which strongly decreases the quality factor of the modes 

from the theoretical expected value. The two ion hybrid resonance appear to 

~e at the origin of the observed anomalous damping. 

The situation is different in large 

hydrogen will be negligible, the ratio (~~~a) 
Tokamaks,where the role of 
I. . . R be1ng reduced . It 1S hoped 

that in high discharge current and high magnetic field the energetic ions 

of the tail will be better confined, and this will prevent the bombardment 

of the walls. J. ADAM et al. /26/ have investigated I.C.W. generation and 

damping between W . and 2 w . at low R.F. power on the T.F.R. Tokamak in 
. C1 C1 

addition to the two ion hybrid mechanisms previously observed by V.L.VDOVIN. 

High Q modes where found at wRF = 2(wci )H in an hydrogen plasma, but not 

at wRF = 2 (wci)n in a deuterium plasma. This effect can be attributed to 

the existence of a resonan~ layer where the fast wave is converted into a 

slow mode, if wRF < (Wci)H' In addition J. ADAM et al. have shown the feasi­

bility of mode tracking resonance conditions. A selected mode has been maintain­

ed by this method during ~ ms, in a time varying density plasma. 



I.C.R .H. ON THE S.T . AND A.T.C . TOKAMAKS. 

In these Tokamaks the coupling structures are s ingle or multiple 

(2 or more) phased,· electrostatically shielded , frac tional (length of the 

loop $ cross section perimeter) loops . In both Tokamaks the majority of the 

diagnostics used in L.H : R.H were in operation . 

In both machines, it was possible t o de t ermine t he perpendicular 

and parallel components of the ion t emperature by both char ge exchange and 

spectroscopiemeasurements . ~e second charge exchange neutral detector 

looking tangentially was located on the opposite side of R.F . coi l s . It is 

then reasonable to assume that the entire plasma was at the temperature in­

dicated by this detector . 

The main results at wRF = 2 W . reported in / 27 / can be summarized 
C1 
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as follows . Using two half turn coils separated by ha l f a wave length, it has 

been possible to reach a wave generation e ffic iency (a t 25 MIlz) up to 90% 

and a plasma loading in good agreement with theor y. The experiment shows 

that the I.C.W. is strongly damped . For fast wave exci t ation the R.F . probes 

along the torus reveal the propagation of the wave many times around the 

machine and consequently the predicted m = - I , n = 4, + 8 toroidal eigen­

~odes are observed. The measurement of loading resistance versus time exhi­

bits periodic splitted peaks which wer e explained theoretically as the effect 

of the poloidal magnetic field. When 70 kW , 5- 10 ms R.F . pulses were applied 
12 . - 3 at 2 w . to a (n = 6 x 10 cm ) D2 pla sma, perpendicular and parallel charge 

C1 

exchange neutral analysis showed the considerable ion heating (_ 100 eV), 

20 % efficiency and the formation of an energe t i c an i sotropic ion tail (Fig.8). 

Comparing T~i and Tiff ' it appears that Tiff increases mor e slowl y (Fig . 9) 

than T~i and decreases approximatively with the same s l ope . DOPPLER broaden­

ing measurement gave similar results . No variation of T and loop voltage 
e 

was observed . Unfortunately, an important influx of neutral particles is 

associated with the R.F . pulse and probably with the fas t ion tail . This 

influx produces constriction of the current channel whi ch evolves into MIlD 

instability. The injected R.F . energy in S.T . was thus l imited to about 

I KJ . 
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Another qonsequence of the impurity influx is the increase of the 

electron-ion equipartition rdte and thus of the ohmic heating of the ions. 

The density variation during the R.F. pulse has been simulated with neon 

gas puffing during 10 ms. As a result it appears that the observed ion 

heating must be partially attributed to impurity influx. 

On A.T.e. the perpendicular and tangential ion energies were de­

termined by three different methods /28/ : 

a) charge exchange neutral particle analyzer (with three channels perpendi­

cularly and only one channel in the direction of the toroidal magnetic 

field) . 

b) . f b VII V d IV b d . Spectroscop1C measurement 0 T. Y 0 , e an e DOPPLER roa en1ng. 
1 

c) Neutron counting after R.F. heating followed by magnetic cO,mpression . 

Here again these measurements indicated a body heating with (6Ti ) 

u.p to 200 .eV for an applied R.F. power of 145 kW during 10 ms with an im­

portant tail in the distribution function of the ions . This tail may again 

consist of protons present in small quantities in deuterium plasma. 

There is some evidence that body ions are hea ted, because (6Ti)~ 

and (6T
i1

/ obtained by charge exchange and DOPPLER broadening are compara­

ble, and also because the temperatures reached by adiabatic compression are 

in agreement with the predicted increase due to compression for an initial 

1 · f .. 11 h .. f VII temperature resu t1ng rom the R.F. heat1ng. F1na y t e pos1t10ns 0 0 

and eV lines which were determined by optical measurement of .T. and T (r), 
1 e 

give an information on the heated regions. 

The heated plasma relaxes after the R.F. pulse in few milliseconds. 

This relaxation time is consistent with the calculated ion energy re­

placement time (Fig. 10 ). Although the test of neon gas puffing has not 

been made on A.T.e. to simulate, an improved electron-ion energy exchange 

triggered by impurity influx, the authors of Ref./28/think that the measured 

heating is mostly attribuable to the R.F. pulse. On the other hand no signi­

ficant deterioration of the energy confinement by R.F. pulse was observed. 
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The most recent experiment on I.C.R.H. on a Tokamak has been made 

on T4 by Buzankin et al. (Proc. of- Vl th I.A.E.A Conference Berchtesgaden , 

6-13 October 1976, Vol. III p.61), in a deuterium plasma containing a known 

small percentage of hydrogen . This experiment has demonstrated the preferential 

heating of protons', with the formation of a tail only on the proton population 

when I.C. resonance was excited • .. 

No bulk heating and tail were observed out of resonance and far from 

the antenna. Near the antenna, due to near field effec~ local heating occurs. 

The same experiment has also shown the existence of an upper limit 

in the injected power. Above 50 kW disruptive instabilities were t riggered as 

on ST, by impurity influx due probably to the wall bombardment. 

In summary the threshold for these instabilities was , 50 kW on T4 , 

100 kW on ST, more than 140 kW on A.T.C • • This threshold seems to depend on 

the geometrical and physical parameters. 

IN CONCLUSION. 

ST. and A.T.C. experiments have clearly demonstrated body heati ng . 

TMI and T4 devices have shown the role, in the R.F. energy absorption, 

of a small percentage of H, when I.C .R. is excited. Thi s effect wi l l 

be exploited in the case of a two component (D,T) plasma . 

The. formation of a tail only in the proton energy distributi on 

rises the question on the nature of the ions in tails observed in 

all I.C.R.H. experiments . 

Disruptive instabilities triggered in S.T., A.T .C., T4 were likely 

due to the impurity influx and not to the R.F pulse. This influx 

can be attributed to wall bombardment,· or to an uncontrolled displa­

cement of the discharge, or to another presently unknown cause . 

In large devices the density of toroidal eigenmodes in the frequency 

domain imposes mode selection and needs mode tracking . 

The selection of the desirable mode might be unresolvable if the 

frequency domain becomes near continuous. 

It seems impossible to extrapolate p~esent experiments on fast 

wave mode physics to fusion device. 
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Experiments planned on large . machines as T.F.R. 600, PLT, Jl;:T, 

will provide the appropriate correct conditions for the required next steps. 

Systematic research with improved diagnostics are needed to reach the 

reliability required for the thermonuclear reactor. 

If the present effort is maintained the evolution in the next ten 

years of these R.F. heating methods compared to neutral beam heating, might 

be as on the diagram represented on Fig. 11. 
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"Can we have fusion power?"; IIcaA we build ,a fusion reactor? - this is the 

type of question which is increasingly being asked. 
/ 

There is only one hones t answer - "We don't know and it will take a lot of 

time and effort to find out." To answer the question as quickly and economically 

as possible requires a carefully thought out programme. It is not just a matter 

of getting the physics IIright" and the engineering "right," putting the two 

together and expecting to have a fusion reactor. The physics and engineering 

must at all times be concerned with mutually consistent solutions. 

( 1) 
In my lecture at the 6th Conference in Moscow four years ago, I called 

these the problems of the interface region. Since then, plasma physics has made 

encouraging progress and there is every hope of achieving the basic reactor plasma 

parameters quite soon. Engineering studies of fusion reactor concepts have 

examined some generic technological problems in greater depth. Progress towards 

wholly consistent solutions still leaves much to be desired. 

Today I ,;ill examine these problems of self-consistency and show that 

before trying to answer the question "Can we build a fusion reactor?" it is 

necessary to have a much more plausible answer to the question "What is a fusion 

reactor?" 

1. Fusion Reactor Studies 

First let us look at the state of conceptual studies of fusion reactors. 

Many thick volumes have emerged, some dealing with full s~ale reactors (2) , others 

with experimental power reactors. They embody a variety of ingenious models as 

the basis of optimisation studies and conclude with seemingly preci s e estimates 

of cost in $/kW. 

This is a dangerous trend. If somethi.ng can be. costed so precisely, why 

will it take so many decades of R and D and so much expenditure before it can be 

built? Cost estimates are a valuable discipline to ensure that we are not 

pursuing ideas which are orders of magnitude r e move d from reality, but the re s ults 
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must give proper emphasis to cautionary qualifications. Important items in the 

reactor system are often treated superficially because t hey cannot be adequately 

defined whilst others are very sensitive to the chosen plasma model . These 

uncertainties can affect the cost estimates by large f actors but this is rarely 

made apparent in the studies. 

On the positive side, we can say that these s tudies have given a better 

understanding of many generic technological problems. - breeding blankets and 

shields, radiation damage, heat transfer and methods of magnet design. We also 

have some insight into reactor con~pts which incorporate ideas for meeting the 

operational requirements for construction and maintenance . 

To make progress we have to remember that the value of systems studies is 

not only to provide a progressively greater insight into the technological problems 

of the different confinement systems, but also to make comparative assessments of 

the likelihood of the realisation of each different system. This requires that 

the effort devoted to i nvestigating and developing the engineering concepts of 

the different confinement systems is sufficient to bring them all to a similar 

standard and that the models studied must be equally plausible and wholly 

consistent right through from the plasma to all the engineering sub-systems . For 

this to come about, the engineering design studies must have an increasing 

influence upon the -plasma physics prograrmne - the concept of "scientific feas i bility" 

as a purely plasma physics objective is unrealistic. 

2. Fusion Reactor Plasma Parameters 

We need to understand how to set up the plasma required in a fusion reactor 

which is not the same as a full understanding of all the physical phenomena which 

might arise in such a plasma - after all, man used the observed fact of chemical 

combustion a long time before the development of combustion theory: 

Relevance to reactor requirements must be the basis of future experiments. 

There must be flexibility because all reactor requirements and relevent experiments 

are not yet easily or accurately defineable . The necessary under standing and 

clarification will only come from a greater interaction between plasma physics and 

technology. The present weakness of this interaction is exemplified by the widely 

held view that the objective of plasma physics studies is to define the parameters 

for a fusion reactor. The plasma parameters for a fusion reactor have been fairly 

closely defined for many years, and .the real plasma physics objective must be to 
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find the means of achieving and maintaining these specifiable paramaters. 

These parameters can be derived from simple models and it is important to 

remember that these basic requirements remain unchanged even though complex models 

may be required for optimisation studies and difficult technological problems must 

be resolved to meet them. 

To clarify these basic requirements, let us regard a fusion reactor as a 

collection of "black-boxes. (Figure.l>. There are six principal boxes. Most of 

the studies concentrate on only two of these ' boxes - the confinement system and 

the energy conversion unit, with an underlying assumption that the other four 

peripherals will not seriously modify the results. There is no justification for 

this assumption - the peripherals could be expensive ruld their interaction back 

on " the confinement system could modify the assumed model - to a considerable extent. 

The Confinement System 

Let us first examine the confinement system, since it is the engineering 

constraints on this unit which define the basic plasma parameters. The key 

constraint here is the power loading of the first wall. The essentials of the 

argument are that the costs of engineering hardware, per unit area of first wall, . 
are determined by the blanket thickness and this is a function of the scale length 

for neutron capture and shielding of the magnetic field system. Hence the cost 

per unit area is a function of engineering design and for any given design, 

minimum cost is obtained from a plasma which gives the highest possible power per 

unit area. 

We can put limits on the range of wall loadings likely to lead to an acceptable 

reactor. The upper limit is due to a simple engineering constraint, Heat is 

deposited directly in the first wall by radiation, energetic particles, neutrons 

and backscattered gammas. Removal of this heat leads to a temperature gradient 

across the wall and consequent mechanical stress. Homeyer(3)first treated this 

problem in 1965 using the "onion-skin" model. Subsequent studies bas ed upon a 

cellular structure, no charged particle power and only 

suggests an upper limit to wall loading of about 10 MW 

hydrogen bremss trahlung 
-2 

m Reactor s tudies at 

lower power loadings were undertaken because of the concern at the high rate of 
-2 

radiation damage and these all indicate that at I MW m the reactor c osts would 

be unacceptably high. (Rember 10 to 1 in wall loading is essentially 1 to 10 in 

capi tal costs, .a large factor). 



220 

Making the assumption of quasi-steady-state operation, relatively flat 

plasma profiles and a plasma which fills the containment tube, it is possible to 

draw a simple relationship between wall loading, plasma radius and energy 
14 -3 

confinement time. This I show for a self-heated reactor, i.e. nTE ~ 2 x 10 cm sec, 

temperature" 15keV (Flgure 2). 

8y assuming an aspect ratio of 3, lines can be added showing the constraint 

due to the 

(thermal) , 

unit size of the reactor. If we take the region bounded by IGW and 5GW 
-2 

and 5 and 10 MW m we see that several parameters are closely defined:-

TE 

Density 

Plasma radius 1.5 - 3 m 

This diagram changes only slightly over the temperature range 10-40keV. The 

peakiness of the plasma profiles has much more effect - the size increasing and 

the required energy confinement time going down. 

We can add on the right hand side a scale of the product of Il 82 - which for 
2 the reactor region must be 1.5 - 3 (Tesla). This addition helps to show the 

difficulty of making a low power reactor which would be of real technological 

value . This technological value comes from working at wall loadings close to the . 
reactor conditions for realistic studies of radiation damage, heat transfer, cyclic 

stressing etc. Changin,g the reactor output from 5 GW(th) down to, say, 100 MW(th) 

requires Il 8
2 

to be raised a factor of about 3. Any large reactor should be 

designed to operate at the lowest field consistent with Il limitations (say 5T and 

Il = 10\) - because higher fields mean higher costs, therefore at the same B Hmi t 

the smaller reactor will require the development Of a high field technology not 

required by the large unit. This is not impossible to consider - but it needs 

close examination before one can be sure that it would be a cost-effective exercise. 

We have established the range of plasma parameters needed in our reactor, so 

we can turn to some of the other boxes and ·see what is needed to establish and 

maintain these parameters. 

Control 

I shall discuss control next rather than the more obvious question of start-up, 
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have a considerable effect upon the other three sub-systems. 
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A ~asi-steady-state burn has been assUlOOd in most reactor studies and this 

implies a certain particle confinement time. However, if this time is too long 

and only a few particles come out, then the exhaust problem is simple and the 

question of refuelling does not arise. We can assign an upper limit to the particle 

,confinement time by the extent to which we will permit the plasma to be diluted by 

helium and hence reduce the reactivity. For a fixed total density, a 10% 

concentration of helium would reduce the reaetivity by about 40%. At a temperature 

of ~ lSkeV this would arise in about 8 energy confinement times, i.e. 8-16 seconds. 

Particle confinement times can be shorter than this but it must be remembered that 

the fuel ,throughput 

cost of the exhaust 

is i nversely proportional to T and this directly affects 
p 

system, fuel clean up, preparation and re-injection. 

the 

To maintain a steady burn temperature the energy confinement time must be 

controlled at the required 1-2 seconds. If too short, the plasma will not self-heat 

and if too long, then the temperature will rise. 

All recent reactor studies sidestep this control problem by assuming a 

Trapped Ion Mode loss process. Taking the highest estimate leads, conveniently, 

to just the right values for a large reactor. This illustrates a disturbing in­

consistency - if the reactor assumpt.j.on is correct, then ignition, breakeven, etc. 

cannot be ac,ieved on a smaller scale and many current programme p l ans are suspect. 

