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PREFACE

This volume contains the Contributed Papers of the Seventh European
Conference on Controlled Fusion and Plasma Physics, to be held in
Lausanne, Switzerland, 1-5 September, 1975. Previous conferences in
this series were held in Munich (1965), Stockholm (1967), Utrecht
(1969), Rome (1970), Grenoble (1972) and Moscow (1973).

The Conference is organized by the "Centre de Recherches en Physique
des Plasmas", Ecole Polytechnique Fédérale de Lausanne, under the
auspices of the Plasma Physics Division of the European Physical

Society (EPS).

The papers contained in this book have been selected for presentation
by the Paper Selection and Programme Committee. The responsibility
for the contents of the contributions is exclusively that of the

authors.

Invited and Supplementary Papers will be published after the

Conference, in Vol. II of the Proceedings.

The Organizing Committee
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TOKAMAKS

MEASUREMENT OF THE ENERGY CONFINEMENT TIME IN TFR
FOR VARIOUS VALUES OF THE SAFETY FACTOR

by the TFR Group
(presented by P. PLATZ)

ASSOCIATION EURATOM-CEA SUR LA FUSION
Département de Physique du Plasma et de la Fusion Contrdlée
Centre d'Etudes Nucléaires
Boite Postale n° 6, 92260 FONTENAY-AUX-ROSES (FRANCE)

Abstract. The energy confinement time T has been studied as function of
the toroidal magnetic field (25; 33; 40; 50 kG) or safety factor (3.64 4.8
6.0; 7.0) at constant plasma current (140 kA). T starts at 15 ms and
saturates at 20 ms.

The following analysis concerns several days of experimental work
spread over six weeks. The value q(a) of the safety factor at the limiter
radius a (= 20 cm) has been varied by changing the toroidal magnetic field,
B, and keeping the plasma current, I , approximately constant. We have also
tried to have the N1 product (HCN laser interferometer) nearly the same for
all types of the discharge ; this was done by injecting a neutral gas pulse
during the current rise. Table I summarizes the characteristics of the dis-
charge in the statiomary state (t = 150 ms).

B (ke)| 25| 33 [ a0 |0
1 (k)| 140 | 141 | 130 |aes
q(a)| 3.6 28| 60|70 TABLE T
v (volts) 2.7| 2.08| 1.85| 1.85
NGl (101 em?) | 153 1.4 1.35] 125

Radial profiles of the electron temperature, T, have been measured
at least up to r = 12 cm by Thomson scattering. As the toroidal magnetic
field (and the safety factor) increases, the T profiles become more and more
peaked as shown in Fig. 1. As 90 % of the total thermal electron energy is
contained in the r€12 cm region, TE profiles have been measured for r»> 12 ci
only for two values of B (25 and 40 kG) rather than systematically. Fig. 2
contains data obtained at 40 kG with various gratings in the spectrum ana-
1yzer (lower half-space only).

Measurements of the ion temperature via charge exchange neutrals
(up to 13 cm on both sides of the equatorial plane) have shown an increase
in core values and profile-narrowing for increasing values of B. Finally,
spectroscopic measurements (systematically on 0 VI, Fe XV, NV, C 111
occasionally on Mo XIIT and XIV) have not shown a clear-cut dependence of
the impurity situation on B. Fig. 3 summarizes the T, 5 measurements. The
core electron temperature is a linear function of B whﬂe the mean electron
and core ion temperatures show a distinctly weaker dependence (probably
813y,

In Table Il the thermal energy content per cm discharge length of
electrons (W,) and ions 5 ) is given (Ng=h;), together with the poloidal beta,
the effective charge of the plasma ions (fr-cm the resistivity anomaly) and
the energy confinement time,rp= (N + W ) 2R 1Ly 1. Note that ©p increases
with B (due to a decrease of V-1 rather than an increase of (W, + “1‘) but
seems to saturate. This situation is further analyzed in Fig.4, where

B(ke) |25 |33 |40 |50
W, (d/cm) | 5.2 | 5.1 |53 |5.4
Wi ") |36 |32 |30 |31

Wo + Wy 8.8 8.3 8.3 8.5 TABLE II
8 0.6 0.57 | 0.61 | D.54
zeff 5.4 4.4 4.6 4.2

T (ms) 14,5 | 17,5 | 20,5 | 19,5

experimental (o) is compared to values calculated for anomalous electron
heat losses. At present it is not clear if the discharge is best described
by a 10 fold enhanced pseudoclassical diffusion loss (X) (the apparent
B-dependence is due to the varying Nel product) or a dissipative trapped
electron instability (o). However, at higher values of the plasma current,
the latter seems to dominate, especizlly in the 400 kA/60 kG discharge.
Finally we note that we have also observed temperature relaxations inside
the q = 1 region (both from X ray signals, A(t), and from Thomson scattering).
The sawtooth-1ike behaviour of the nomnahzed fluctuations T MdTE
diminishes with increasing B( 'A& = B ") or decreasing radius of the qg=1
curface (Fig. 1). In the 25 kG runs where AT /T, is greatest (0.2)

about 20 % of the total ohmic power is evacuated in this way.

Although this loss mechanism is not the most important one, it cannot be
excluded that the relaxation controls in a sensitive way the energy content,
i.e. the energy confinement time.

References

1. B.B. Kadomtsev, 0.P. Pogutse ; in Review of Plasma Physics, Vol.5 .

See also TFR papers at this Conference, presented by M. Chatelier,
C. De Michelis, and D. Launois.
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Very recently we have done experiments at constant B (50 kG) and varying I
as summarized by Table III.

1 (KA) 9% 145 200 303

V (volts) | 1.85 1.85 1.75 1.88

q (a) 10 7 - 4.8 3.3

N1 (10 ?) | 107 125 7| 1.8 2.51
TABLE 111 | W, (d/cm) 2.7 5.4 5| 8.1 13
W (3cm) 1.6 31 3| 4s 8

8 0.62 0.58 = 0.2 0.3

i 3.6 4.2 § 2.7 3.55

T (ms) 15 19.5 22 22.7

The normalized T, profiles are given in Fig.5, Combined with Fig.l it is
deduced that the vndth (FWHM) of the T profiles increases linearly with

[a(a)l”




2 TOKAMAKS

THE IONS IN T.F.R. THROUGH ANALYSIS OF FAST NEUTRALS AND sensitive to the recycling coefficient.
NEUTRON EMISSION.
T.F.R. ‘Group presented by M. Chatelier be2) Increasing "temperature" part of the profile.
ASSOCIATION EURATOM~CEA SUR LA FUSION ) The analyser receives neutragls which are emitted from the
Département de Phg:i%;xz :'}Eﬁ::’;‘“}{gzlggliisms“m Contrdlée plasma with V) >> \:,, , that is, sees particles which follow
Boite Postale n® 6., 92260 FONIENAY-AUX-ROSES (FRANCE) "banana" trajectories or are localized in the local mirror of the

corfiguration (5B/B = 6 % at the plasma boundary). The observed
asymmetry is in the ion magnetic drift direction. "Banana" parti-

a) Heutral and neutron measurements of the ion temperature. cles cannot give real asymmetry ' bedause of the low neutral

The ion temperaturs has been measured by energy analysis density memsured in T.F.R. (n H°< 108 up t6 12 = 13 om), 8o the
of fast neutrals escaping from the plasma (Ho' DO) and by neutron charge exchange lifetime is much larger than the banana drift
flux measurements (DD). Tor fast neutrals analysis a one=channel time.
electrostatic analyser provides 8 successive ion temperature The asymmetry is only ohserved for particles whose energy
measurements during one discharge. The neutron flux is measured is larger than 2 keV having low collision frequenecy with other
with B.F., detectors and silver motivation counters which can ions. HNevertheless , taking into account Zsff value which is
both be moved around the torus in order to measure the foroidal larger than one, the displacement along a lecalized trajectory is
distribution of the neutron emission. Indeed & large non-uniform short (few cm), collisions fastly detrapping the particles. It
nevtron flux (101011 per pulse) is usually detected whose maximum is possible that the elsctric field present in the plasma (the
is located near the molybdenum diaphragm. This flux is strongly plasma is negatively charged) helps to maintain the particles in the
correlated with the existence of runaway electrons in the plasma. localized space, the electric drift bringing particles in increas-
This non-thermopuclear flux may be explained L_lj by supposing ing & B/B space. Messurements of ion temperature profile have
that energetic runaway electrons (E =10 MeV) create bremstrahling to be done with the analyser not placed in the median plane between
¥ photons in the molybdenum which in turn prodvce photo dissoc- two mair toroidal coils in order to decrease the contribution of
iation of its nucleus with neutron emission: (+ z M.,“—' n+; Ha-'. localized particles in the observed signal.
A runaway current of less than 1 kA due to 10 MeV electrons is
required to explain the observed flux. In some discharges hard References,
X rays are not observed and the neutron flux (1{3’F -10%n per 7 Barber et al .. Physical Review 116, (1959), 1551.
rulse) seems close to a true thermonuclear flux. In that case we Let E.P. Gorbunov et al.6th Buropean Conference on Controlled
have compared the two measurements of the ion temperature. As seen Fusion and Plasma Physics, (1973) Paper 1.11
in the T.4 Tokomak /27 the neutron flux iy less than required to [37]  Petrov. Soviet Physics Technical Physics 13, (1968), 708
explain the ion temperature deduced from neutral flux analysis. [q._] T.F.R. Group presented by P. Platz. This Conference.
Ore can understand this fact supposing that the deuteron density [i] Cs Mercier et Soubbarameyer. Thie Conference.

is less than the electron density which is the only one measured.
With a plasma current of 140 kA (minor radius a = 17 cm) the ion
temperatures are similar (Fig. 1) if we introduce a fogpp=3 -4
due to fully ionized oxygen. With a plasma current of 300 kA

(2 = 20 em) 2, has te be increased up to 6. These results are ol 1D By =X 4Gs
attem o targarstus prefita rlicol. dimat
consistent with other Zaﬁ‘ determirations. In order to do more e g a=p ;_:'fm“:?.';:.a o
correct correlations between the two measurements the ion 5 2 Sosparatvre Lrilts froin tatrion” shiceuiitanta’ for B, 0 Ton Drift down T, (nav)
dapicted Zeft By<0lsaDrift w ——m
temperature profile bas to be known and tkis has been done by B3 zatt values ar

1| e
a—
P .8 05

+ilting the anslyser which can look at the plasma from -16 cm to
+ 16 cm in a plane perpendicular to the magnetic axis (looking
angle 30 - 40').