However, trapped ion mode losses have yet to be identified and I understand that 

the current view of plasma physicists is that even should they arise then the loss 

rate will be only 1/10th to l/lOOth of that assumed in the reactor studies. Future 

reactor studies must therefore deal more realistically with this control problem. 

Let us examine some possible approaches and their consequences. Taking the 

usual nT - kT plot - which may be 

operation at a given temperature, 

temperature dependency such that: 

regarded as (nT)h ti (Figure 3). For stable ea ng 
we must have an energy loss process with a 

d(nT)beaHng 
dT 

d (nT lJ osses 
dY > 0 

Trapped ion mode loss 'scaling is attractive because the negative temperature 

coefficient is consistent with stability in the lO-20keV range. All other 

postulated loss processes have a positive coefficient: for example, with enhanced ' 



222 

radiation losses and a T~ dependency, the ion temperature cannot be controlled to 

below 40keV. Control by radiation from pulsed injection of impurities in a type 

of bang-bang servo has been proposed. It can be shown that this is only 

conceivable if the impurities can be extracted at a much faster rate thari the D-T 

fuel . To justify reactor studies based upon 10-20keV plasmas, we need a 

predictable and controllable method of either enhancing energy transport or 

selectively removing a-particles when they have only given up the fraction of 

their energy needed to heat the incoming fuel. In the absence of plausible ways 

of doing this, reactor studies should , for consistency, assume radiation cooling 

and a high ion temperature. This still leaves the question of achieving a high 

enough particle loss rate without which burn times must be limited to 10's of 

seconds due to drop in reactivity. 

Such a self-consistent mode for a tokamak was studied at Oak Ridge(4l and 

the result was economically unattractive. 

The apparent attractions of a quasi-steady-state tokamak cannot be taken 

seriously until there is some attempt to show how the related plasma control 

requirements may be satisfied. We need to consider the effect these requirements 

will have on the confinement system, the cost of the additional hardware and any 

increased power losses . 

Exhaust 

We can now examine the exhaust problems and it will become apparent why I 

first dealt with control. What are the exhaust requirements? If we take the 

"inconsistent" plasma model, then we have the condition· assumed in reactor studies -

all - or at least nearly all - of the unburnt fuel + the a-particles and the 

a-particle energy can be channelled by a magnetic divertor into a collector region. 

This again is very convenient because it minimises the direct power input to the 

first wall. However, if we have to use radiation cooling or any other process for 

temperature control which is based on energy transport direct to ·the first wall, 

then the power input to the first wall 

factor of 3-4. The rating limit of 10 

surfaces is increased substantially - by a 
-2 

MW m was determined by this direct input 

and heat transfer constraints, and for any increase in this direct input the limit 

must be reduced by the same factor leading to an increase in the capital cost _ 

though not quite proportionately. 

Unless we can obtain a high enough particle loss rate, there will be no input 
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for the divertor which would not be needed, except perhaps to perform a 

screening function, and we would be constrained to a short, fill-burn-pumpout 

mode. 

If we assume that future research will show us how to achieve the required 

enhancement of energy and particle losses into a magnetic dlvertor, then another 

plasma constraint can be derived. The flow into the divertor will be relatively 

collisionless for energy to be removed efficiently at a well defined collector. 

The plasma boundary temperature is then determined by the ratio of particle to 
(5) 

energy confinement times - or fractional burn up . This illustrates another 

conflict of requirements. Good particle confinement to minimise refuelling leads 

to a high boundary temperature ( ~ 15-20keV) . Introducing collisional effects to 

reduce this will lead to the charged particle energy being deposited over a larger 

area with problems of recovering it efficiently. 

Refuelling 

If the exhaust process is ill defined, then it is obviously not possible to 

define the refuelling requirements. This will be zero for the· short burn mode. 

Long containment of D-T with selective removal of a-particles would together be 

consistent with refuelling by neutral beams of a few hundred keV, whilst with the 

usually assumed TIM losses, it is necessary to contemplate the high velocity 

injection of pelletised D-T fuel. 

Start-up 

Finally, we come to the remaining box, tl s tart-up.1I Present reactor studies 

minimise this problem by assuming that start-up can be a relatively leisurely 

process . This is acceptable if the burn time can indeed be made several hundred 

seconds and the short energy confinement time of ~ 1 sec turned on when the burn 

has been initiated, but the start-up model which is consistent with the other 

sub-systems, itself depends upon the solution of the Control problem. 

If quasi-stEady-state operation is not possible, then the short burn mode 

calls for a much more rapid start-up and the additional heating power will 

certainly be much higher - more like IGW than 100 MW - and adds to the doubtful 

viability of such a mode of operation. 
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Circulating Power 

All the components of my simple reactor model contribute to the level of 

circulating energy -'- that is the amount of energy produced by the reactor which 

is used to keep the reactor operating and is not therefore available ·for sale. 

It is well known that this is ·a severe problem in a mirror-type reactor which 
Fusion power out . 

has an inherently low plasma Q (Q = P' 1) and it has been assumed p p ower ~nput to p asma 
that it should be a negligible problem in a toroidal self-heated reactor with a 

plasma Q of infinity. This is not a correct assumption as was pointed out in a 

sadly neglected repo+t published by Julich(6~ith contrib~tions from Garching and 

CUlham. Perhaps this was because the results were in engineering terms of overall 

thermal efficiency and not the familiar Q of physics papers. All reactor studies 

reach their $/kW costing by assuming a certain thermal efficiency - usually taking 

a value appropriate to the best thermal cycles envisaged for fission reactors. 

The JUlich report takes into account the larger heat losses due to the system 

needed to collect heat f~m the very extended low density source presented by a 

fusion reactor, together with likely losses in the various sub-systems and shows 

that it will be difficult to achieve a net conversion efficiency of more than about 

70% that of a fission or fossil fuelled heat source. Any $./kW cost estimates, 

however doubtful they may be for other reasons, are at least 30% low because of 

over-estimating conversion efficiency. 

Expressed in terms of Q the. Jillich report shows that, optimistically, a tokamak 

might have a net Q = 30 though, pessimistically, or perhaps more realistically, the 

net Q might be lower than 10! The significance of Q is often misunderstood so I 

have produced a simple diagram (Figure 4) relating a cost factor to Qeff . Q
eff 

is 

smaller than the plasma Q and is the ratio of the nuclear output to the electrical 
p 

power consumed at the power station and not therefore available for sale . In this 

way we obtain a generalised expression in terms of the unit cost of the fusion 

reactor (X/kW(thermal», the unit COSt of the "conventional" plant (Y/kW(electrical» l 

and the efficiency of the convertor, n • 
c 

kW(e) 

is the cost factor and is plotted for nc = 0.4. 

For reference, a relatively poor IIconventional" power station with 10% 
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recirculating power corresponds to Q
eff 

= 25 and a cost factor of 1.1. Hence, a 

hypothetical fusion reactor with a Q
eff 

of 10 and the same unit cost ,(X/kW(th)) as 

for more conventional equipment would result in a power station costing 23% more 

and' having double the waste heat of the conventional power station . 

At this stage the curve should only be used as a general guide. Systems 

which have difficulty in achieving Q
eff 

> 5 are likely to be unacceptably 

expensive and produce. excessive waste heat whilst systems with Qeff > 15 may be 

considered to have promise. 

The curve is not applicable to mirror machines in which it is assumed that 

recirculating power can be handled by efficient and hopefully cheap direct 

convertors. ' This brings the Knee in the Q/cost down" to a lower Q. 

The Ultimate User 

I hope that by now I have shown the· considerable interaction between the 

sub-systems of a fusion reactor and how necessary it is to develop an understanding 

of the control of plasmas - a subject I have called Plasma Engineering. This 

understanding is essential for our reactor studies to ensure that these studies 

can provide a sound basis for the correct relative assessment of the reactor 

potential of different confinement systems. 

I mus t not· conclude without menti oning the third party to reactor studies 

who has so far been somewhat neglecte d. He is the eventual operator of the power 

plant. Just as much as plasma physics parameters must be compatible with the 

constr~ints of engineering feasibility, so must both plasma physics and engineering 

meet the requirements of the utility operator (who we hope will purchase our 

fusion reactors). Utilities in the U.S . A. have already begun to express their 

views on present tokamak reactor studies. It would be naive to ~ssume that the 

energy situation will become so bad that fusion would be welcome, regardless of 

capital cost, efficiency, reliability and ease of operation. A prototype or 

commerci a l fusion reactor must compete with the alternative energy sources. 

Hav~g, with great ingenuity, shown how fusion reactors might be built, it 

is also necessary to consider the plasma parameters required and to see what 

simplifications can be introduced into the e ngineering design to approach the 

reliability and ease of operation, On which the utilities will rightly insist. 
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We must now face these operator reqUirements and any constraints imposed 

upon the engineering design of a fusion reactor. '!be fusion reactor designer 

must fully understand and quantify these constraints . and the practical 

requirements of the utility operator so that they are incorporated in the 

ti ai the 
• 

conceptual design studies and allow the consequent, ghter constr nts on 

plasma parameters to be established. 

Conclusions 

In this lecture, I have tried to draw attention to i'"!?ortant problems which 

have not been highlighted in published reactor studies. '!bey are mainly plasmal 

engineering interface prct>lems and show that now plasma physics research has come 

within striking distance of reactor parameters, it can no longer set its own 

objectives, The future programme must interact more closely with engineering 

studies and concentrate upon research which is relevant to reactor-plasmas - in 

particular there must be a vigorous attack on the control problem because the · 

form of the solution has such a major effect on the design of ·a fusion reactor. 

It would take another lecture to consider possible solutions but I have 

summarised the position in Figure 5 which shows four possible control options 

and their consequences for the other sub-systems. The third option is the basis 

of most engineering design studies of tokamaks - yet it is the one having the 

largest number of uncertainties. Studies of other systems such as mirrors and the 

reverse field pinCh are usually more self-consistent. 

Many of the problems arise from the control of a plasma which has ignited 

and become self-sustaining, i . e. the plasma Q is infinity. Since a plasma Q of, 

say, 40 would be acceptable, is ignition a necessary or even a desirable 

objective? If the confinement of D and T is long - tens of seconds - and the 

a-particles could be preferentially removed at high energy we would have a 

solution consistent with beam refuell~ng and the beams might even be consistent 

with the requirements of plasma profile control and current sustainment for 

continuous operation. 
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STATIONARY AXISYMKETRIC STATES WITH DIFFUSION 

AND HEATING OF TOKOMAK CONFIGURATIONS 
(Supplementary papers) 

C, MERCIER 

ASSOCIATION £URATOI/·O:A SUR lA FfiSIOV 

Dtpa"~""~1 ,I~ I'b.r.iq~ . nu 1'1"'m" " ,I. /" f'u.i'ln C",u,r,J"" 
c~~". ,r£,uII .. \'"d"',ir~, 

IM,. Po"a/~ nO 6, 92260 FO"'7·I; VAY · AU~·ROSF.S (FHA"Cf.J 

The e::ru111briun equatioos of a pla!iZM with Oh'lIic and otMr SUWlel!8l­

tax)' heating ha~ been given in the CDItributed pnper eqs (2) - (7). 1hey CXlnt:&1n 

the heat transport coefficient. It was stn.n that for a realistic a:>efficlent 

(f -1. N .. 6) and Ohnic heating alone the plasma -f does not excee:i a few per cent 

Further nl.ll'erlcal calculaticns hoave been made using a ~9I'eI\tary 

heatirlg caracterized by a given radial distribuUa! of the heat 1iDlmE!. 'Ibe 

intensity of the BlWlerrentary heating is E!Xp["essed in t:ema of the ratio 

m .. (SUWl. heatingl/(Otml.c heating) . 

'l\,Q cases have been treated 

s) COlstMt ud1a.l. d1str:lb.ItJ.on 

b) rlldial distr1llut1al increasing frcm the center to<mrds the b::M.andary 

of plasma . 

In case iI) we obta1zI 

for D-shaped pl..asre cross-sectiaI :1 nwc: .. 14 , with m .. 60 

for k.1dney-shaped plasma cross sect..1al 'rrax " 16\ With III .. 75 

In caae b) I!'E' obtain _ 

for D-shaJ::ed plasna cross sectic:n : '- : 22 \ with m - 86 

tOr: Kidney-shaped plasra cross sect~ I rrax .. 25 , with m .. 100 

A systematic resean:h of the optinrn T IMX has not been carried out. 

We have found that the ., in=- lJ.rIearly with m, the slope bein9 

practically the S!me for all cases treate::l. The maxiJtun possible value Of,. ill 

9iwn by the limit of equ1lihrilml C~anoe of a sea:md ma<;J1et1.c axis). In 

CXlnClusion we may say that the aciequate ctDice of the rad1a.l distri.l;uUal of the 

SUWl.erteltary heating is e5!1alual for obt:iIlining high plasna -1. It awea;rs also 

that the kidney shape leads to the bestlbalues. 

'Ihe investigation of the stability of the obti!I.ined equ1l1brilml 

conf1(]Uratials has not. yet been d:xIe. 

. , 
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ELECTROSTATIC POTENTIAL IN THE OIVERTOR SCRAPE-OFF LAYER 

U. DAYB£LG£ and M. A. Mamerlowt 

Institut fUr Theoretische Phys i k, Ruhr-Universitat Bochum, 

4630 Bochum , F. R. Germany 

t university of Baku, Azerb. Soviet Soci a list Republic 
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Abstract: In ill. tOkamak plasma bounded by a s implified poloidal 

divertor geometry the electrostatic potential variation is deter-

mined. Results are plotted as a function of both position and 

the temperature ratiO o f electrons and ions. 

In this supplement we present some of o ur results found by 

the method described earlier. If we consider only the transiting 

particles, the precise description of the loss and ex is tence re­

gions can be sUlMlarized as follows: First consider the case a · 1. 

(a) t < O. We define A ; (h 2_1)£ - (h-1)1I _ h 2 'l<l>_c 2t 2 . 

1) If A < 0, then there is no loss. 

2) If A :> 0, then the 108S region is the exterior of parabola 

(h_1)2\.12+ 211 \ -Ch-1) ( h2- 1)£ _ h2'lt _c2t2 ] + 2c 2t 2 } 

+ [ fh2_1)£ _h2n<l>_c2t21 2_ 4c 2 t 2£ . 0 (1) 

Cb) t :> 0 , then either l)all ions are lost for £-u-ct < 0, or 

2) if £-u-ct :> 0, then i) in t he re9iOn where A :> 0 all ions 

are lost, or ii) i f A 0 , then the loss region is the 

interior of the skew parabol" given in f 1 ) • 

NOW', we consider the case a. -1: Supposing first 

·3 

(a) t < 0, then 1) if A :> 0, then all ions are lost. 

2) If however, A < 0, then the loss region is the exterior of 

t he skew parabola (1). 

(b) t :> 0, then 1) if A < 0, then all i on s are lost, or 

2) if A:> 0, then the loss reqion is the interior of the pa-

rabola given by Eq . (1) . Additiona l constraints are IJ ~ 0, 

£-. * -nt ~ 0 and E - Il ~ 0, where the last inequality expresses 

the assumption that all orbits are transitinq and consequently, the 

potential between the edges of the divertor .plates·is constant and 

zero. If we admit , however, the trapped particles into we analysis, 

we can prove that for suffic iently high E and U, Bome particles 

will reach the plate after having passed below the plate and chan­

ging the direction of motion at a turning poin t . As a result , the 

potential at the tip Of the plates will be continuous . 

Results found without trapped particles are given in Figures.1-2. 

-2 -1 3 , ·3 -2 -1 

., 
" ., 
e.-:t=O .'l.~S 

b :. 0.10 , 

-3 -3 

-5 

Fig.l . Potential plotted as a 

function of normalized radius 

and poloidal angle 

E.". "l. -:Cl.'l.86 -5 
$ ",.0.0' 

-, 

Fig.2. Potential plotted as a 

function of normalized radius 

and the temperature r a tiO: 
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33 
lEDUCTION OF POW!lI. LOSS DUE TO HEAVY IMPURITIES Ill' DIVA 

DIVA GROUP, ,>;e .. aud by S. Y-.oto 

The ta roldel aagnetic field it In,,realled to 20 kG, pd the. .. ""able ,heU 

""d eopper rod. hava b .... n dl .untled. No titanlU11 11 nu.hed in the ,nuDe 

eKperilul'ltl. Pl .... _all latenetlon .:all nav be .tudild over 11 vider r .... '''' 

of pla ... par_ten \lhic:.h urand to Pola .. 180 kW , Ip" 45 kA. Ten" BOO aV, 

Deo" 0.8"10 L' COl· ' and '[I:" ) ... e. Ion tellperature T10 lI,reell vith the 

ArtsUaovleh a.dinl law, up t o 300 aV. In or der to Itucly the cliver tor effects , 

pla ..... ,." ... tan ne inv .. tiaatad virh IInd without the divertar ue:!:!.r rha 

cOIIdltioulI ID ¥blc:.h lip' De ' I, Md 't en appreciably the .UI!. Fieur. 1 Ihow. 

the radial ,rofU •• of Ta ' T, anel n., the "",an _leted by the 1'1..1_ alonl 

dtfferea t ehor.u dUll to the __ of radia t ione end ehe"f ..... uellange neutral. 'p,' 

oxygen f1Y aDd , .. udo-caudau.... WJ.th the divertor. the hut n"", t o rh. 

clivenor III 85 kW, 1 . .. . 60% of ot.1c dl .. 1pa tlon.. the partlcle flUl< to the 

dlvert< r h 38% of the totll.. Tb. dl vartor reduc •• the loop voltage by • 

fector of 2. n.diatlon 10ee due to 0'II7&1!D _d bea..,. t.purit1u by a factor of 

3, IU1d i acr ..... the eau,y-conU .. eaeat tt.e f ro. 1.1 .. ac to 2.9 .. ec. 'l1'1li 

t1llle are a tudi ed UDdar vadov. dhel"r g. conditl on. . The .nugy-confiftesent 

time eo.pared with the Alcator eu.U .. , law" le ebova iD Fi,. 2- (.) , in whlch 

open _d doaed cir clee d ..... U tbe caaa. vlth IU1d without the dlvertor. 

rupeeUva17. Tba divertor iDer ..... the ..... erly-c:onU_t ta. by a fector 

of 2.S over the wide ran,e of pl .... per .... ten. A .eaUng lew fo r the 

average pertlcle- confineaent t1ae u obt ained and ahovn In Plg. 2- ( b) . The .. 

10 
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• - ..... , .... INf~' 
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T. 11I:XkY1 "" 
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~ 
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- !GO 1:-___ .L.~=1I2~ .. '" 
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i!j 200 1 
!£ -I!!! .• './ 
"'.00 'J-," --- ' •..... 

of--~::+-:-::'~~'-i 
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2 • • 

r (cm' 
. .. 

!!&.!....!. Pl ... per .. atan with IU1d without the dlvertor 

D","~ 
o wrntaUl"DIY(II_ 

1.7~1i. C .. I 

!!&:...1. !narn- confinement tt .. t! and averaae panlch-confinnent tilla fp 

for lp" (14 - 4S)kA, 'l." 3.1 - 6.0 and. n .. = ne/U01·c.-I) .. 0 . 1 - 0 . 4 

EXPERIME2lTS Cl! NEODYI([U)! LASER PULSE IBTERACTIOH WITH BLAlI 

TARGETS IN THE PICOSECOND REGI!-IK (PART II) 

J.A. Zi1ll:le~0. J.E. B&lur, T.P. Do!I&l.4aOCl , P. Vlgl.i 

lnatitute or Applied Ph1"aic., t1Diftrllit.1 ot Beme, CB- 30]2-Bel'Oe 
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Abatrast: Meuurement . or electron temperature an! :lOll expandOll ebaract e­

riaticl were ... de ot pl ..... ",nerated by ahort neo~\III. luar pul ... totu-

18d onto peTllpez tarsat. at oblique incidl!oee . Two croupa ot tut iou 

were aeen , one or wicb 0111,y occurred at p-polariaatiOll. 

Further experimo!nt! wera IIde with the luez-.y,tllJl deacribe! in vol. 1, 

ta compare abaorptiol1 at oblique r.od .normal incideoce. Luer · intaoaitiea 

ot 2U013 W.ttl ClI-2 WI" toclIIJed obliquelY onto pe"~:.r. tupt., at en 

enala e batweeo tbe l aser k YIIctor r.od the tupt aonal.. III Pia. 1(1 ) the 

electron temperature, Te' .uW'fId as a tuoctiOll ot e tor p-polarieatiOD . 

pe.ki at e .. 150 :t 50. A. Na01lance aboorptioo peK at tbia .. £le ~liea 

a denaity acale 1eogth L. 3 \.1IIl (aill e" 0.7(k
o

L)- V3) . i n 1004 aa;re:e.l1t 

with the value calculated froll the .uured tamper ature Uld Ntlectiri.ty 

(2) (ct. Vol. 1). fiFe 2 thow. the theraal. ion npNlaian. lIO.e r l1, 'T' 
. 2 

and Ta' to ~ u co. t (t 111 tbe an81e between luer B-vector .ad in-

cidence plene I. tbb 1'Utr.ctional dl!pel1denee b.dieat .. , tbe preleaoe o t re­

aonUlce abaorptioa. Fia-ure 3 ahows the in current tor .- III1d p-polui­

aationa where ai.tioct thenm.al IIDd tast paua ellD b ... eeD oa both trac ••• 

Th. tb.nal peak tor p-polaria.tion il IIOre ener ptie due to ioe,.. ... &4 

enerlD' .baorption (ct. Fig. 2). '1'h. t ut pnk tor p-polari:latiOll (3) . . ... -c.-

posed ot aenral ion 'peeiea , corresponD to NI electroatetic a.ce.ler.ticm 

potential vp • 12 1r.v. vhU. the tut peu tor .-pol&ria .. tioa corNlpolI"" 

to V • 1.6 .Itv. v ia equal to the ponderOtlliOthl poteDtie.l calculated. rrc. 
• a (") 

the 'leetron qciver eDerlD' ill the plume retl..ction regiQD. , while Vp 

is equal. to the BUll ot the pondl!romotiva potential Md the eec.pe poteotiel. 

1"rUI tbe reaOOGce resion. It ill CQl1cluded troll. tban r eaw.ta th.t NIOII­

lIDee abaorptioll is &11 iaportant beatillS proc ... . t oblique inci4ea Ctl aDd 

thet there are E2. diatiDet !,oureee ot tast iOIlll . 
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tioo (b) p-polaria.tion 

(1) J.E. B&laer and T. P. Ilonald.son • • .:baited to !'bya . Rev. !.ete. (1911) 

(2) J.t. Baher, 'l'.P. OOnal.s..on and J.A. Zi_nIINllI' to be publi.abd 

(1917) 

(3) P. Wigli and T. P. Dollal4.ll00 ; SUbmitted to Phya. Rev. t..tt. (1911) 

(~) V.L. GiozburS. Propae;atioo ot E1ectrOlUpeti~ Wavea in Plu ..... 

P 365 (PerallJllOn Nelt 'tork, 196~) 
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Toroidol Confine ment with Reduced Energy loues In Selt-Pinch 110 

G.8ecker, O. Gruber, H. KIOU$f!, F. Mast, R. Wllhelm 

M:!x-Plondc':'lnsti tu! fur PIOlmophytik, 8046 Gorchlng, Fed. Rep. Germany 

EUMTOM Association 

Detailed equl1ibriumcolculotioru for Belt-Pinch 110 resul ted In oseqvenc:. of ldeol MHO 

,01 ul ions from which two plots of the fl VI< lunoceltrue!ure and corresponding plasmo para­

meloll ore shown in Filii_ S. In the counll ofthedilchorge the initiollyrocetrack ... haped 

crou-section {lO ,.., )become. more ellipl;f;Q1 ood lriongulor (70 }Ill, ond the toroidol 

current deNitywithin the plasma remairuopproxlmoteIY1:- independenl (j ,~ c: r + <:oF.!. '" , 
wi th only weak 'If -contributions, where Cop and c

oF 
ore corutantll'llloled loplosmtl 

prwuure and loroidol nux function) . 

fig, 5: Equilibrium lolutlons for I = 10 tJl «6> .. 0.6, (Bp> .. ",0, 

'\, = .. . .. , '10. 1.8) and tQr t'" 70 ~ (<:6>= 0.2, <Bp> - 1,5, 

'\, = 5.2, qo '" 2.0) 

E:delllivlI limulatlQn ufMrlmenl1 with the Garchlng high4MIta tra~ eade, which 

use 011 available e.cperlmental data and profllel, hove been corrled out. Within ex­

perimental elTOrs eomplete agl1lement I1 abt1llned between the experimental portic le 

onc! magnetic field tronsport ond pl1ldlctlons from the c10sslcal multi-fluid trolllpOrt 

mo:Iel. Meosured pla:srna I ine densities and densi ty profiles including two side maxi­

ma al1lexplalned byth.cooe with a neutral porticl. badcground, which bconsiltent 

with the init ial porernet. rs of the dischorgoe . Moreov.r, it hOl be.n Ihown that the 

gas Influx from the v.llel VKl lls must be rather IIlICIII ond unimportant . Anoth.r llICIin 

relull is thot the", exll" a faster energy Iou In the experimenll ( "l:' E ~ 60 jIS) thon 

Is pnrdlcled numerically ( T E .. 180 .... ). The enhanced energy 1011 ond the measured 

electl'Ofl tempereNI1I on the IlICIgnetic axis (see Fig •• ) can be limuloted by an Im­

purity content of 2.5% oxygen, whereaa 1% (oxygen plus caibon) hav. been measured. 

Th. slow rilll af T. ( ... Fill •• ) is caUMCi by the fact that iniliolly only port of the 

total Ion energy exllll In thermol form due to comprell ionol osc: lIIoliQnI, so that the 

healing of th. electrons I1 de layed. Poulble eKplanatlons for the obIerved lorger 

energy lossel ore e.lI.unldentlfied i""urltlu o~ transient contocll otl>outer plOlma 

I1IlIions with the vessel VKlIJs . AI present an onomolous energy tronsport due t1l micro­

InsiobJlitilU or MHO modes cannot be excluded, whife particle and fI. ld transport hOl 

been lhown 10 be claalcol. 
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81 
CHARAC1UI.ISTICS OF SPONTANEOIJSLY ClI!mltA'IED RFP IN ETA-BETA 

A. Buffa, S . Costa, R. Dc Angelil , G. r. Malena, S. Ortalani and G. Kalesani 

Centra di St\ldio sui Cas I oniu 'ati 

del Cansi&llo Na.tionale delle Rice~be e dell'UniYersitl di PadaTa 

( Asaociatione EuratOIllo - CMR )- PadoTa (Italy) 

Ne" aeasure ments with the 10 - IIseconds cllIt'Cnt ri.etille arr&n&-

aent, va.ryina; the filJ.:iJlg prenu", fNa 5 to 80 atorr, 'un been done to 

study the beharlour of tbe ener l1 i.II.put and l osses L-IJ. I).te to tbe .WLSta_ 

ble behavio~ af the <!ischarses, local aeiUUNDent. of tellpl!r ;Lture and den­

! ity were not reliable. 

"nIe averase electron telllperature baa been deduced fl"olll the current 

decay tille, auuaing I. Spitzer reahtirlty; a decreaae f t'OCl about 6 to 3 eV 

is tound TI.I')'in& the pressure troa 80 to SO aTorr. 

These .,alues are supported by lIIoeaSureJlleDt. of the relatiTe !ntens! 

ty of 0 a and 001 lines, vhich pn an a nor .. ge electron tuperature of 

about 4 cV. 

A! slllllill& .. ·density corresponding to tbe fUl.inc pressure the aver! 

ge ~ decrease, rro. ... 0.2 a t 80 aTorr to - 0.03 at 5 lItorr. ud in all the 

cases tbe plasaa enero is IlUCh .aaller than the aallletic field mer,,". 

In figure 1 the q\Wltity (Vinput- Vfie1d)/VinPUt (vber e the ener­

pes ( V) are tiIIe averaged in the plateau repon ot the priaary current) 

which is approx:iJna.tely Iilos!",,,/oI input is plotted as function ot the tUling 

pressure. IJIpurlty radiation l ones could account fer the Observed beha­

rlour only if the iapurlty content vas increased by 110"' than I. tactor ten 

f ram the 80 to the 5 a torr cue and ,"en. it, as pointed out prerlously, no 

quaDtitative accurate ilapurity aeasurellllnt "ere ponible thi. seeJlls hi&ly 

unlikely t o occur. 

"nIe l osses associated with the magnetic field fiuctuations during 

tbe setti.l!.&-up bne been esti.llated, using a semil!llpiric ClXprtlssioo[iJ. Due 

to the 1011 current and temperat\lre, they C;LU .. ccount only for a !ractiao of 

the obsernd lones . An esti.lla.te of tbe ratio Tivs sbows • YariatiOD tn. 

0.5 to 5 decreasing the fill.i.n& prenUJ't!, so that an enhanced ;LPOlIa.lous re­

sistivity due to ndcroinstabil1ty which can arise in the 10" pressure cond! 

tione can qualitatively U]llain the ener,," lones behaviour. A further ind! 

cation ot tbe anoaaloualy high resistaDce at low prelllln 18 p.l'en by tbe r a_ 

tio bet:veen the Talt seconds produced and tbe I.u.uthal nux inside t be l'! 

CUUII Tene! ... hovn in tiaun 2 . 

""" • 
., 

\-f---_+ ___ _ I -----j 

l-!-- - --~ - --------J-_ ....... , _ ..... , 

fig. 1 fis. 2 

1 Buffa,A. et al ., 3rd Int.Ke"' t. Huting Toroidal Plumas , Orenoble( 1976) v.2,p.359. 

2Robimon,D.C.,3rd Top. Cont. onPulud Iti.llb Beta Plas .. u. Culhaa (i.975) Bt.1. 
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S'l'UDY OF KAGNETIC SKAPI NG IN A SlfEurLESS HYBRID 'roKAM,OJ!; WI'ftl. OCTOPOLE 

T. Okuda , r. Tanaka·, K. saku ... !, K, Nakll%llllra. M. "ata and T. Kuz\llllhi .... 

Depart.ant of El"cUoni". , M.goy_ Univul1ty. N .. <JOY. 464 JAPAN 

The o b .. rved radial profHe of the illlpurity lina intendtl' is eXpllined 

by a .:xiel basftd on the neocl a ... ical t r ans port. The MHO atabUity 

prOperties are impi<>ved by the ahepinq field. A aquare CRI .. s ection "Hh 

high u ct.angulari ty is IIIOro, Itable aqainat vertical diaplaca...,nt th.,. 

e ll i ptical One. 

Id) IJOpurity Transport 

Pig.S . Specttal i1It"naity profU • • tor 

c m 4647 A at t " D.S 11I11C1e. The a)'lldx>h 

a, Cl and 6 denote the 1'II ••• ur a d . the 

calcula ted with anil "ithollt iIopurity 

transport, r.spectivllly. Th. amount o f 

the inflUX 11 ... \IIIIed t o be 4><1020 .. - 2.-1 

(at 1 aV). The e l ectron dendty dhtri ­

bvtion h gille" by n",,6_101'[I_lr/&)61 • 

The obaerved rad ial profile o f the apectra l intensity of c arbon iqlUrity 

line is ~pared with t hat p r edic ted by a n.-dc:Al a1lNlation. Tha c:ode 

i. baBed on the rate equation , in Whic h th. te ..... of d1ffuaion ane! influx 

of the i/llPurl ty are included. The Pfinc:h- SchlUtllr dHtuaion coefficient 

is used. In Pi'1 . 5, th. obs e rved and cAlculated radial pro files of C m 

line in tenll i t y ara s hown. COnsis t aney bet ... e n th8111 i s aathfactory . 

(e) MHO lnatabilitiea 

Ilybrld t:oII:lIIDak has a distinctive f~at\lre that the safety factor a t the 

plasu boo.1nd.ary la i nc:r ... ed by the lIhapin9 field. Therefore the o naet of 

HIlD ins tabilities a r 1llin9 f ron ~ .. onant helical perturbationa at pla .... 

s ur f ac. wlll be s uppreued . 

Pi'1.6 . Plota o f qa/qao and lpl'lpo 

venue O"'I",l p. 'la' ~ .afe ty tector 

octopol e current, l p ' the pIa ... 

current. The subcrlpt D denotes the 

• value f or (IooD . 