# L]
o
) Ion temperzture radi rofile. 2 &
As already. observed by Petrov /37 on T.3 measurements of . . M ben : v  xem
the ion radial temperature prcfile hy fast neutrals analysis 0o 0 200 15 0 5 [l 5 o "

: Fig.1- Comporison of nevtrol and neutr: SUrEMEnts.
taking the slower slope of neutral distribution function, without e b

an -Abel inversion (which is justified by numerical simulation /57)
also give in T.F.R. a non-symmetric profile (Fig. 2). In one
direction the ion temperature always decreases with radius where-
as in the other direction we observe a greater number of energetic
neutrals (2 keV < E) than in a Maxwellian distribution. When the
mzin toroidal magnetic field is reversed the radial profile is
also reversed which shows that irfluence of fast neutrals reflected N
n, [0} 7810 em~]

on the vacuum chamber camnot easily explein the results. To10) 205ker
T 10) v B,=50 kGs

300 KA

By=50 kG ;1 =200 kA
”IFTI,l

be1) Decreasing t:c  cature part of the profile.

This part has a profile very different from the eleciron
temperature profile and looks more like the density profile (Fig.3).
At the center Te(o) /Ti(o) is always of order of 2 — 3 but when
the radius increases the two profiles merge at a radius larger
than 12 cm. sk

For 140 kA when the mair toroidal field was increased/%7
the profile shrank but the temperature did not change very much
at radius larger than 10 cm.

For 50 kG when the plasma current had been changed from
100 kA up to 300 kA we observed a general increase of the ion
temperature (Fig. 4) as well as the electron temperature. o n rodius fem L i riem)

When we have measured the profile for two limiter radius e —— m:'hhn'm“:" i «:m s vardd
(17 cm and 20 cm) for the same plasma current (140 kA) the width
at half maximum was equal for equal safeiy factor at the limiter

200 KA

¥ 8 5 858 38 8 8

radius.

In absence of other ion temperature measurements, these
profiles have been compared with simulation caleulations made by
Mercier and Soubbaramayer /7. Agreement is good only in the
case when the numerical density profile is similar to the density
profile measured by Thomson scattering, results being very




TOKAMAKS

DYNAMICS OF HIGH ENERGY RUNAWAY ELECTRONS IN DRMAK.

H. Kncupfal‘f D. A Spnngix and §. J. ZwehanE

Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.5.A.

Abstract: Hard z-rays at the 10-MeV level produced by high energy runawaye
in ORMAK can be wnderstood by an examination of the single-particle con-
finement properties of this speciea The results of numerical orbit caleu-
lations and of hard r-ray measurements from ORMAK discharges are presented
and discussed.

Introduction

Recent experimental results[1] have shown that in ORMAK a group of
runaway electrons exists in normal, moderately low-density discharges that
is characterized by: very high final energies (in the 10-MeV range); being
generated at early times (0.5-10 ms) and preferentially on the outer mag-
netic surfaces (10-20 cm); and being stably contained during most of the
discharge (up to 80 ms). This class of high energy runaway electrons com-
plements and extends previous information on runaways in toroidal dis-
charges[2] and could have some distinct consequences on the operation of
future tokamak devices. In this paper we analyze the dynamics of the high

energy Tunaways and present related experimental results.
Theoretical Model

The orbit of a high energy
electron consists of a fast
gyration about field lines at

the relativistic electron

gyrofrequency superimposed on L

a slower drift motion and
movement along field lines.
The combination of the motion
along field lines and the
guiding center drift then
results in orbits whose pro-

jection on a minor cross

Fig. 1. Drift Orbita of Electrons with Kinetic

section is depicted in
Energies of 2 (Outermost Orbits), 4, 6,...HeV

Fig. 1, where the various
shifts and radii are also defined. The vertical drift is caused
predominately by the curvature in the toroidal field (since runaways have
vy >> v,) and leads to an outward displacement of the orbits away from
flux surfaces. This shift is approximately given by dy ~ rchpr, where

R is the major radius and PLp is the poloidal Larmor radius. For example,
for a flat current density discharge jo = I,‘an. we obtain d\‘ ~ riIA,v‘ZRI,
where 1, = 174% - 1 [KA] is the Alfvén current and Yy the relativistic
energy parameter. The orbits with radii T.q that just intersect the outer
limiter are defined by Tyt d\‘ + dp =T from which we obtain

I 2R T, d
Ky e E - _2] o
1 T T, T :

This equation provides the relation between the (unknown) radius T4 of

the runaway electron lost at the limiter and its (measurable) kinetic
energy h‘k = 0.51(y - 1) [MeV] (see Fig. 2, where d_ = 0, ¥ = 23 cm).

In Fig. 1 we show some of the numerically calculated drift orbits for
an ORMAK type B current profile {j(r) = : o AR {r/rL]3]}, which are just
intersecting the limiter. The intersection curve, deduced from the numeri-
cally calculated shifts, is plotted in
Fig. 2. The question arises, whether the

9 T -
mean radius r_. of the orbit when inter-
ci
secting the limiter has exactly the same CURRENT .
value as its radius r_before acceleration. (]T:_hpﬂéi(a
¢

An examination of the time evolution of

runaway electron drift orbits based on the 6
constants of motion in an applied electric
field shows that as the particles gain

energy and displace outward their minor T‘

—

radius also increases. This effect has

been taken into account in the broken

curve in Fig. 2. The number of runaways
48y driven into the limiter per unit time

as a consequence of the orbit shift is

given by o) I == g
(o]
",
L

Fig. 3. Intersection Condition.

10
AS, _ AT
R = 4m’Rr, P

At AL 2 O

where rc[t} can now be expressed through the curves in Fig. 2 as a function
of measurable quantities [y(t),I(t)], and nl_[rc] is the runaway density.