The p l u u current a t which the _3 _ e chan'la i nto the _ 4 mode is 

o b .. e rved l1li a function ot tha ahapinq Held. Such critical value o r the 

p1a 9 .. c urrent I p 11 incre ased by illcreaaill'1 th IIhapill'1 !lald. Pi'1. 6 

shows tha t thill rea ult la undaratood on the but. of the ufety factor at 

the p l .. 1IIII boundary. 

i f I Elo n'1a tion and RIIc tanqularity 

The poai tional a tabUity IIqllina t vartical 

dispalcOlllOllt la IIndyzed for v ertically 

e l o ngated I quare pIal .. by us i nq the ........ 

procedure a ll Lackne r a nd MaClo\ahon (61 

In Fi'1.7, the r ectan'1ulari ty d and the 

elonga tion ratio tare IIcheNtica Uy Ihovn. 

The "'*PII ted .,.i_ elongatio n ratio for 

dmD , D.l a nd D.2 are 1.3, 1.7 and 3.3, 

re s p<!Ctively. 

,",UI , e l o ng a ted ~ara c ro •• aec:t i on i a 

d:O.75 

0.' 

" 
00 

,., 
d - 0.1 

Fiq. 7. El o n'1atiOIl and 

r e ctangulerity 

!!IDre fa vo rable than elliptical one from the point of vi_ ot pol ition_l 

stability . 

• Pr esent add .... ... , Japan ... tc.ic £ne r ;y Res.arch lnstituta. 

(6) •. Lackn .. r and A. B. MacKahon, "'udear pulion 14 (1 974) 575. 
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ON SAWTOOTH OSCULATIONS AND MHO-MODES IN THE W VII-A STELLARA'l'OR 

W VII-A Team, presented by A. Weller 

Max-Planck-Institut f Ur Plasmaphya ik, EURATOM Ass. 

0 - 8046 Garching, Federal Republic of Germany 

Abatrsct: In 0Jr ~t to VoL I, No 127 we ~ sore resulta of 

sawteath and nmea in the W VIl-A Stellarattx, vs. r-k density neo and ex­

ternal rot:at.iooal. tra:nafa:m (0' Rca-filtered light a.1gnala obtained aide-m 

in the W VII-A lim1ter plane are cmrel.atEd with 8IIWteeth and rrcdee. 

Parameter Study: In W VII-A sawtooth oscillation. and mode. appear 

to b e mainly depending on the peak density neo and the external 

rotationa l transform -to. For low values of «:0 • 0 . 027 and 0 . 055 

Fig. I shows Ifrom top t o bottom) the relative amplitudes of saw­

.teeth I"""), 111_2 lIIOOe s I",), and 80-

called predi8ruptions IT!, r e s p. , vs. 

neo. Above: neo~ . ·, 0
13

cm-
3 

the .m-2 

activity increases ~.urther and the 

sawteeth are reduced.~ Predisruptions 

are observed as internal disruptions 

occuring at the q ,,!,2 Burfacs which 

i n itiate an internal disruption at 

the q- l surface. They are believed to 

be important for the major current 

diaruption which i8 present in 

tokamak8 at low q values and high 

density. Close to the tokanullk den-

81ty limit, they cause (soft) current 

disruptions at to ." 0.027 . 

For <0- 0 . 23 the IIode activity 

lmainly m .. 3, n-2) is small, presu­

mably because of a stabilizing effect 

of the helical field . A r oughly linear 

. , ...... 

. ~ .... 

...... 

increase of fJAJA Is seen with density, .... J 

current disruptions a re not seen up to 0 

neo .. 8',0'3C1l1- l. ~~:~~':-:=""'';2i.:~~ 

At an average <0. 0. 11, Fig . 2 

shows radial profiles of the rela­

tive aawtooth and MHO amp litudes, 

along with the ranges of the m-' 
and m-2 modes) n- ' for both . They 

couple at the r adial outside . 

For large i:"o ene rgy 1088e8 for 

electron8 due to aawteeth are 

important, for\,":' O. 1 the m.~ 

modes are large and cause 

additiona l transport. 

Liqht siqna18 obtained side-on 

in the W VII-A limiter plane have 

bee n seen to correlate vi th t~e 

sawtee th and the modes. This is 

a lso t he case i f a Hca - filter 

(half width 110 R) is inserted 

in front of the clll!lera lens . Ail 

example 16 given i n Fig. 3 for 

Co" 0.23 , neo- 6"013cm- 3 , 

detector positions shown in t he 

left of the fi'IUre. The light 

modulation is a few percent. The 

wavetorm8 are compl icated, but 

clearly correlate with t he 

sawteeth. 

"'~f:1! 
~ .... -
! ·u .. , . 
i :::::: 

~
. 

- -:t- . R .­. 

""077 

_ ... .. ·o_n ........ , . . .. ' .. . ..... _10 
T .. . O.II •• y ...... I .d'_~ 
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FINITE FREQUENCY ' DENSITY MODIFICATIONS BY LOWER-HYBRID CONES+ 

P,K. Shukls -, M.Y. Yu· , ana I<.H . Spatschek·· 

'Inatltut fUr Theoretische Physik, RUhr-Univeralt!t Bochum, 
46 )0 90chum, F.R. Germany 

~aehbereich Physik, Univ . Essen, 4300 Essen. F.R. Germany 

It nonlinesr ef tects associated with the cold plasma 

lower-hybrid waves near the outer edqe of the plssJruI. column 

are unimportant, the cold plasma wave w111 reach the lower­

hybrid resonanance layer. Larqe amplitude hot plasma waves will 

then appear due to linear mode conversion. We study 1n this 

supplement the nonlinear behavlor of the mode-converted lower 

hybrid WBves with respect to parametric instabilities . 

A mode converted lower-hybrid wave (wo' ~l can couple with 

finite frequency density perturbations (~ , ~) to produce a 

daughter wave (w 1 ' ~1) near the conver.ion layer. The equations 

can readily be obtained by .tandard methods. Thus for the pump 

wave we have 

z' z' 2 2 
11.1 III "0 • 3 (wpi v i) 12wo • 3 ((Ilpev e) I BOe' t.l. l"" £,1.0 · 1.wpe/Oe 

-w~i/fll~ , and t. 1"" c IO - -fII~e/"':. The other notations are stan­

dard. Replacing the subscript. 0 by 1, and .!:!.1"~' nes"'n:. ' we 

obtain the evolution equation for the daughter wave . 

The term. involving v .. £1 0 (£10 -1) I.j 12 1161 no ~TAo ari.e due 

to the .elf-interaction nonlinearity . on the other hand, the 

ter~ containing ~j appear bec.use of the important ~~ la 
drift ., In fact, nes - icazll.o;:>+i/heBo(llo' .... here 11 .. k

2
P, P -

Xe(1+Xil/(HXe.Xil. a 2 - (~1 "lsol . 2, and XD.(w ,~ ) is the li­

near dielectric .usceptibility. Defining. 1: -6.0,11 (1611'no~Tllh , 
6 " ('10/11.0) Itz , n- ax, t - (a/6) ~, a " (t10 -1) 6/2'.10 ,8" - !: no/2!:lo 6 . 

C _ 32 .. 2ec20;no.T.f..II/B~W~O ' A06. and using the ulual WKB appro­

ximatio~ .... e find from (11 a coupled set of non linear SchrOdin­

ger equationa 

i( •• ln • , • • )(( • 1 •• 12 
••• CI._I·+. - 0, 

i(L)n. (._lU • I.J1L. CI+.1 1
._ - O. 

(" 

Following Manakov , [1], Eqa. ( 2) and (3) can be shown to ad­

/IIit 10cali6ed aolutiona. For typical T-20 parametera, the r.f . 

threahold power for overlapping f ilaments to occur is roughly 

0.6 ~w, where.s presently the power being attained is about 0.3 

MW. Therefore at the latter power level wave breaking would not 

occur at the resonance layer , and consequently absorption of 

tha weve energy inside the pl.ama can be expected. 

• Su~ported by SFB MPlasmaphysik BOchum/JUlich~. 

[1] S.V. Manakov, Sov.Phys . JETP ll, 248 (1974) 
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PRELIMINARY CONS IDERATI ONS REGARDING THE EFFECT OF \I -PARTICLES 

ON ... REFUELLING PELLET 

C.T. Ch.ng 

..... oci.tion Eur.tom-Ri.1S N.tion.l Labor.tory 

Slo .... ing down o f a J MeV D.-p.rticle in the abl.ted clOUd 

surrounding the pellet; · The fur ther alowing down of a 3 HeV 

o-partic1e in the ablated cloud around the pellet clearly depende 

on the p1llsJ118 parameters, (Te ), and Inel l of the cloud. Although 

the ex.ct values of theae paramete r s depend on the interaction 

mech.niam o f the 3 MeV. D.-particle with the D-T pellet, an eeti-

mation of its rang~ in the cloud. however. can be made baaed o n 

some reasonable quesB of these parametera. 

Aa the electron temperature ITel, ia not likely to exceed 

100 eV. it can be ahown that the stoppinq power formula ,of the 

3 MeV a~particle reduces t o the conventional one for • cold 

mediWD, i.e. 

where r _~, 

0' , . 

corr espondingly, one may .... rite the range .a , 

By taking- Eo - J HeV, and .seiqni n9 aOllle r eaaonsble val uea of 

(Te)l .nd (ne)l to be expected for the ablated cold pl.sma, t he 

expected range, R, is 8hown in· the following table 

".' 
-l cm kTe-lev 

0.03B6 CIII 

0.2799 

2.197 

18. OB 

153.6 

kTe .. 5 ev 

0.0305 CBI 

0 .2349 

1.910 

16,09 

139 . 0 

kTe - 10 ev 

0.0280 CIII 

0.2197 

1.808 

15.36 

~ 133.5 

AS the electron number dansi t y (ne)l of the ablated alOUd 

most probably will not exceed 1019 , the above reeult ind~catee 

that the cold pla8ma blanket surrounding the pellet will not be 

an effective mediUl!l for the fUrther slowing down of the \1-

particle •• 
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PARAHETRIC I NSTABILITIES IN CURRENT CARRYING PLAS~IAS 

S .S.Pe!i~ 

Atomic Physics Labor a t ory, SOrts Kidri~ Institute-Vin~a . 

P. O.Box 522, 11001 8eoqrad, Yugoslavia. 

The a ffects of the particle drift motion upon the deve l opment 

of l ow- frequency parametric instab ilities 1n magnetized plasma 

are studied . 

The parametric interaction of intense electromagnetic fields 

with magne tiz ed plasmss has attracted recently a great deal of 

attention as an effic ient means to transfer the electromagnetic 

enerqy into plasmll.s [1,2J. The object o f the present paper ",as 

t o exami ne the effects of the particle drift ~tion upon the 

development of low- f requency parametric inst abilities 1n ~g­

ne tlcally confined ~laama. 

The dispersion equation governing the parametriC coupling (in 
its linear stage) of a low-frequency electrostatic wave at (w ,k) 

and two high-freq~ency 8idebands at (wtwo ,k) propagating in 
two-component hot homogeneous magneti~ed plasma in which the 
electrons have an average velocity u with respect t o the plasma 

ions r eads, 

,n 
where wt-w+iy,y !s the growth.rate of osci lla tions,C("'t+mwO) -
- l+Xe("'t-kU+m"'o,k)+Xi(Wt+mwo,k) is the li near permittivity. For 
a Haxwellian equilibrium distribution function the linear sus­
ceptibil ity f or the o- th species of particles is g iven by , 

2.' 
". 

wher e '(~o ,:l:no )- nI - _ In (~o)e - )..0 Z (zno ) ')..0 "k1v~o/2"'~o' zno- (w' -

-nwbo;) /k, vto' '''pa a nd Who are the plasma a nd cyclotron fre -

(2) 

quencies vto is the t hermal velocity,va i s the collision f r e­

quency, In()..) i s the mOdified Bessel function of the f irst 
kind and Z(z) is the pla sma dispersion func tion . Here the col­
lisional effects are accounted for by using the Krook model of 
the kinetic equation . For a RF electric f i e l d of the form E .. 

-EO.inwot the coupling coefficie nt ab is given by ab-(krEB )2_ 
.. (ekE/mew~) 2f (e , t , . ), where 

{ cosecoat 

+ I sinhints in+ wOwbe } 
("'~e -"'~) ("'~i-"'~ ) 

(3) 

ea. ""Bo' t .. ., ~ , Bo and. is the a nle be tween the planes (k,So ) 
and (Eo,Bo ) ' In deriving equation (1) it i s as &umed that ths 
wav. l ength of the exci t ed waves is short in comparison with 
the scale lengt h of the pump field variation and consequently , 

the s patial !ariati on 01 the pump field and the confining mag­
ne tic fie l d BO is neglect ed (dipole approxima tion). Further­
more, i t i s assumed that the electric field s treng th is s uf f i­
ciently weak (ab< l ) to consider only the lowest-ord.r coupl ing 
(m_l) to the sideband modes. 

In the present ana lys i . we shal l be primarily inte r eat ed in 
re.onent and nonre.onant decay proceas.s of a RF pump wave of 

frequency 1110 near and above the lower hybrid (LH) f r equency . 

Thi ' freque ncy r egime i. of particular intere.t from the point 
of view of RF heating of fusio n plasmas. For lIIo<12~LH the fol ­
lowing decay proce •• es of the pump wave are possible: r esonant 
decay into l ow-frequency i on sound wave (~l«"'~il, backward 

i on cyclotr on wave (l oe-(III-kU) /Vte~<I)lInd ion Bern.tein wave 
(zOe> l) and nonresonant decay i nto i on qua. i-modes and purely 
grOWing modes . In addition to the foregoi ng decay proc •••• s 
the forward ion cycl otron wave can b. r esonantly excited when 

~O)fIIIILH' We reca ll that the high-fr.quency ion sound wave 
which is defined by Ti«Te converts into an i on cyclotron wave 

in pre sence of finite ion Larmor radius effects. The low- f re-
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quency ion sound wave is heavily damped by i on. colU.ions . \~e 

.xpec t the ion qua.i-modes and the ion cyclotron wave to be the 

mos t unstable in high-temperature pl asmas [~ . 

~'e have solved numerical ly the comple te dispars ion equat i on 

(1) to obtain growth rates a nd coupling coefficients for the 
cons i dered l ow-frequency instabilities. The parameters chosen 
are relevant to the LH heating of torOidal deute rium plasma and 

i n part icular, to the low-density plasma region of torOidal di s­
charges (f .8xl OeH~ . B "'2.2T, T - l OOeV , T," IO-IOOeV ). In the o 0 , e . 
following discussion we shall concentrate ma inly on ana lysing 
the effects of the particle drift motion upon the nonresonant 

decay into fluid - l ike and kinetic quasi - modes . The particl e 
drift motion has a negligible e t£ec·t upon the gr owth rate and 

frequency of the decay waves for u<vte and '-kl/kllvto) l. However, 
at fixed kq va l ue the coupling coefficient ab decreases as 

u/vte approaches ~ . The further increase of u le!!. to t~e ex­
citation of ordi nary current instabilities (for ' ku~(lIIo»' To 

demonstr ate the role of the particle drift motion in Fig .l. we 
have repre.ented the variation of ab as a function of u/vte for 

vari ous y;~bi values i3 Th:3 considered decay waves propag,a te i n 
dense plasma (n~2x I O cm ) at an a ngle a-arccos(Vrne/mi) to the 

magnetic field. Therefrom "'o,rI klLH . , When kN i s kept fixed ab 
is increasing fo r increasing the growth rate or the wave fre­
quency. The variation of ab with the angle of propaga t ion e for 
u-vt e is shown in Fi g .3. The density of wave propagation de­
creases (from n<!2xl0 13cm- 3 to n" 1010cm- 3 in the represented e 

range) while ab i nc reases for decreas ing the angle e . ~lhen 

Te » T i similar va riation of ab with e i s obs.rved (Fig. 4.) . 
We note that at large angle of propagati on the decay i nto short 
wavelength wave. is characteri~ed by relatively low thresholdS . 

The general conclusi on to be drawn from the presented results 

is that at ~u/Vte the particle drift motion has a profound 
effect on l ow- freque ncy parametric instabilities. 

'. 
~----=%--"-;;;;;;2-- - -~. 

" 
.,-' ---wfwbl.2. ~ .1 <m·' 

_ ~WJ1I . l.n ...... ....... m; 

A.r/..,~; . 1O"1 r, .Ti . IQ' IN 

B.J1"'tli , IO·1 e. ' l .n 

, , 
\ 

Fig .l. COupli ng coefficient ab 
versus u/vte . 