Experimental Results

Measurement of bremsstrahlung spectra produced by the high energy
runaway electrons hitting the target were made with two scintillation
detector systems and the results compared with the data from other ORMAK[3]
diagnostics. The bremsstrahlung produced by high energy runaways can be
basically understood in terms of the (outward) shift of their orbits by
dp + dY where dp is the (measurable) shift of the whole plasma column.

In Fig. 3 the maximum runaway energy (deduced from the bremsstrahlung
measurement) is shown to increase during the steady part of the discharge,
and only slightly less than the free fall curve. This shows that runaways
at the MeV-level move around the discharge practically as free electrons.
From the broken curve in Fig. 2 we deduce the correlation between energy
(¥), time and radius T, (plotted on the bottom abscissa); from the measured
number of runaways hitting the target [SR] we find, through Eq. (2), the
Tunaway density as a function of radius (Fig. 3).

To have information on the |

energy and intensity of the r

runaways dumped towards the
end of the discharge (after the

o

-
FREE

_— FALL SLopE

voltage pulse ends) we analyze —

-

[ MAX.ELECTRON ENERGY  vourace
- ENI
40 ., S0 . 60ms

in Fig. 4 the scintillation
spectrum obtained from normal
ORMAK discharges with three

curves constructed from experi-
mental data for monoenergetic E
electrons of 10 MeV (curve a), @O,
10 and 5 Mev (b), 10 and 8 MeV
(c). We conclude that towards 0
2

NUMBER OF ELECTRONS
.50 €0 ms

| RUNAWAY DENSITY

the end, the discharge contains

16 cm a group of about 10!3

5
within the radius of r_ & 3
i
fe]
>

runaway electrons with energies (o] 9
18
I7 e Eni 16
Fig. 3. Experimental Resulta.

around 10 MeV. In addition,
there are less intense energy
components in the 4 to 9 MeV range, with a total number of runaways of
about the same order (10!3). These high energy runaway intensities (deter-
mined to within a factor of 3) are typical for discharges with line aver-
aged plasma densities of ;e = 1.5 10'3 ecm 3. About ten times larger
intensities are obtained at He =110 ca 3,

In conclusion we can say that the measurement of hard x-rays provides
a powerful and direct method to detect the high energy runaways produced in
tokamak discharges. In conjunction with theoretical medels on the genera-
tion and acceleration of runaways, this method may also provide a sensitive
diagnostic probe of the electric field, temperature, and density within the

plasma. 401
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1 TOKAMAKS

EXPERIMENTS ON PLASMA COMPRESSION IN THE TUMAN-2 DEVICE
V.E.Gusev, V.A.Ipatov, M.G.Eagansky, G.G.Ealmykov,
G,T.Razdobarin, K.G,Shakhovetz, I.D.Shpritz

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

Abstract. Experiments on compression of the tokamak plasma
oy fast increasing toroidal magnetic field are described.
The plasma is shown to be "frozen" in the magnetic field for
a time of order ~IDO/45 or more. The compressed column is
maintained during ~ 2 ms. Oscillations in compressed plasma

are strongly reduced.

In the first experiments /1,2/ it bas been shown that
the effective compression of a plasma column can be carried
out by a fast increasing toroidal magnetic field. However
the plasma parameters typical for the stable tokamak regime
of operation have not been achieved because of poor vacuum,
Improved vacuum conditions have made it possible to obtain
the substantially higher plasma parameters in the present
experiments.

Ohmic heating in a quasi-stationary magnetic field pre-
cedes compression. The filling pressure is about IO"“ Torr
in hydrogen. The current pulse time is 5 ms. An MHD-stable
discharge with a loop voltage Up = (3#4) V typical for toka-
maks turns out to be achieved only when the safety factor at
the limiter is 9,2 5. Under the usual conditions the plasma
current IIJ is 5 kA for toroidal field strenglh Hy = 4 kG.
During 2 ms after the breakdown, the plasma parameters vary
substantially remaining thereafter approximately constant.
During this period an average electron
density is m = (5¢7) x 10%% cn™?, and | T
the electron temperature at the centre
of the plasma, T, = (I00+I50)eV. Spec—
tral and Thomson scattering data show

the temperature profile to be narrower

than the limiter (the limiter diameter

is I6 cm) (Fig.1). It can be a[.-:prc:uri—2
mated by a parabola T(r)= T, [f‘ (c%) J
where a = 5 cm, Assuming the conducti- Fig. I.
vity C (r) = I.I x 10t T%(r) we find the calculated resis-
tivity of the plasma column to be (0.4+0.6) m 52, while the
experiment yields (0.640.8) n 52 ana Bope = 1.542:0, The sa=
fety factor at the boundary g, = 2.5 and @ = I at the centre
in agreement with /3/, the value ufjﬁr being 0.6, The ener—
gy life time 7. is about (I504200). s in Tough agreement
with Zp = 3.6 x 107° a® H, /*/, Thus the plasma parameters
obtained are typical for e tokamak plasma.

The compression is switched on at 2.5 ms after the be-
ginning of ohmic heating. The toroidal field increases up to
a maximum during 125/: Se The maximum magnitude of fiel{l
exeeds that during the ohmic heating by a factor of 2+5. The

time behaviour of the toroidal fI*¢

field in a typical discharge is 5“? B
abiows $5 F1g:2, & exowsbar-of the |\ 9 | \L"‘ A cii
toroidal field winding is produ- 5v
ced to obtain a compressed plas= 0V — ﬁt'-:,'l‘lf: o7

U1 2345ins 0123451ms
Fig. 2.

ma column for~2 ms. The plasma

current is maintained constant.