.' 

Fig.3 . Coupling coefficient ab 
veraus the angle of pro­

pagation e. 
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RECENT RESULTS ON ION ' HEATING BY T.T.H.P. ON PETULA 

R. IIAlUlET, K. BERNARD, G. BRlFl'OD, M. CIZKENT , A. GAUTHIER, M. CRECOlRE, 

P. GRELOT, ~l. I!ESSE. F. PARLANCE , D. PINET, E. PORROT , 

C. REI. B. TAQUET I J. \/'ElSS! 

ASSOCIMION ~URATOII-CEA 
DlfpartmnBnt tW Phll8ique du PI.aaIllQ .t de La FzuiOl'l Cont;r{JU. 

Sflrvi.,. IGn - Centnr d ' ftud86 NwcUail'fl8 
85 X - J8041 GRENOBU: CEor:X 

~ : Tranlit T111111 Magnetic Pumping h .. been applied on the Patu.I. 

ToklUUk wi thout pumpout and any unduirablo! efhcU. A 20-301 lubnqulnt 

ion t 'DlPeratu", incr •••• v .... ob.erved accord-inl to theory. 

INTRODuctION' Additionnal heatins by cOIIIp r ... ional tranl it Tima K.I",,,iie 

Pumpina can be applied 011 th" Pecula axpe d.JIII!nt by ."dulatill& the to-rol.dal 

magnetic fhId at I radio-fn~uency. For this pur1'o .. dx a.p. coil. , 

"quIUy . paced around the torus , Ira <:.onnecced to • 100-200 ICbz lIenlrltor, 

the ph ... of each eoil baina . uch la to produce I IUndina wavl! with three 

....... l.lIath alol1a the toroid. l dir.ction. Thil cODfiaur.tion i, ".quival.nt 

to tllO oppositely trav.Uina ... avu the ph .. e ve locity of vIIich i. ill th. 

range gf the ion thermal veloci t y . The 11.1". coil. u. l ocated outlide the 

&lumina vac"UII chlllllbar /L/ in order to .void effetta ."th •• i>nakdown or 

impurity rd ... e . 

HEATING RESULTS: In the e",peru...nt, reported here a 10000, LSOIlll , L6 - 17 r;y 

a. F. p"lle i •• ppliad to the toill which produce a 1.4- L .5% modu lation of 

the. toroidal !!Wgnedt fh l d. 

The thuetteriatit. of the pl"llla into which thi, iu' powar vu 

injacted /21 al well 81 the ion tamp.reture increa •• dUi to TTMP h,atina 

ue I_rhed in tlbl . L. 
Tabl. L 

'2' I
p 

- 55-60 LtJ., " . L.6 T .. la, R - 72em, .. L4 . 5 cm 

, 
~ 

(.V) ~1 (LO '''' ta- ''') T
io

(11O tp) Tio(with RF) BTRF-m;:d~lation 

600 2.2 2" 260 ,., 
870 2.5 2" 280 , .4 

'" J.O 280 330 , .. 
• fro. charae e"'th.aroaa .. eutr.lI 

Fig. I and 2 .how tha ion temperature intre .. e dedutad from ill D8utrall 

anlly.it .nd Doppler bro.dening .ffact on 0VU Hn •• 80th theae di.gno.­

titl ..... ure the perpendicular temparature doua .hovina that the an. raY 

whith il given in tha parallel dir.tdOD by 'ITMP haatina i. diatributad. 

'nIa flit n.utrah anulP' di.t r ibution IhOll1'l in fil.l il etu. KaltwaUian 

frolll .6 to 7..3 KeV vith no 1I0n- theriul uil oburved up to 5 hV. Tb ... 

cooaidllationl enable. to conclude that th.n i, eff.ttiv. thenDIlhetion 

of th. ablorbed enerl)'. 

FrOll the other h.nd, vile", the tp puhe i . applied, the pi ..... 

curnnt , loop volt.ge , H
B

, CIV ' 0V! and 0VI I lina int.nlitie. do not e:doi­

bit any perturbetion or lianific.",t ch'na •. 'rhe tu.. .volution of ahttron 

dendty , tb. menureMnt of which is parturbed durin[l, RP , i a simil.r t o 

that typical of • rafarence sho t wi t hout a.p. Thuefore it can be poinud 

out tb.t nei!:he r pumpout /1/ nor impurity rete .. a and iooization toolo: plate 

duriog haa ting . 

The .. e"'perim6ntal l ituacion. could be limuhted by a one dimen­

l i on , ti ... independant n""",rical tode /4/ wh'li:h ,"lv •• th. energy balancI 

equ. tion for the ion • . Thh code tllk .. into actount illlpuritiu , tblr,. 

u.chang. , particle diffu.ion, oeo-ch .. ical but tOllduction .nd i.baorb.d 

a.p. power a. give o by theory for the Io-talled linear .nd . noo Hoaar 

ugima. /5/ : 

'"", . 

wbata b i a the RP modulat i.on ratio of the toro i dal 1II&gn. tic field .od C,Q 

de pnd. on T/Ti .nd Vph ' VTi ' the ratio of the W'Ve valotity to the ion 

thermal velotity . 

A typit. l c ... i. repr ... need in table 2 vher. P
EI 

h the pow.r 

given to tha ion. by .l.ctran colli.ion- and li ' l E the ion enull' and 

total ener,y confin ... nt time •• 110a ( ) value. tafer t o the e ..... rim6n-

tal d.t .. . 
table 2 

, -
left Tio Pn(KW) pTTMP(KII) ,0 0 . l{ (DII) lE (Ill.) 

No R-p ." 2.2 2 . 7 "7 " , .. \ ,., 
1(6LO) (2 .3) (2.9) (208) (4.8) 

With 11-1' 6" 2.2 2.7 '" " " ,., 4.7 
(258 
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110., .-foldina d.,. of !:he ion tUlplr.turll aftar 11 . P. i. tumad off 

i . in tbi. e .. a . ignificant of t he i on anar., eon.fi"e"'ot time . The 4.5111 

eltperu..,ntal value i. in a[l,r&ement with th. cOlllputed li' Tb. eal cuhtad 

eharaetarhtit h .. tina tiM h about 10 l1li ju.tifyillg the fate tb . t durinl 

a.p. Ti iner ..... vithout .. tuntio" a fhet. (fig. I) • Th. total &aIOunt of 

k.l'. paVer .b,orbe.d by the iool i. roughly 60% of th. pOWer toaio,g fr_ 

. leetron. It the beaillDio,g of T1'KP bead",: 

To eondude, t h ... lI"Perimen t . hav •• hown tbat the ion tempar a tu­

te intr .... ia eon.ilunt v ith theory .• nd that no pumpour or unduir .bla 

.ide eftaeu vere obllrvlld. Tbe moduladon r a tio neaded to t o heat bi[l,&er 

IIIthio ... hou.ld oot e xe •• d the value. . ltp.ri.nc.d on Pe t ula '0 t het TTl1P 

tan be eonliderlld .. a headna IIIIItbod vIIich vouId not .H. tt the tontine­

.. ",t proparti .. of Tolo:&IIIj1Ir; • . 

~I 

/ L/ GROUPI nnru., ievu. de Pby.ique .ppliqule , 12, 955 (1911). 

/2/ a.JLI.RD£TI.t al. , a th Eur.Coof.on Contr. 'u, . an;-Plaallll Phy • . ,Pr.,ue. (1917) • 

/31 W. KILLAJl , CLH-a LU (L975) 

11.0. PAClIEa , C.KoIJIN, G.Cl.1'IANEI, Bul1.AIII. PhYI .Soc .l!, L353 ( L973). 

/4/ H. BEIUIARIl , EUR-CEA- rc 89 L (1917) 

/ 5/ E. CAIIOILILID , Nucllar Pu.ioo,.!!, 56L ( L972). 
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'l'UR1lJLE!I'l' DIPPUSION OAUSED BY A 'l'HERl401ruCLEAR 

ALPVEN INSTABILITY 

V.S.Belikov, Ya.I.Kolesniohanko 

Nuclear Research Institute 

of Ukrainian BSR Academy of Sciences, 

Kiev, Union of Soviet Socialist Republics 

Abstract: The general espreseions for the turbulent particle 

flux8s, taking into conaideration the process of the induced 

wave acatt ering by part.iolea are obtained. Provided the ther~ 

monuclear AlfveD instability la excited these expressions Bre 

applied for the investigation ot the turbulent diffusion. 

As it 1e known, in 8 high- temperature plasma the thermo­

nuclear instabilities arising from the thermodynamically non­

equilibrium dist ribution function of the thermonuclear r eac­

tion products (cl-particles) can be excited ," The growth rates 

( ~ ) of such lnstabl1itlea are considerably small ss compar~ 

with tho excited waves frequenciea ( ~). Therefore,one can 

expect that the weak- turbulent state leading to the anomalous 

transport processes will be sstablished in a plaama. 

Let us assume that the turbulent diffusion arise from 

the short-wave Alfven instability (1] 

not 
tU = K.N'lI"A ) i ~ - W&oL, lC~foL. ""! J w» W#If' (1) 

ne 

where k i s the wsve vector, V A ls the Alfven veloei ty, wit i s 

the drift frequency ; '''ci '''''aj and..pJ are the density, the 

cyclotr on frequency and the gyro_radius of the particles of 

species j reepectively. 

The inatability under consideration is weakly sensitive 

to the magnetic field configuration (2] and haa sufficiBntly 

.,mall threshold density (n~), so it is one of the lIIoet pro­

bable instabilities in the thermonuclear reactor. 

We shall consider the anomalous partic l e diffusion in the 

established turbulent state . In this caee the turbulent parti­

ole flux across the magnetic field ( ~ ) is given by the fol ­

lowing expreseion [3]: 

2C "S d.it (t I )t/' ~ = e~ B ~ (2 :r)~ "'. i<j + a'iCJ i< ( 2 ) 

Here the plasma inhomogeneity and the magnetic field are dire­
o 

cted along the OY axie and OZ axis respectively, Nk'ie the nu-
I 

IIIber of ~ - plaamons; i;t,i and ?/;tJ are the growth ratee caused 

qy induced em1ssi~n and scattering of waves by particles, i.e. 

asaociated witb resonances 

W
K

- eWa - KII111/ :::. 0 
( ) ) 

W~- u)jC,1 - ewe. - (x: 1'- K~)V;, = 0 , e::. D,!! , ... 

Taking into consideration of the induced wave scattering playo 

ths important role for finding 

use of the ione don ' t interact 

approximation. 

of the ion turbulsnt flux bsca­

" with the waves in linear on Nk' 

Note that the terms caused by non- resonant wave- particle 

interaction are absent in equation ( 2 )._ Aa Timofeev shown l 4J 

suoh tsrms are negligibly small in the case of the stationary 

turbulence. 

To determine the values entering eq.( 2 ) one should sol­

ve the kinetio wave ~quation together with the quasi-linear 
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equat ion for the dietribution function . 

If ,Q i >'tcte (At la the time after the instability ari_ 

sed,'t'ate is the time of <i-particles slowing-down by electrons) 

there is a possibility for the establi shment of the quaei-ste­

ady state in whicb ths <i-particle flu.x le detenn.1ned by the 

resonant «-particle balance equation: 

11"0->1', S ItO d.. V" = 5 r. si d.,s 
'Ifo t'f cL 

( 4 ) 

where V and S are the plaslDB volume and surface; 'L5 .. 4/n<~tr> 
<6'1f) charaoterizes the thermonuclear reaction rate; v 1 "Wadi 

~x is the 

do -particle, 

smallest longitudinal velocity of 
1/2 Vo .. (E.oI 2m d- ) ,e. 0 • 3.5 MeV 

the re~onant 

is the energy 

of the cl-particles produced (see pig.1). Eq.(4) takes into 

account that provided .ot. > 'tol.e the particlee with longitu_ 

dinal velocities within the interval (v"vO) enter the reso­

nance region and hence eeoape frolll a plaelllB. The electron and 
Si 

ion fluxes are connected with r~ by t he r elational 

)-'rSt . -J st 
1i=-2(HI~.I/-o .. J; .. , r.=2{H8 .. Jj/I<l.I) 1';. (5) 

2 
where p" 8Jrne(Te+Ti )/B • 

One can see that the 

stationary state (4) takes 

place in case ~ (t .. o) > 
r~st. This condition gives 

the restriction for the 

radius of plasma col wnn; 

'IJ, 
et «(ula .. 'l:!) p, 

pig.1. Region of d.-par ticle produ­

ction (a ellli-c ircle vJ..(v~_v,~) 1/ 2) 

and reSOllBnce regions (v 1~lvlll(. v 2) 

When tbe above inequality is satisfied the time of resonant ~ 

particle confinement within the plasllla io short compared with 

the time of their therlllalisation. In the opposite caae ~(t_O) < 

r"at and the instability under consideration during tbe time 

of the order 't'ot,.e is stabilized by Coulomb collisions . 

In conclusion let us discuss the problem of energy spect­

rum of ~particles escaping from a plaBma due to the turbulent 

diffusion ( 5]. Provided to> »W*, the variation of the particle 

energy is caused by rearrangelllent of level curves in the velo­

c ity space. Por Alfven waves euch levels are circles centred 

at vU" !VA' YJ,.-O. So, both particle elowing-down and accelera­

tion occurs during the quaai- l inear relaxation. As a result, 

there establie.hes an energy d.ist ri bution , d.ifferent frolll zero 
2 

in tbe interval E.lllin-S £0:. ' e. lIIax where ~n .. md.v 1/2, c lIlax " 

EO + m~vA(v 2- v 1). As the quasi-linear r elaxation is essential 

for the ineta bility under cons ideration, the accelerated par­

ticles are an appreciable part of the escaping from the plasma 

ones. 
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INSTABILITY DUE fa TRAPPED IONS IN A MAGNETIC MIRROR 

I.Saeki, S .Ilz~a. N. Sato , and Y.Hatta 

Department of Electronic Engineering, Tohoku Unlver sity 

Sendai , 980, Japan 

A new type ot drift instability le excited by 

controlling the amount of trapped ions in a mirror machine. 

The inetabl11ty rotates 1n the direction of 10n diamagnetic 

dr1!t. 

Trapped-parti cle instabil ities are of current interest 

in conjunction with plasma confinement 1n nuclear- fus i on 

devices. A number ot theoretical investigations of low­

frequency Inetabl 11t1eeI ( .... «...,c1) due to magnetically- trapped 

particles have been intensively carried on from thle poi nt of 

view. Only a few experlments2 on these instabili t ies , 

however, have been done because it Is difficult to control 

the aqount of trapped particles in a collisionles8 plasma 

under a mirror contiguration of magnetic field . In this 

r eport , we inject ione 

by mounting an ion emit­

ter} in the center of a 

mirror machine. A part 

ot theee iOne are trapped 

in the mirror. 

Experimental eetup 

is ehown in Pig . 1 . 

The magnetic field 

strength is i n the range 

ION (MITTER 

Pig . 1 . Experimental setup 

of. I - 2kC at the mirror points with mirror ratio a.-l-I.7. 

The distance between the mirror points i s 50cm. There are 

two groups of ions: untrapped ions and trapped ione . Most 

of the untrapped ions are emitted from a plasma emiiter4 

[the mixture ot bariWll- oxcide (lIaO) and almlnoail1cate (120' 

A120}.2Si02) coated on a 5-cm-di~ nickel plate] which is 

placed outside the mirror and emits a potassium plaema of 

temper ature 0.15eV and density 107cm- 3 . The trapped ions 

are emitted from the i on emitter which coei sts of a Ni- Cr 

grid coated with Bo- called ·water gl assn (potassium- silicate 

'20' Si 02) ' The mesh-sizs (lcm) of the grid i s larger than 

the Debye l ength and ie comparable to the ion Larmor diaqeter. 

Thie emitter ie heated directly by feeding half-wave 

rectified current of 50Hz through it. All measurements are 

done within another half-cycl e of no heating . Background 

preesure is 5K I O- 6Torr. Plasma parameters and their 

fluctuatione are measured by needle probes and an emiesive 

probe. 

The plaema density profile along the axls z depends on 

the heating curren t Ihi of the i on emitter as ehown in Fig. 2 . 