54 20248 ';L_::rn

The rise of the column inductance and /51 due to compression
should cause an outward shift of the plasma., This phenomenon
has been observed experimentally and to remove it, the trans-
verse field is increased from 15 G up %o 30 G in compression,
Besides, a shift of the plasma column from the eguatorial
plane has been observed. This shift (typically ~ 2 cm) iB liew
kely to be caused by stray magnetic field HB .

Basing on microwave measurements (Fig.2) the plasma can
be considered to be "frozen" in the magnetic field during come
pression, In Fig,.2 a damping of oscillations in the plasma
and prolonged confinement of & high density plasma is shown.

The appearance of spikes due to compression is characte-
ristic of OV and CV spectral line oscillograms (Fig. 2). It
can be seen from the measurements of intensity along various
chords that spectrel lines of OV and CV "burn out" in the
central region of the compressed plasma column. It is worth
mentiening that in another discharge regime with a lower cur-
Tent (I, =2.5ka B=1L5x 10'2 w3, T = (40450) eV )
the "burn out" of the OV line is absent during the compres-
sion, change in OV line radial profi-
le describing mainly the compression
of matter, The results of such expe-
riments are presented in Fig.3, Here
curve I is the profile of the OV line
before compression, 2, 3, 4 - 130,
300, 6004 4 g after the beginning of

compression, respectively, It is

clear that in compression the OV line

is radiated only from a narrow region near the axis.
During the compression, the current radius a decreases

while the loop voltage increases,

He
This can be easily seen in Fig.2 and, Sﬁh___/__—_—

in more detail, in Fig.4. The com—

Up
pression rate has been shown experi- SV ,_[\,——

mentally to be close to that of a

"frozen~in" plasma throughout the ti-

i

me of compression. This result is 0 200 400
valid over a wide range of field ri- t,'é'

se rates, Current diffusion is like— Fige 4

1y to be negligible. Consequently, the safety factor at the
column boundary should be constant. However a strong damping
of plasma oscillation amplitude is observed experimentally.
It can be seen in the Up and OV traces (Fig.I) and, in par-
ticular, in the trace of the time derivative of the poloidal
magnetic field 1.3,, (Fig.4).

Thus, stable confinement of compressed plasma in a toka=-
mak-type trap has been shown in the present experiments, Du-
ring the compreasion, the amplitude of the plasma oscilla=-
tions is strongly reduced. Experiments on heating and ther-
moinsulation of the plasma will be described in the next re=-
port.

/1/ E,L.,Berezovsky et al., Proc. III Int. Symp. Toroidal
Plasma Confinement, Garching, I973, B 19.

/2/ Berezovsky E.L. et al., Zh.Tech.Fis. 45, 543 (I975).

/3/ D.L,Dimock et al., Nucl. Fusion I3, 27I (I973).

/4/ Gorbunov E,P, et.al., Nucl. Fusion 10, 43 (I970).
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HEATING AND THERMOINSULATION OF THE PLASMA COLUMN IN
ADIABATIC COMPRESSION IN THE TUMAR-2 DEVICE

E.L.Berezovsky, V.K.Gusev, V.A.Ipatov, M.G.Kagansky,
S.G.Kalmykov, A.I.Kislyakov, G.T.Razdobarin, K.G.Shakhovetz,
I.D.8hpritz

A.Fesloffe Physico=Technical Institute, Leningrad, USSR

Abstract. Data on plasma heating during a fast increase of the

toroidal magnetic field are discussed. An essential lmprove-
ment of energy confinement in plasma compression is found. The
ion component heating follows an adiabatic law. The electron
heating is more intensive.

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

electron temperature is determined from plasma conductivity
measurements, spectroscopic measurements and Thomson scatte-
ring of ruby laser light., The ion temperature is obtalned from
an energy analysis of charge exchange atoms. The plasma densi-
ty is determined by microwave (/A = 4 mm) interferometer mea-
surements.

Most of the data are obtained in a typical regime, plasma
current Ip = 5 ki, toroidal magnetic field during ohmic hea=-
ting Ko = 4 kG and increasing up to Ec = I2 kG in 125/14 s at
compression, Before compression, the mean density is n, =
= (5+7) x IOIE cln'a, the electron temperature on the column

-axis is T, =(I00+I50)eV and ion temperature — T; = 30 eV. The
energy confinement time is equal to 7 =(1500-200‘)/u 8.

During compression, plasma conductivity increases. Measu-
rements are made at the maximum of the compression field when
the inductive voltage may be neglected. &

The current radius is teken as T, = 10,76,

s :

=z, ‘/ES according to /., The results 8
<

6

4

of conductivity measurements for comp—
ressed column are shown in Pig. I. Here

q is the conductivity for compressed

plasma and C; , before compression. 1 2 3 4 5o
The data are given for different comp- Fig. I.
reasion coefficients o =H: and for different plasma cur-
rents. The experimental results are shown by curve 2, curve I
giving the conductivity change for the pure adiabatic compres-
sion %:- =0(+ One can see the heating to be more intensive.
The initial plasma conductivity is C,= (246) x 10t CGSE.
In the typical regime o(= 3 the conductivity temperature in-
creases from 50 up to I50 eV (assuming z’efr = const).

Measurements of the electron temperature by Thomson scat-
tering are made at the centre of the discharge chamber. Typi-
cally, Te is (I10% 20) &V in ohmic heating, (I90% 30) eV at
the maximum of compression and (280% 40) eV - 32048 later, in
the crow-bar pericd. A displacement of the plasma column from
the equatorial plame is observed 7/ during compression. The-
refore Te measured at the centre of the chamber at maximum
compression corresponds to the temperature at the column peri-
phery, We suppose the temperature on the plasma axis to be
close to that measured in crow-bar period., It is in agreement
with the data obtained by other methods.

The GV ( A = 2271 &) line intensity measurements are

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

cillograms are shown in Fig, 2 for __/\"‘""‘N,—.’

central chord (I) and for chords at

2 cm (2) and 4 cm (3) from it out- M s

ward. If the decrease of the CV li- _A_M3

ne intensity during compression is N
connected with ionisation the elec=
= e T —
[T 15 tms

tron temperature may be determined Fig. 2.

: ) __ 4
from the ionisation time T AT

Taking the ionisation rate coefficients from r2/

a value
Te 2 300 eV can be obteined for the hottest column reglon.

Thus a 3-fold temperature rise is obtained in the typical
regime (o = 3). The increase of the temperature is%:oc§¢
=~ 2 for pure adiabatic process. The additional electron hea=-
ting is caused by an improvement of emergy confinements. The
ion temperature increases at compression from 30 up to 55 eV
in agreement with the expected value, The classical electron-
ion energy = transfer time is =~ 5 ms and the fast electron
heating cannot affect the ion heating.

The fact that the plasma column heated by magnetic com-
pression does not cool during = 0,5 ma in crow-bar period is
of great interest.It means there is an essential increase of
the energy confinement time. A calculation gives the value
T =(sou;soo)/u B, 1.6, 445 times longer than in the ohmic
heating period. For comparisen, in the TM=3 whose geometrical
dimensions are close to those of Tuman-2 7, = 6004Sis ob=
tained at a plasma current Ip = 30 kA /3/.

There arc two ways of explaining this result. An improve—
ment of thermal insulation may be caused by removal of the
plasma column from the limiter. Calculations shows /44 that
in such case a rise of energy confinement and the heating
above adlabatic level may occur at plasma compression. Another
poesibility is comnected with a decrease of transport coeffi-
cients, It may be comnected with damping of plasma oscilla-
/1/

tions at compression « The neoclassical theory gives for
our case TEEE ms. The difference from experimental value

2. =(0.6:0.8)ns may be due to radiative losses in the comp—

ressed column. o tnmprlsm_n
The experimental data obtained in | Hp.i¢ 4 1:
d Jp.kh 5
the typical regime are summarized in Up,v 4 3
Fig. 3. Thus experiments show that at Tg.e¥ 50 | 150
Te,ev | 110 | 300
a fast rise of the toroidal magnetic T,ev a0 55
field from 4 kG up to I2 kG the elect- Mlef0) 05| ~15
0,6 18
ron temperature increases from IO00 eV .JE:: .ps| 150 | 800
'rLén,,,.s 180 100
up to 300 eV, and the ion temperature [~ ™[]
from %0 eV up to 55 eV. The ion hea- Fige 3

ting is in a good agreement with the expected adiabatic com-
pression law, the electron heating being more intensive. An
essential improvement of the plasma thermoinsulation is found
in comparison with the usual tokamak for wich the formula

Te = 36 x 10‘8 a2 EP /5/ is characteristics
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SHAPING AND COMPRESSION RYPERIMENTS TN A SMALL, MILTIPOLE TOKAMAK

G: Cima ., C.W: Gowera —; C.B.S. Harding, R.E. King, H. Krause' ',
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sstract  First results from TOSCA (R = 30, a = 10em) with By = 7.5 kG,
, = 20 kA, and T, between 0.6 and 5 * 105 cn >

wve been established using eirher an exrernally imposed vertical field or

are presented. Equilibria

7 connecting the windings to simulate a conducting shell, Minor radius com-

-ession and shaped cross section experiments are described.

zvice and Diagnostics  TOSCA has been built to investigate fast By compres-
ional heatinrg and shaping using meltipole windings without a conventional
1211 in the pursvit ef higher £ in a Tokamak. Fig.1 illustrates the wind-
ags and indicates the diagnostics used(l).
quilibrium Pischarge initiation by a filament required an average vertical
ield (By) inside the vacuum vessel % 10 6. Equilibria have been established
or 1 msee, both with and without a limiter, by connecting the 16 E windings
a a 411 series parallel arrangement to simulate a shell. The impedance of
he windings causes a current redistribution which produces a B,; better
ontrol of the plasma position is achieved by enerpising the B, windings
o oppose this field. Fig.2 shows results from such a discharge. The
easured displacement results from an outward motion due to: (1) the hoop
orce; (2) the externally applied By and (3) the leakage of plasma flux
hrough the resistive shell (T = 2 ms), and an inward motion due to the
edistribution of the E-winding current. The latter motion eventually
ecomes so large that the discharge is terminated, as in Fip.2. Operation

t 8:1 series - parallel and 16:1 (all in series) with By equilibrium
ontrol has been obtained,

Better displacement contrel has been obtained by connecting E-windings

to 14 in &4:1 series - parallel, and energising windings 1 and 16 to pro-
ide the correct vertical field; the resulcs are shown in Fig.3. In this
ase By = '[P and the displacement is swall. The discharge is terminated
v a slow decay of plasma current after the available volt seconds are
onsumed, Compared with the discharge of Fig.2 the fluctuacions of the

oloidal and radial field are reduced substantially to AB/B % 27 indicacing

i 7

b
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Fig.? Results with a simulated Fig.3 Results with B, generated by cur-
shell rents in the two outer E windings

improved stability in spite of a larger plasma current.