Her e, its biae voltage is eet equal to or somewhat higher 

than the space potential. I.E. ~_ 

' f' ~--------~------
At 'h'.O, the plaema denllity - ~R'" 17 

":'E &"0'4000 
DO hae almoet the s~e shape .. ~, ~ ________ ______ 

8S the magnetic field etrength . .: ~. OA -----.::::::::: . 

As Ihi is increased, no ~o '----------------C----~ 
increaees · gradually at Z_O 0 10 Z 2?,ml 30 "'0 

because or the ion trapping . 

A}thouSh.the ion emi tter 

Fig. 2. Axial profile 

of plasma density 

·produces alao untrapped ions, 

but it can be sai d from this 

figure that the denei ty of the 

trapped particles ie comparable 

or larger than that of the 

untrapped particles. 

When the trapped ions are 

injected , we can observe a 

l ow-frequency (0.5 to 3kHz) 

instabili ty of large-amplitude 

(n/noN 5 to 50%, n: fluctuating 

density). The dependence ot 

the insta~ility on a. is shown 

in Fig. 3, where the ~agnetic 

-' 
<t 
I­
Z 

"' I-
o .. 
"' > 
<t 
;< 

TIME ( I ms /div. ) 
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Rm 
1. 6 

1.5 

lA 

1.3 

1.2 

1.1 

Pi g . }. Dependence of the 

instability on mirror 

ratio 

field strength lImax at the mirror pointe is kept at 1 . 5kG. 

However , the phenomena do not depend on its etrength if a. is 

fixed. Pigure 4 shows the r adial profiles of the plasma 

density no ' the space potential ; (deterai~ed by the emissive 

probe), and the fluctuating potential". I t 18 found that + 
is located in the region around the maximum density gradient, 

where the radial slope of + is emall enough to negl ect the 

~oppler ehift frequency due to E~B drift compared with the 

observed frequency. The azimuthal phase measurements 

indicate that the instability rotates with the mode ·m_l in 

the directi on of i on diamagnetic drift. The pbaee be tween 

the fluctuat i ons n and • is almost +~e same. 

The observed instability i e very sensitivB to the mirror 

ratio and the amount of trapped ions. It cannot be explain-

ed by the flute instability or the normal dritt instability. 
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ELECTRON BWt FUSION TARGET CG'ERlMENrS 

M. J , CIllWler. S. A. Goldstein , R. J. Leeper. C. W. Mendel. L. P . Mu, 
J . N. Olaen, F. C. Perry, &!Id A. J . Toept'er 

Sand1a Laboratorin 
,ubuql.lerqUII , Hew Mexico 87U5 U. S. A. 

The inter'!-ctlon ot intense relativistic electron be!lmll vith rusion 

targets hila been IItUliied ulling 11. variety ot dlf\goostic technique, . EnhlUlced 

electJ'Qo bum deposition in thin shell t arget. wae observed on the If¥dra 

accelerator. RellUl.t, ot t'1r.t target uper1zeats on Proto I ax-e ~.ented. 

An 1Japortant a.spect ot the particle be .... t \l.doo progrlllll at Sand1& Lab. 

orator1ell 18 the lnvest.tsat1on ot the phyl1clI ot 1.a!plod1ng systems. Electron 

bem driven implodon exper1JDents have been performed in both cyl1l1dr l cal. ao4 

spherical. 8e01!1etriea. From observat ions ot neutron yield trom spherical. 

twlien targets &!ld eonelation or tbue lIIII~ts Yith the d.llultaneoua 

detenr.1.nation or pellet "s.perature, aymletry or irradiation ao4 other macro­

Icopic pellet plU'ametera. eonsiderable lna1&ht into the dyntmics ot tile 

implodon CM be interred. Thill lnf'o.".a.tlon la coarpl.l!mI!nted, by information 

g&ined by IItudying lmplolliona in cylindricllJ. gea-try which permit que.t1ollll 

relating to prolaher integx-1ty and stab1lity to be ..:Ire c:are~ invut16ated. 

In thill paper, recent uperiJMnts de&l.ing vith the !=plosion ~ce ot 

tl.iaion targets 1n both geometries are dellcribed Md a.reaa ot tuture ilJVllllt~ -

gat10n outlined. 

Spherical. Target EXper iments Preliminary t arget experiments involving 

the irrllod1ation &Dd C<QPrelllloo ot DT gaa in a spberical. target he.ve been 

pertormed on both the !lylb's (1.1 MY, 350 kA, 30 kJ) and Prato I ( two beama, 

each Vith 1.8 MY , 230 ItA, 10 kJ) accelerstorl. Exploding puIIher target. 

veri choueo tor the ini tial. experiments lIince their laIrer masll would pllrmit 

hialler specific energy 4epollition. 

The runt Hydra target experiments UIIed 0.8 II1II di~, 10 uII val.l Hi tar_ 

geta 1DOUllted on a atalk in the ceoter ot a gx-apbite fIDOde vith a 12.7 CID 

diam tapered hollow cathode . X-rlliY pThhole photoe;raplly, optical. holograp~ 

and time-or- fiie:ht (TOF) neutron detectou vere III!Iployed I.B dillllnolltica. 

The x -ray pinhole photography indicate,} that the peak current dellllitie. 

_re l ellS than 1 IIA/al on &l.1 the IIbQtll, lf1th the current denll1ty in the 

region ot the target typically a tactor ot 2 _4 'be law the peak. Optical. halo-

gx-aphy indicated energy depoll1tioo correaponding to 5-8 TtI/8J1l or ro\l&hJ.y 

an order or III!I8nitude above t hat expecte d !'rOIl! parllJ<1al. electron tltnl at tile 

IIIIIl.Bured current den.1tiu; ho\leV1:!r, the enhancement la io good aaree.ent 

vith a PlC code calculation ot beM! tlov in a Il1&b v!y diode. l The TOF 

neutron detectors 1ndicated < ltJ6 ca..p:relllion&l. neutroDJI . To provil!e better 

coupl1n,g to the lone: pullle ot t he Hydra accelerator, 3 IMI d1114 uplCJd1na 

pusher Md. Elhlstively driven ta.rgets h&ve been deaigned and target exper i ­

lllllllta &re beginnine: . I ncre.aell in the Hydra current denllity ot tactou ot 

2-4 hSve alllO been obtained and the outlook ill good tor the generation ot 

eompreslonai neutrons. 

The Proto I ta.rgeta were 1 . 5 am diM! gold spherell tilled vlth D'l' gss 

havine: a mass ot 30 to 60 me . Tbe pellet, vere lIIOunted in the centar ot a 

thin &l.Wlinum lIllode whiCh 11&11 posltioned on the mJ.dplane between 2.5 CII 

diam tapered hollow cathodell . The IIIII1n diagnolltica included x-rllQ" pinhole 

PhOtosraphy, optieal. waveleDgtb emLssioo meaRUrUll!ntll and mJ' neutron detec_ 

tors . For these experiJaents, total. energy to each cathode ...... 5-7 kJ . The 

pinhol e photographll indicated asymmetric target irradiation an4 radiation 

IleSll\U'emeota itQplied pellet temperatures ot a tev elec:tron volts . No cam­

pl'l!!ssiooal neutronll were observed . A po.uible cllllse ot qyJIIIIII!tric tUget 

1rr&4iatloo ill believed to be due to poor grounding of the target. Recent 

diode work 00 Proto I has resulted in an increaae ot 50-looS i n tne total 

energy WhiCh can be deliver ed to each cathode Md improved ItIeIlllS of providll18 
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irradiatlon &re beine: devoUoped. 

Cylindrical tmplosionll Conllider able attention hall been tocused on the 

stability and intqrity ot the puaber in inert1al. confinement pellets. MallII 

ejectlon tram llhocked surfaces.
2 

llback_driven inIItabllitin3 and R~le1gh­

T~l.cn' inIItllbilltln4 have been al.J. conaidered U pOlIsibl e l..lJIl1tatlons to 

achieving l116niticant thermonuclear yields . AlthQUgh the RlIQ"leigh-Taylor 

inst&b1llty is believed to dcminate tn. pIlaher stability near the t1JDe ot 

peak COIIpl'eaaion , no clea.r picture ot the nonUnea.r development hall been 

obtained. A .1.nale aole 8D&lys1115 iDd1clltea the puIIhe:r will dl.aeaembl.e by 

iD,jecting IIII.BII into the tuel vo11111111; Iu;Nev1!r , it one allllUlDll. a IlpectnJ./II ot 

waves 1s generatel! . 6 mode coupUng adaht contribute to a t urbuJ.ent apectnJ./II 

causing the lnatability to saturate at a ..... cb reduced level. To look at 

thill inIItllbUity probl_, effects ot irrMiation ~try, and the ponible 

ejection ot material tram llback lIurtacU, 1.m:plollioo experiments were per_ 

tormed in cylin4rlcaJ. geometry to penDit axial optical IIlld x-r..,. disgnnatics . 

Preliminary Jllell6url!l!ll!nts oC this tYJll! show' the ettects ot irradiation 

u.n.ttormity on the implosion. Figure 1 abowll holographic interterograma made 

at c:yliDder. imploded by el.eetron dapoa1t1oo on. the ltY~a accelerator. 

The eJ;pc>~1I in botb e&llu vere made at _ 28 nil interval. uing a PTM 

ruby lIIser he.v1ng a 4 na FWllM. Figure la ahcnnl the !=plolion ot a thin 

plastic cyl1nder which 111 unitormly (to about 1~) irradiatad. In thia 

calle , the !=ploll1on proceedll to an al.aIolt e1rcu1ar IIhell near the u:ill ot 

ran,ge ) cyU.n.der, which V&II irradiated. vith a front to back aIIyaDlltry ot 

11on. Althoueh one might have expected the implosion to torlll a pancake 

.h&ped core , the converging pl.&llllle. 111 observed to torm a jet vith peak-

!'rlnge ""loc:it 1e1l ot 1.5 - 2 ca/V-sec, 1.0 contra.;t to tbCI body ot the pl.ama 

wtlich ill moving at _ ~ ot this velocity. ThUII, tile tJ.nalll'tate to~ the 

tIlel i n a CDrHspond1ng lIpherieaJ. implosion 111 a toroidal llhaped plasma at 

relatively l ent deDllity and temperature - one which 1IO\Ild not be expected 

(b) Ablatively Driven (Ho.o-unitor.) 

FIGURE 1. Cylin.dricllJ. lIrIplodonl 
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The Dynamics of Mirror-Confined D-T Plasma· 

T . K!l/IUIIash and D. L. Galbraith 

University of Michigan 

Ann Arbor . Michigan , U. S. A. 

~; A time-dependent point model utilizing the particle and 

ene rgy balance equations is used to study the dynamics of a mirror­

confined O-T plasma. A modified binary collision theory to repre ­

sent the interaction among the various species and an appropriately 

constructed 1088 cone distributions are used to generate the plasma 

parameters of interest . The results are then compared with the 

more accurate and extensive Fokker - P!anck calculationa and it is 

shown that they compare very favorably. Because of potential ap­

plications to mi rrors with parti ally closed field lines, the 

effects of beta, i njection angle , and the ambipolar potential on 

con t inement and power production are examined in detail. 

In an effort to enhance the Q (ratio of fusion to injection 

powers) value for mirror-confined plasmas s everal ideas have re-

c en tly been advance d among whiCh the concept of field reversed 

geometry appears to be attracting special attention. In this 

paper an effort is made to assess the effect of partial closing of 

the field lines with the implicit assumption that such a geometry 

would contribute to higher betas (ratio of plasma to magnetic 

pressures) a nd a reduction in the ambipolar potential. The par­

ti c le and energy balance equations tor all the species of a D- T 

plasma are use d assuming no spatial dependences and utilizing a 

modified binary collision theory (1) to represent the interaction 

among the various speciel! . For the electron confinement we use 

the results ot Pastukhov(2) while for the ions we follow a 

procedure described by Carlson 131 tiut modified to incorporate loss 

cone distributions. I n order to make use of the MalCWe l l ian fusion 

reaction rate<rr V)we employ the procedure described by 

Ruo Petravic, Petravic and watson(4 J for expanding a function in a 

series of MalCWel lia nB and ca l cul ate the appropriate averages for 

the loss cone distributions . For brevity the detailed mathematical 

d eve lopments and equations are omitted and only the reaults are 

presented. 

A computer c ode is us ed to solve the equations in question 

and several important plasma parameters are calculated . It is 

shown that the above simplified, semi-analytic theory produces 

a lmost identical equilibrium results to thos e Obtained by the 

elaborate, expensive and purely numerical Fokker-Planck calculations 

as shown in Table I. 

Table I 

Plasma Mirror Ratio _ 10 . 0 
Ion Injection Energy 100 key 

D- T- e Plasma D- T- e-C>( plasma 

Qua ntity 

Density (Cm -5) 
Deuterons 

Tritons 

Alphas 

Electrons 

Present 
Results 

1. J20xlOlJ 

1.320xl013 

2 . 64 xl013 

Ave Esc3pe Energy (kev) 

Ref (5) 

1. 32xlOlJ 

1. 32xlOlJ 

Deuterons 47.05 45.4 

Tri tons 

Alphll.s 

Electron s 

Plasma Potential 
(kev) 

47.05 50.0 

52.43 55 . 2 

43 . 03 45.5 

Present 
Results 

1. 4l0xlOlJ 

1. 4l0xlOlJ 

7.44 xlolO 

2 . 835xlOlJ 

54.52 

54.52 

68.89 

6 ... 00 

53.83 

Ret(5) 

1. 4lxl013 

1.41xl013 

3 . 00xlOll 

2.90xl013 

51. 8 

57.4 

277.7 

68.2 

57 . 0 

. 
o 

, 
• 

• 

, . 
0; 

• • 
• 
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The major discrepency appears in the a l pha particle results 

and this sterna from our assumption that the slowing down ( - supra-

thermal~) alphas constitute a negligible addition to the ftthermal ~ 

alpha population . Some of the interesting results are shown in 

the accompanying figures where figure (1) shows the de pendence of 

the confinelflent parameter (Nr ) 1 the figure of merit, Q; and the 

ambipolar potential on the in jection angle . It is seen that the 

Q val ue is not drastically affected as the injection angle is re-

duced from 90 to about 700
• Figure (2) reveals that no dramatic 

changes will occur in. Q and (Ht ) until very large values of beta 

a re attained at whiCh point the classiC31 confinement commonly 

used m3y become ques tionable • . Figure (3) shows .also that no sig­

nificant gain is achieved in Q and (WC ) as a res ult of dras tically 

r e ducing the ambipo13r potential. It must be kspt in mind that 

the last result bears n o implication concerning the reversed 

potential of the· MTandem Mirror" concept. 

·Work supported in part by U. S. ERDA and in p3rt by EPRI 
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MEASUREMENT OF CURRENT DENSITY DISTRIBUTION 

IN A HEGAJOUlE PLASMA FOCUS DEVICE 

C. Coul'lan, H. XroBgZar , Ch. NaiBonnier , 

T. Opp.nl~nder+ . J.P. RageI' 

Associatione EURATOM-CHEN sulla Fusion£' , Centro di f r ascatf, 

C.P. 65 - 00044 Frascati, ROlle . lta ly. 

~: Ha gnetic field Ineasurements i n a l arge pla sma fOCllS 

show that part of tile cu r rent flows along the insu lato r. In op ­

timized devices , this curr ent derivation alone ac count s for the 
observed neutron yie l d. In non - opt fmlze d devices, other (unclear) 

mechanisms redu ce f urther the neutron yield. 

1. Introduction: Among the vari ous electrode geometries realized 

for t he Frascati 1 ~lJ plasmd foc us set-up in order to obtain th e 

best possible neutron yield. t wo of them emerged as the best per­

for mers so far.' They are: ( 1) a large diameter (370 mm ) small 
length (350 mm) sy s t em , op t im lzed at 250 kJ (20 kV) , yielding 

re gularly more than lOll neutrons per s hot at this energy leve l , 

and , (2) , a sma ll di uete r ( 160 mm) To ng length (560 mill) system, 
opti mized at 500 kJ (2a kV) and y iel ding 5 ' lOll neutrons per 

sho t. These res~lt~ hy a factor of 4 below the notor io us scal­

Ing laws (1 ) and a factor of 2 below the bes t results obh ined 
on othe r large energy facilities(2) ,(3), It is . sh ow n in the fol­

low i ng that t ile l i mitations in neu tron yield in tlle se optimized 
devices are due essentiall y to a continuous current derivation 

a l ong tile in sula t or . On the otller lIand , It is clear tllat in .ost 

otllers situations (In part i cular wllen t ile yoltage app lied to the 

two set- up under discussion is i ncreased ) , the ne utron yield is 

fUrtller limited by o t her phe nomena. 