Plasma Parameters The peak value of the average electron density, measured
with the two interferometers, was approximately proportional to the filling
pressure, and always decayed., Lanpmuir probe measurements showed a similar
time dependence of the electron density at 7.3 cm radius, with electron tem-
peratures of 20 eV. Diamagnetic loop measurements showed that EI varied
between 0.3 and 0.5 £ 0.05, depending on the initial conditions, and rese ro
% 1.0 towards the end of the discharge. With a 20 kA plasma current the dia-
magnetic temperature at peak current varied between 60 and 300 eV, depending
on the density l-r;"= =1tol % lﬂllcm-S), and the conductivity temperature
was © 60 eV. For q(a) £ 3.5 a disruptive instability terminated the dis-
charge. About 20 psec before the start of the negative poing voltapge spike
¥~ray emission was detected, Magnetic field and density perturbations at
the plasma edge were only observed after the start of the spike, indicating
an internal origin for the phenomena.

Operating regimes similar to those in Tf:(z) have been obtained, in
which positive voltage spikes occur, BSpikes with risetimes of 2 to 10 psec
were measured, accowpanied by hard x-ray emission. Perturbations in the
poloidal field only at the bottor of the torus were observed; the densicy
and diamagnetic measurements shewed that there was no additional heating.
Compress ion By has been increased by up to a factor 2 (eg 6 to 12 kG) in
150 psec for a variety of initial

i 1 -4
conditions and the different Py = 4107
equilibria. No density increases A MO 'SHELL %
or outward displacerents were &
em)

found for plasma currents < 10 kA,
Above this value the estimated

energy confinement Cime was

= the compression time and
current decreases of up to 152
were recorded. Fig.4 shows the
measured increase in the dis—
placement (outward) associated
with compression as a function

of the compression ratio

C, = B, f.fB ' for two equili-
L

bria. Also shown, as solid B 18,

Fip.4 Experimental and theoretical dis=
placements as a result of compression:
upper with applied By; lower with simu-
lated shell

lines are the theoretical dis-

placements expected for an

adiabatic compression assuming BIi = 0.5 and a parabolic current density

dis tribution in the plasma. For BI censtant the theoretical displacements
would be reduced by a factor = 2, Preliminary results from the Langmuir
probe indicated a marked reduction of electron density near the wall, The

4 pm interferometer showed a 25-307 increase (ie a chanpe of 3} to 4 fringes)
of the initial phase shift (mp = 2.3 ¥ 101 ew ) for € = 1.7, This is con=
sistent with an adiabatic corpression; similar results were obtained on
TMI(J) and TU'I%N-?.(”.
stability as indicated by field and density fluctuations. The rms veltage

In all cases compression did not affect the gross

fluctuations were reduced, although sometimes a small nepative vo‘]tage spike

(% 1 V) occurred, indicating a plasma current redistribution.

Shaping Windings 1 and 16 were energised with current parallel to the plasma

current to generate a separatrix. The short lived plasma produced oscillated

in major radius. Equilibrium calculations show that the plasma was probably

n =0, m =1 unstable.

Conclusions  Equilibria have been obtained using either an externally

imposed vertical field or by connecting the windings to simulate a conducting

shell. Compression experiments indicate a reduction of electron density

near the wall with an increase in microwave phase shift and an outward dis-

placement corresponding approximately to those calculated assuming an

adiabatic compression. Shaping experiments with a separatrix on the outside

of the toroidal column lead to unstable motion.
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EMPIRTCAT, TOKAMAK SGALING

J. Hugill
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Abstract Data from various experiments are fitted to three types of
empirical scaling laws, for which TE varies as aa. a or a”. The results

are used to predict the performance of future large tokamaks.

Symbols R = major radius (m), a = limiter radius (m), I = plasma
i =

current (A}, q ,q = safety factors at limiter and mmgnetic axis, nn
mean electron and ion demsities (m™*), T.+T; = mean electron and ion temp-

eratures (eV), Vg = resistive loap voltage (Vv), By = poleidal beta, g =
plasma energy/input power (s), B, = toroidal field (T), %, gp = effective
ion charge.

Introduction This paper attempts to predict the performance of future
large tokamalks by using empirical expressions derivéd from the data of
present experiments (Table I). Attention is restricted to hydrogen dis-
charges, for which there was no large anomalous resistance due to turbul- -
ence. The implicit assumption is that the physics of the discharge will be
unchanged in larger devices; a big assumption. However, no specific
physical models are assumed, a priori.

The two basic parameters of interest are the plasma pressure which
can be sustained by ohmic heating alone, and 5 The latter allows an
estimate of the additional heating required to reach a spscified condition.

TABLE T
Main parameters Symbol

Experiment R(m) alm) I04) 0 (100§ on Graphg | Feoferences
T3 and T3a 1.0 0.1-0.17 36-90 0.9-2.7 a 5,8

Th 1.0 0.17 110-180  1.0-3.0 ° 3,4

sT 1.09. 0.06-0.7%  10-100 0.8-3.3 o 5,6,7,8,9
ATC (uncomp®) | 0.88  0.17 £0-80  0.6-2.1 ‘ 10,1
ORMAK 0.8 0.23 95-160  1.2-2-0 * 12,13 )
CLEO-Tokamal 0.9 0.12-0.18  34-72 1.0-2.4 x L
TFR 0.98 0.17-0.2 103-300  1.6-3.5 ® 15,16
PULSATOR 0.7 0.12 by 1.1 @ 17
ALCATOR 0.54% 0.10 190 1.5 v 18

Effect of Varying a9 is an independent variable, but q, tends to
be near unity. The ratio determines the basic geometry of the discharge.
It has been found on T3 and T4(1), and, more recently on TFR(16), that TE
increases as a, increases up ta ~ 6,
then remains constant. Conversely,
when g § 2, B decreases sharply and
large disruptive instabilities are
seen. For 90% of the data analysed
here 3 < q, < 5.5, as shown in Fig. 1,

a value which gives optimum plasma

parameters for a given By. In this 3 I 5 6 7

sense is not a proper independent
' 9y BERFRP SLALEE Fig. 1. Histogram of a-

parameter.