2. Magnetic f ield distribution In a coaxial gun optimized at lOt! 

energy level: Small magnetic probes lIave been use d to get an 

accurate mapping tr , z) of th e mag netic fie ld in the large diame! 

er , short lengtll coaxial plaSMa gun (Fig. la) operating at the 

low energy leve l (250 kJ , Uo • 20 kV, 'Po ~ 1,5 Torr 02) for which 
it is opt imi Zed. The validity of the probe measurements has been 

ascertained ca r efully , In particu l ar by checking th~t the catllo­

de r eturn current deduced froll the Bo tr ) profile by radial in ­
tegration frOrl r "' . ... is equal to the anode current ob t ained 

froa BO ",easured near the anode. It Is observed that the gene.!, 

a l perfo .r mances of the gun, as we l l as the detal)s of the . ag­

netic field distribution and correla ted cu rrent dens ity distri­
bution, sllow out slnllari t les and di screpa nci es depend ing on the 

In su lator material (Pyru., alu .. lna gg, 7'1 pur i ty ) . 

A) For both kinds of i nsu lators , tile optiai zed neutron yields 

are nearly i den t ical , and tile mapping of the magnetic f ield 
shows tile existence of a current de ri vatio n i n the i mmed ia te vi ­

cin i t y ' of t he I nsu lator ( Fig . 2 , 3). This cu r r ent i nc rea ses rlo no­
ton i cally witll time up to maxlrnum comp re s sion (Fig. 4). It a/OOunts 

tt) ~bout 650 kA out of th e 1.45 HA total current at pin ch time. 

The remain i ng 80 0 kA fl ow ing In the pinch justify very well the 
neutr on yield of the facility, considering the scaling of the 

neutron yield as a f.un c tion of th e pin ch cu rr ent (For instance 
the very performant Frascati MIRAPI ex pe riment yielded 1011 neu­

trons pe r shot at 100 kJ fo r a t otal pinc h curren t of 900 kAl. 
Tile couiDl cavity behind the main current sheath i s f il le d with 
a background plasma , as evide nced by the dif ferences i n th e 

sha pe of the dB/dt signals I S a function of z at a given radius. 
Up- to the time of IIIB xlJlum cu rre nt this plasma carries no appre­

ciable net cu r rent . 
B) With a pyrex Insulator, tile magnetic fi eld distribution is 

characterized by tile fo ll owing fea tures: 

Be Is i ndepende nt of z, up t o the thle of maxi . um current (e.g. 
jr .. 0 e ve rywhere ); 

Be(r) .... r- I In tile I nn e r lIalf o f the cllanne l; 
the current sheath along the Insulator is l e ss than 3 mm thick 

up to t ile time of tile maxlmUIII current , an-d te nds t o thicken 
during tile Implosion phase. 

C) With an alumlna Insulator , tile characteristic fea ture s are: 

a magnetic field distribution Iden ti cal t o that found with 
pyr(! x in the region above the in sulato r; 

in fr ont of the Insulator , the Bet r ) distribution co r responds 
to that created by the s upe r posi t i on o f a di stribution Identi · 

cal to the pyrex one, plus a demagnetizing current lo op 
(Fig. l b) of total thickness 2-3 cm. This feat ure pers ists 

steadily during all the run-down phase . The associated z-cur.­

rent, deduced from the Betr) profile, is in i\gre(!ment ·wltll tile 
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r- current deduced from the Be(z) profile and aMounts to .. 300 kA. 

3. DiscussiOn: Fr om these measure.ents, It Is possible to evalu! 

te tile a ctual value of the gun Inductance l; if J aheat.h designs 
the intensi t y of the r e turn cathode current and U the voltage 

drop icross the insulator, then l "' ~ (neglec.tlng s heath 
'"'ah ea t.h 

r esistance). At the ti me at which the current sheath reache s the 

end of the gun (easily identifiab l e on the scope traces) , this 

Inductan ce agrees well with that determined geometrical l y 

('" 17 nH). Assuming that the same app l ies In tile case of the 
sma ll diameter head referred to in the Introduction (for which 

probe measu rement s turned out to be practically impossib l e), fr om 

the geometrical inductance we can Infer the value of J&heath at 
the previously def ined t ime. It r es ults tllat the c urre nt derivat­

ed ol ong the Insulator has a minimum val ue of 0,5 MA. Assuming, 

as obse r ved on the large diameter head, that this I ns ulator cur­

rent does no t decrease during the Imp l osion phase, we find a 
max i mu~ possib le pinch curre nt of '" 1 , 5 MA which would once mo r e 

agree we ll with the observed neutron yield, ass uming an I' scal ­
ing. Howeyer, It is to be s t ressed that this simple mechanism of 

current derivation does not account for the neutron yield limit!, 
tion In many other sltuat_ions. In pa.rtlcular, the Impossibility 

to establish a shot to s hot correlation between neutron yhld 
and pinch current demons trates the i.portance of other physical 

phe nomena. 
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ENERGV EXCHANGE BETWEEN COHERENT RADIATION AND FAST 

eLECTRON seAM 

L.kufe,. ,3.Kortdn 

In stit ute of Radio Engineer!ng end Elec t ron1~,CZ8Cn08 1ovek 

AcadeDy of Science l,Lul uebovl 1,180 88 Prague 8,CSSR 

Abatrlet ;Tn~ cOlllputer analys 18 of the stimulated energy ex_ 

cheng' between planar wa ve and about lOMIV electron belm 

ha. ahown the po •• 1bil1ty of ba •• acceleration by coherent 

radiation of 1II!11Dlte. wavelength. The amplification of the 

p ••• ing w.ve ha. be.n found alao po.eible. 

l.Introduction 

early .tud! • • of the atiDulated photon_electron :8Clt_ 

te!"1ng heve .ugg~.tad the e l plificetion [IJ or f requency 

conver e ion [2] of coherent light in the direct relativistic 

electron b ••• • 

The paper .howI l ame r •• ulte of COMputer etudy of the 

energy exchenge with the dominating forward scattered mode 

Without frequency ah ift . Thia ~ode exhibit a gein with incre_ 

aeing electron veloci ty end ita st imula tion i a no t limited 

by tha diepe rSion in elect ron velocity . Se lect ive ecattering 

is achieved in beeDs heving energy of an order MeV or high_ 

e r anergy. The ~echanie. of energy t ren afe r can be explainad 

by the effect of pha ae shifta between -the pessing wave end 

the b8a~ _adulation. The beam ene~gy loss and cohe r ent power 

ge in calculauon ne ede the detail analyl1& of system dy_ 

nallliCS. 

2 .Resulta of computer enaly~i a 

Eliciting I'lonor 
wo ve 

Inl eroc/ ;on length 

" \ 

Fig.l The mode l of field_beam intaraction 

Th e model ehown in Fig .l. hee been deecribed bye eet of 

pertial diffe rent ial equatione,which wera for the eteady_ 

et ate tranaformed into a eet of fift een ordine r y nonlinear 

differential equa tion a .The boundary conditiOne ware detar_ 

mined at the incident interaction bounda r y z_O.Wa celculeted 

stationary component ,amplitude end pha ee of electron velocity 

and concan tra tion .o f the t ran ava rse elactric and magnatic 

fie ld snd of the induced longitudinal elactric fie ld. Fine-

lly.the apread of e l ectron velocity end the coh e rent power 

gain wa a determined. 

For the computar ca lculation were t aken follOWing bea m 

and excitatiOn parema~ars: 
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incident beam energy 

incident electron concantration 

W( 0 )_2 upto 10MeV. 

N(0).ib18 upto 1020m-3 . 

electriC field aeplitudo of 

exciting planar wave 

angular frequency 

E
O

(0). l07 upto 10lOVm- 1 • 

"'.1012 upto 1014e-l, 

In above range of parematers both the beam acceleration 

v (z) 
[M.V] G(~ 

, 7 

\ G(l) ,- , 
\ I \ Oil \ I 

\ ~M I \ 
7,6 / 

\ / \ 
\ / \ \ 

7~ \ \ 
\ I \ I 
\ / \ / \ 
'-/ 

,~ 

l,'·j;-----;---r---T---::;;---~-_;;\; 
510 20 2528 

- ,[,,'ml 

Fig .2 'Oapendence of ·tha beem energy,W,and of the coherent 

power gain.G.on the dietance from interection boundery: 
20 -3 9 _1 1 12 -I W(O)_7.575 MeV,N(O)_lO III .Eo(O).lO Vm • "'_ 0 8 

and radiation amplification was ob ae r vad . Fig.2 ahows the ax_ 

ample of bee_ accelaration.froe Fig.3 the amplificetion of 

paeaing wave ie evident. 

GC 

2,. 

2, 

1,. 

1,' 

1,00 

""0 " .. 
Fig. :) Co herent powe r 9ain for \'/{O)_ l O MeV. N( 0).t02O .. - 3 , 

E
o

(0) _109vm-l, (,I_ 1013e- l 

(lJ L.Kul!:era.J.Kon'n,Proc .of \·IELC.1 977 ,Mo ecow ... 

[2\ R.H.Pantell,G.Sonc1ni,H . E. Pu thoff .IEEE J . Quantum 

electron. vo l.4.pp. 905- 907 
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LOCALIZA.TION OF A HIGH_POWER MICROWAVE ABSORPTION IN 

THE CYLINDRICAL PLASMA COLUMN AT WLH <.< l.) ~ Wee · 

Institute of Plasma Physioa , C~eohoalovak Acade~y of Soieooes , 

Nade~lynaka 600 , 1 80 69 Prague 9 , Czechoslovakia 

Abstraot: This paper peaoribea experi~ent8 which make possible 

to doter~ine the placo of the absor ptioD of u1mag waves in cold 

(Ta: S_10 aV) not fully loniZ~d pla8~a oo l umn at ~(e/w =.1 and 

t.!ce/GJ > .1 

Basic assumption of a suooessful utilization of olmeg waves 

absorption t or the additional heating of a hot magnetoaotlva pl~ 

ama ia t ha t the energy of olDleg waves wa e absorbed i n the whole 

vo1Ul11o DC pl.aallla. Unf'ortunately lIIany Gxperiments , seB e. 6· t il , 
show that olmeg wave. do not penetrate into the whole volumG of 

pLasma beoa~e t heir energy ia atrong1y absorbed aLready on a 

surfaoe ef the p1as.a 001umn. Sinoe such surfaoe absorption oan _ 

not bo used for additiona1 plas.a heating to te~peratures neoea -

sary for i«nition of the oontr011ed fusion it is very important 

to study the localization of e1~ag waves energy absorption in 

the cy1indrioal p1aama o01u.n. 

EI periment: In our expsriment e1mag waves ( f: 2. 15GHz, Pino~4kV) 

were fed into the straight glass discharge tube (f int : 72 mm) by 

means of a he1ioal slOW- down struoture ( pitCh of the h e llx s ~lO 

mm) plaoed outside th~ disoharge tube. At ~ = 1 the plaema was 

genera ted by the eleotron oyc l otron absorption of the inoident 

power (r s 2.J5 Gllz). At G.lc.efw>l the preioni:l;otion was used. In 

this case the miorowave power (f:2 . J5 GHz) was absorbed in a pri_ 

mary p1asma genorated bY the second helica1 struoture working in 

C band. The Gean eleotron p1asma density was measured by means of 

an 8mm miorowaVe interferometer. The Govab1e probe whioh enabled 

to measure radial distributlons of saturated ion ourrent , float_ 

ing plasma potential and axial component Ez of the eleotrio field 

of an i n oident wave ves placed insid e the d ischarge tube . Experi _ 

ments Were oarried out in an almost uniform magnetio field£Bo /Bo= 

~0. 05. The devioe operated in a pu1sed mode with repetition fre ­

quenoy 50 IIz. The working g a s was argon. 

The main result o f Our experiment is given in Fig. 1 . This 

f~gure s hows distributions of seturated ion ourrent in the argon 

plasma (p=0.7 Pal at Wc~,. 1 (Fig. la ) and ~/w ::= 2..2 (Fig. Ib ), 

the parameter of ourves is the mean electron density. From Fig . 1 

it oan be 0 1 0ar1y seen that 

1)for both magnetio fie1d s radia l distributions of tho density 

have a minimum on axis and two expressive maxima on the peri p -

;)tery ; 

.. .. 

,~~ .,. 
It 0 J.t 

_ '[NI"'] 

Fig. la 

" 

n.' .. .. 
\...0~.If_- 2." 

. " 
- .[", ... ] 

Fig . Ib 

.. 
',' 
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2)the ratio of density in maximum and minimum varies in dependen_ 

ce on the mean e1eotron density; the .aximum ratiO is for both 

magnetio fie1ds approximately the same and equalslN-/N .... )_ .-l 

J)there are oertain densities (N/ No)mean= 4,5 at ~/'"' : 1 and 

(N/Nc~mean: 60 at ~"W = 2.2 when on the axis of the discharge 

tube tbe third Daximu~ occurs and the radial distribution is 

almost homogeneous; tbis faot is probably ocnneotod with a geo_ 

metrical resonance o f the p1as~a oolumn; 

4)for (N/No)mcan~ 5 the ratiO NmaxiNlllin deoreasell. 

These oxperilQents c l ear1y shOWS t hat both in the rflgi lll e of 

olectron oyol otron l'050nl1nOe ~ "" 1 and at totrlJ> 1 t h e energy 

of elmag wave s fed into a p1a8111a density of whioh . N/No"> l ia ab_ 

sorbe d predom1nant1y on a periphery of tho p l esma oy1inder. 

Very important information about the plaoe of an absorption 

offera a1so Fig . 2 . Thi s figure ahows t h e radial di.tribution of 

E
z 

oomponent of the wave entering the plasma , the fleatin~ poton_ 

tial Uf{r) and the lIaturated ion current i+(r). It can be aeen 

that inoident wave is strongl y attenuated Just at t h e periphery 

of the plasma cylinder and it penetrates to the distance oca 1-2. 

om from the plasma edge onl y. This strong damping of the wave ia 

accompanied by the formation of negative spike. in the distribu­

tion Uf{r) and by an i n tense increase ef the plasDS den.ity with 

expre"sive maxima the plasma periphery . Negativo spike" , lnd i -

eating plaoes of the g eneration of fast electron. , oocur in a rO _ 

gion wh ich is respon8ible for the .strong absorption et the inoi ­

dent wave. From t h o l i near theory [2] and exp erimental re.sultsll] 

fol10ws that this region 1ios in t h e vioinity of the p l asma fre ­

quenoy. Therefore it is quite understandable that if the maximum 

plasma den81 ty increases above (N/Nc)max" 1 the plaoe of absor_ 

ption vi11 shift from the a xis of the plaama co lumn to ita peri_ 

phe ry. Such shift can be c learly seen in Fig. J where distribU_ 

tion s of Uf(r) for tbree different densitiea are given. 

" 

.... . a:on : p .. Il.IJ I>~ 

___ . [mnll 

Fig . 2 

"'./", -2,14 ; ,_0., ... 

.. .. • le 20 
_ .(mm! 

Fig. J. 

Conolusion : Experimental ly was shown that atG.l~ "W andG.l~"""",","lJ<e 

the absorption of e1mag waves in the oold partially ionized plaa ­

ilia density of which {N/No)mean> 1 takes plaoe first ef a 11 on 

the periphery of the plasma cylinder, Sueh aituation is for an 

additional plasma heating obvious ly i nconvenient . The effic ient 

heating of the plasma colu.n requirea to shift the r agion of ab _ 

sorption from the periphery to tha axis. It oan be aohieved only 

in the case when t h e maxilllum plasma density will be (N/No) lIInx~ 1 

for the electron cyc10tron absorption and (N/No)max""" 1 for the 

absorption at lJ LI; ...... l.) ~ Wee' Only in tbi. case an effioient h e _ 

ating of the whole volume of the pla"ma oan be expeoted. 

The authors wish to thank L. Dirdo i fer helping with the ex_ 

perimonts. 

[11 H. Porkolab et a1.: Plasma Phys!o" 1 7 (19?5) , 405 

( 2] V,L . Ginz burg: Propag. of o lmag waves in Pl . , Hoaoow 1964 

[J) V. Kopecky , J. HusH, F . ~i~ek:' Phys.Lott. ,5OA ( 1974), J09 
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DYNAMICAL STAnrLIZATION OF 'nIETA AND COMBINED PINCHES 

BY A LONGITUDINAL HF CURRENT 

G"O. Zuk .. ki.hvi~i , I.F. Kvart"kha VIl, E.K. Tikhanov 

Sukh umi Institute of Physic8 and TechDoiogy of the State 

Committee OD Utiil~ation of Atomic Energy , SukbumJ. , USSR 

It has boon s hown ln Paper / 1/ that ~ a oombin e d pi n ch 

for the lon8itud~nal ourren t e~oeeding Kruskal-Shafranov 1 1 _ 

lII:1.t , t here 6r1sos a MlID i nstabi l ity with 111=1 lIIode and ,.\ : 2L 

wavalength. In Paper /2/ , the ~elilllinary result. On . tabili _ 

zation of t his instabiiity by a longitudinal HF ourrent Were 

reported. Those roa ult. indicated that t he l~ current does not 

oOlll pletely penotra te i nto tho r egion of a dense pla sma column, 

but pBrtial ly f l ows through a rarified wall_side plasma. The 

praaon t re port gives t he re"ul.ts ,or i nvestigations of the the ­

ta_pi nob iongi tudinal magnetic field i nfluence on the HP cur _ 

rent radial distribut icn. Tbe reaiizability of the dyna~ioal 

atabi l ization of a "rotatory" instabi lity in a theta_pinoh 

~itb an inverse trapped ma gne t io fi e ld is indicated. 

The experiments ~era c a rria d out in a devioa deaoribed 

i n / 1, 2/. The d iame t er oC a quartz discharge chamber is 6 , 50m. 

In a coil with the l ength L;210m , tbe Cield Kz=65kOe has been 

generated . The l ongitudinal ourrent in a zeta_pincb is IzE5 -

50~. Zeta and tbeta pinchae ~era turned OD si~ultaneouslY in 

a plasma prehaatad up to 3eY and had equal period s T:1 9 f seo. 

Plasma parametars have baen determine d basically by tbe tbeta_ 

p inoh sinoe K2»lt~ , and at the initial. deuterium preesure 

P =8. 10-2torr~ the par ameters wer e ; n =10 1 7 0m -3, T =100 aY o •• 
and T

i
=400 aY. 

The HF ourren t peak_to _peak value I ~as 25kA, its Cra _ 

que n oy being Ws"'(3,8 _4 , 7).1~6seo -l. In o~der to meaSure t he 

l ongitu dinal ourrent distributi on along the disoharge oham _ 

bel' r a diu S , magnetio probes and two Rogowsky ooil s have been 

u sed. One oC the ooil s mea sure d the total ourrent I while 
n 

anoth e r one mea s u red the wall_side ourrent Iom' T he wall_si de 

ourrent measuring ooil wa s intr oduoed into the o hamber by a 

quartz tubing with the diameter of O, JClll , to the depth oC 

l , 5clll. After the fa s t oompression phase the be lt was l ooated 

outside t he plasma oo lulZlIl. 

Fig. 1 representa tbe traoea o C 

t he wall_ side and total HF currenta 

Cor two vario\lB ins tants oC IIF oOn_ 

tour s~itohing with respect to the 

onset oC theta pincb (the total HF 

ourrent traoes are s ynohronize d 

with the ourrent in the t heta_pinoh 

ooil). It is obvious that at the 

end oC the Cirat ha Lfcycle oC the 

HF oontour, the breakdown ocours i n 

a wall_side region . ACterwa rds , tbe 

I~ ourren t distribution o ver the r8- Fig. 1. The ta _pinoh with 

a l ongitudinal HF cur ­

rent. H = J5 kOe 

period (i. e. , when 

dius depends on the magnetic field 

alllplitude (!l
z

) and i ts deri vative 

(Oz)' On awitoh i n g the I~ ciro~i t 

during the Cirat quarter oC IIz Cield 

8z> 0) , af te r the b r e a kdown, the IIF current in the wall_side 

region is absent till IIz ma%illlUm Bnd appears again when II
z 

dilllinishes . With t h e HF circuit turne d on at II
z 

aa%imum o r 

its fall, the ourrent Clows i n tbe wall_side r egi on all the 

time, while the ~all-side to total curre nt ratiO increases 

~ith tha time (Fig.lb). Thus , at il
z

> 0 , the HF ourrent dis _ 

pla?es to~ards the axis into the plasma col umn region , ~hile 

at 11:.;< 0 , it displaoes towards the oJw,.mber wall. Vhen the 

pealKo_ peak value of Kz is inoreased up to 65 k Oil t he pat _ 

tern does not undergo any c banges (Fig.2) , but the HF our_ 

r e nt value in the wail_side region re duoe s in acoordanoe 

wi t h the results Crom /3 , 4/. 

In a oombined pin cb , the quasistationary ourrent Clows 

in the dense plas ma oolumn region ~hile the HF current under _ 

goos radial osoillations (Fig , 3). During those hslfoyo l es 

when the direotio n oC the HF and quesistationary currents 

oOincide , the ourren t d ia places towards the axie, whi l e du_ 

rin g o ppoaing halfoyoles they displace towards tbe disoharge 

oho mber wall , As 0 result, a singular effect of r eotifyin g 

is observed during the l ongi tudi nal Cie l d gro~th s tage 

(ilz ) 0), (seo Fig.3a). In the pinch region a pulsing cur_ 

rellt flows (wJ.th t he peek_t o _peak valuo eIoeed:i.ng Kruskal_ 

ShaCranov limit) whioh l eads to the plasma co l umn destabi _ 
ll:.;etion, 
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Fig. 2 . Theta pinch with t he 

longitudinal HF cur _ 

rent. H = 65 kOe. 

Fig. j. Combined pi n c h with 

the longitudinol HF 

ourrent. II=J 5 kOe , 
I z = 7 kAmp. 

The eIper illlOnta1 data analyeill Showe that the sheil or 

a r a riried wall_aide gas where the HF ourrent r l o ws has an 

anomalous h igb r e s is tance ond undargoas r a dia l osoillations 

due to the a otion of the e l eotrodynamioal ror oe: 

f, . 2ITJ'[ j H • J (R • H )] rclr 
C , z z 8 8 , 

whe re tl and 11 8 are the shell thickness snd the quas ista tio_ 

nary l ongitudi nal ourrent field , r aapaotively. The induction 

ourrent ( J, ) orises a a a result of H # 0, Since thG pla sma , . z . 
c onduotanoe is low , J8 - Hz and e J8 II

z 
force at H

z
' 0 ia 

d i reo ted towords the axis , whi l a at II
z

< 0 it is direo ted to_ 

wards the chamber. I t i e easy to observe that the J~ c urrent 

displaoements ooincide ~ith the direotion of f j" H:.; force, 

Tbese relatively alo~ dis plaoements o C the Shell are s uper_ 

pose d by big h _freque noy radial osoillat ions oaused by the 

aotion of f- J;, (iT,,' .f. H
8

) Coroe. 

Thus , the HF ourr ent flows mainly along the s hell o C a 

r ar iCied wall_side plas ma ~hich undergoes radial oscillatio n s 

due to the HF ourrent peak _ to _peak value , the longitudinal 

ma gnetio Cield ond its derivative. 

o 
6 
fJ 
2 

Fig. 4 . The ta_ pinch with an invers e trapped magne t io Cield, 

The instants oC tbe !IF ourren t switoh i n g are in­

dic oted by arro~s. 

Fig. 4a shOWS the rotatory instability in the theta_ pinch 

wi th an inverse Cield. The HF ourrent turned on stabil izea tbe 

rotational insta bility , the aCCeot oC stabilization being bet _ 

ter Cor the HF circuit turn ed on immediatel y e Cter the the ta _ 

pino b disoharge ignition (see Figs.4b,c,d), It is ratber diC ­

Cic~t to give deoisive definitions or the stabi lizstion me _ 

obaniem at present. 
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HEATING OF FOILS BY REB 

M.V.Bahikin,K.A.Bajgarin, A.V.Bartov , S.L.Bogoluy bski J ,V.V. V8811-

evakiJ,V.I.Llkeonov , V.I.Higiritakij,L.I Rudakov,V,P.Smirnov 

I .V.Kurchat ov Insti t ute of Atomio Energy , Moa cow, USSR 

The heating of tbin anode fOils when Z "~l by the recused 

elec tron beams allows t o produoe the oompre ssion and the beat _ 

111& of dene 8 plea_ / 1/. The lI.Ilode plea_ temperature DC 30_80 

aV bae bean reached first at "Trlton~ by ri sing tbe energy 

transfer to the ~.terial of a target through a high ourrent 

beam /2/. At the inJeotion of eleotr ons i nto plaa~ produoed by 

the explosion of a n ano de foil the oasnetio fleld of bea m pen e _ 

d ell' 
tratea approltilllate ly to the sk:1n_l.ayer depth ~ Y;,:(<5" , Tb!!! re_ 

aul t. in radia l Dagnetio drift of the beam eleotrone with a ve_ 

l ooity v,. .. f.e~~l 'i1-=' c· {I .; (r - healll r aius , ~ .. rlpr (KA) ) , 

in the inor eaae in eleotron denaityn- 21t'r~;rV .. = i!- ·hcand 

tha absorbed energy by a faotor of' 21/ 1;,. in oOlll pariaon with 

tha oal oulations done f'or the binary oolliaions. The thiololess 

of' a beat. d zone dependa on tbe de pth of' t he lIIagnetio f'ield pe_ 

netration . These es timations are oonfirmed by en exeot solution 

f'or tbe healD penetration iD tba range of .... « r. At -Tri t on b the 

lIIeaeured energy input per atolll of go ld reaohee 3keV /Z/. Both 

experilllent and oaloulationa s how t hat a oona iderabl e portion of' 

energy oan be tranaf'erred Crolll the anOde foil to a freely pe r_ 

lIIeahle abe l1 via the heatoonduotivity. The V'llooity oC poly_ 

etbyl ene p1aama atrongly de penda on the initial t hiololesa of 

the pol yethy1ene foil / 1/ (aollla 8. 10 60ms - l f'or the thioknea a of 

1 0 ,.,.-). The yield of' f'uaion ne utrona up to ,. 106 wa a regis tere d 

on the oOlllpreaaion end heating oC deutarium plaama by a spheri_ 

oal polyethylene ahe11 with a radius of' 2I11III in a 00nioa1 cavity 

extruaed in lead. The tillle of' fli ght meaaurelllenta of' the enorgy 

of' neutron. give 2 , 4~ O ,Z~ HeV at a ba,a equal to 2 , ZIIIIII / 1/ . In 

the de,dgn of a target the prea ' ure of plesma ia limite d by the 

ex~naion of tbe oavity walls whioh ia assential only in tbe 

f'inal ata ee oC heating aa p_r- 5 on adiabatio oomproaaion. The 

oOlllpreaaion ratio oC 10' wall &val.uated fr.olll 

tbe reaidual deformation oC the oavity 

walb . The ini'l.uenoe oC the!..r density on 

the beatins is proved hy tbe deoreaae in 

n e utron yie l.d by an order of magnitude ua ­

ins tbe oonioal oavity extrused in paraf'f'in 

A l.oa ll of e nerlO' dependent ' on the thermal. 

o onduotivity of' e l.eo trons exoeeda tbe power 

produoed by the lllu'inking ahel.l. at the e nd 

oC oOlllpreaaion at tbe expeoted parallletera 

oC plaama (T _lkeV,na202Zolll-],r _O, 2111111) and 

it pre vente the heating of' plasma in the 

prooeas of' oOlllpreaaion. Argon ie added to 

deuteriu. to reduoe tbe l.oases and to aati~ 

fy the f'oll.owin&" ratio [ "~ Z"ar ~ IOII.'r JJz 

oorresponding t o tbe lIIinimulII beat oon duoti_ 

NrutnJll Yield 
f\ ga~}, .. sure 

~ + ~otcrr 

10' " ~'fror",, 
-- ' , 

torr 
Fig. 2 

vJ.ty and brelllsstrabl..ng l oaaes frolll plaallla. The a.ximum of neu_ 

tron yiold versua argon ooncentration (Fig. 1) a grees with tbia 

eval.uation. By an inoreeae in thermal oapaoity and i n the radi_ 

ation l.oaaea the f'all. i n neutron yiel.d oan be explained both at 

h iSher argon oonoen trationa end at higher initial. donaity oE 

the oomproaaed gee (F:l.g.2). The y i e l.d of neutrOM does n ot ex_ 

ooed l~ of' the optimu. yiel.d if' t he pol.yethylene shel.1 10Cf'­

tbiok i a uaad ae wel.l aa wi thout any poiyethyl.e ne . Thua , the 

oomproa sion and the heating of plaslll& by a pol.yethyl.ene s hell. 

ia delllonatrated. 
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At Angara_I t he oathodea with a ahar p annular l.ug with a 

diameter of' 8M111 and a oonical oavity ?mm deep at the oentre of 

the lug have ~een u9ad. At the vo l tage 1 MY and at tba ourrent 

]30 kA the diameter of the f'ooueed beam ia equal to 1_2111m the 

ourren t denaity _ l.0_]OMAolll - 2 , power fl.ux denaity 101]Yolll-2 , 

tbe e nergy releaa a in a diode ia equal to l ?kJ /3/. The ourrent 

depends on a shape of' the edge and doea not depend 011 a d.i.atan_ 

oe between the plane s. No ohange we s obaerved after i noreaaing 

the distanoe(at the oathode diameter of 160m) from l. to ]OIll.The 

value of' ourrant equal to 3JOkA at the diameter of the obanne l 

aquaJ t~ 2mm eannot be oxpl.ained by the vaouum ourren t , it de ­

pends on the turbul.ent resistanoe of the pl.aawa ohannel. At the 

magnetio oonCinalllen t of' a pinoh f'ormed by a gaa of' re lativia tio 

e l.aotr ona tbe devel.opment of' turbul.enoy haa no obataol.e s aa a 

reault of lIIixing of all. the oao illationa on a amall aoale and 

the vel.ooity of ourrent 

oeed 0s -vel.ooity of' ion 

propagation aboul.dn' t oonsiderably ex_ 

sound (I:< IO~rrz. CA». WhenoC = ~ .. 3 , 
the va1uoa of' the ourrent are in good agreement with the expe _ 

riment. Th& d&oeleretion af'f'ioianoy of the high_ourrent bealll in 

thin f'oi1a baa been eval.uated et the 

irradiation of a target made of t wo 

bewiapheres with dif'f'erent thiokneas 

with a diameter of 4111111 fas he nad to 

'diff'erent sidea of an orif'ice in tho 

anode. The fron t fOil. haa been 5 to 

45pm thiok, the rear foil _ Z~m 

tbiok. The ime ge of' the f'oil.a hes Fig. 3 

been re giatered by X_reys in t wo pinhol.e oameraa under the angl.e 

of' 900 to the axia of' t he boalll. The phot ometrio imagea have 

ahown that when the fr ont f oil is 5~ thiok ita brightnesa Is 

oompar,bl.a with tbe hrightneaa of tbe 

rear t oil. (Fig.]). The go l.den foi l. 

ateam divergenoe dependent on the 

tbi okne aa of' f' oi1 Wl.dar the foouaed 

beam hea been meaeured (Fig.4). Tbe 

nu.arioa1 oor}'e.lation ahowlI that the 

telllperature of' 80eV bas been reaohed 

in the f'oil. of gold . The velooity of 

tbe pol.ye thy1ene foil ' l.~~ thiok pl.ao_ 

ed behind the f Oil oC gol.d haa reaohed 

l._l , 5.1070IllS - 1 (Fig. 5 ). 

the f!..r a t rise of the ourve corre ll_ 

pOnda to the arrival of tba pol.y_ 

ethyl.ene a team , the aeoond alll ootb riae 

of tbe ourva oorraaponda to the arrival. 

of the atealll of gold (thll f'light dis _ 

o' cm 

:[Sd 
o 15 30 45 r 

Fig. 4 

Fig. 5 

tanoe _ 60m , tillle markera _ O,ZllI')' Tha apaoif' io power l.013Yom- 2 

and tba vel.ooitiaa of divargenoe mentione d al.low to study t be 

prooessell in the range of pl.aallla temperaturea and denoitiaa, 

oorreaponding t o the . f'ullion target of fiua l aize. 
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