Effect of Varying n  Many experiments of moderate size now show that
g ﬂg vary as n:, where @ ~ 0.4 in the early Russian experiments (1), to
~ 0.8 in ST (5), and 1.0 in Ormak (12) and Alcator (18). This implies the
amount of plasma in the discharge does not have a big effect on the energy
loss rate, or on Te' It confirms the idea that particle balance and energy
balance are controlled by nearly independent processes. In some experi-
ments (14,16) n_ increases linearly with I, possibly due to plasma-wall

interaction.

Scaling with I and a It ig difficult to disentangle the effects of
.increasing I and a independently, since larger experiments tend to run
higher current discharges. In any case, the range of a is limited to a
factor ~ 3. Therefore, three possible types of scaling are tested, for
which T varies approximately as a®(A), a(B) or a®(C). We always have
Tg =3k, IR ﬁB/S‘JR| 50 a knowledge of Vp, or the plasm conductivity, is
sufficient to relate Ty and By It is remarkable tlat 95% of the data
points considered have 2 < VR < &, but it is not possible to distinguish
the constancy of V¥, from that of V./R,

Iype A was first suggested by workers on ™3 and T3 in the form

R . 0.3
TR A o, B9 amn, I
A test of this scaling is shown in Fig. 2. It does not look very convinc-
ing, and the corresponding scaling for 36 £ nED.‘«\ ;i predicts a plasm

resistivity lower than classical for large devices. The mean value of
/Al 18~ 5 x 1077 (sn * A7Y).
Type B is illustrated in Fig. 3 85% of the data is within a factor of

2 of the expression Ty = 8 x 107

up to about 1, would fit the data equally well.

n I%: though a higher exponent for I,

107
T
™ —~
10k = i a
5 = ot ta L
T‘ﬂ: 5 - g g
B i T
e o =23
= SN 10
. -
107k 3 1
L 107 1
il 10 n () 10 10 100 I(kA) 1000
Fig. 2. Type A scaling Tge i Gpeiecilig
Type C is illustrated in Fig. 4.
The data fits the expression
T =T+ (n/n) T, = 1700 {mia;n , =
ohmic power density (Mw/m )] s
which leads to B
_ - 33
=0 R TR, 1l |

This expression is similar to

that suggested by recent results

in Aleator (18), and also agrees

with the scaling found on ATC (17), in

-16
= 5. 0.
the form Ba/ne ZE/H, 5.8 x 107 /1,
a/3

if 8 .= (/1) ¥z b

Z I L
0.1 Ohmic power density (MW m - ) 10
Type C scaling

Table IT shows the results of applying the three types of scaling to

PLT (Princeton large torus) and JET (Joint European torus), assuming

g = e

Conclusions There is presently insufficient data to choose between

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

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

Type C scaling

TABLE 1T
Experiment Scaling TE(E) T(eV) Fg VR(V}
FLT A 0.23 100 0.28  0.75
R=1.3ma=0.45n B 0.08 920 0.19 1.43
I=1Hn =10 o ° & 0.024 570  0.12 3.0
JET A 1.63 1300 0.30 0.59
R=2.96ma =1.25m B 0.13 L0 0.1 3.0
I=2.6 MA,n, = 10" n® ¢ 0.014 190  0.04 12
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DEVELOFMENT AND APPLICATIONS OF THE FONTENAY TRANSPORT CODE.
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tbsiract. The use of the Tokomak plasma transport code to
simulate existing experiments suggests empirical scaling laws
Jor the transport coefficients. The condition on the local
safety factor q £ 1 plays an important role. Numerical investig-
itions show that this condition may be avoided by a suitebls
idditional heating.

|+ Introduction .

A one-dimensional transport code is in use at Fontenay
since many years['lj and two new features have been recently
added to the model : heating by high energy neutral beam and
iiffueion of heavy impurities. The neutral injection is mdapted
Eo cylindrical symmetry taking into account the two inclination
angles of the beam with the cross section plane and the meridian
plane. The impurity diffusion approach combines heavy atom
diffusion equation with coronal model and includes four types of
impurities (oxygen, carbon, iron and molybdsnum). We present here
three applications of ths model.

2. Simulstion of existins experiments.
The main discharges on existing Tokomsks have been simul-

ated with our code and have shown that the electrons are exper-
iencing two types of turbulence increasing the transport coeff-
icients : one in the current rise phase (skin relaxation if the
skin exists) and the second in the quasi stationary state due to
q « 1 in the near exis region of the rlasma. These turbulent
affants are superposed on a transport coefficient which is
alresdy anomalous. This is summarized by the smpirical formula
for the particle diffusion D and the electron thermal conductivity

Ke

m K =D=alk, '!:e (4+ 4%) A

Q. 400, 1) electron collision frequency, Tppelectron Larmor
radius I'Elat:.ve to the toroidal magnetic Tield, A (P) enhancement
Tactor :

M) m 5te5 for P26 ST (r:g)=0 (Skim tefasali)
2 . e
@ Ale) v 5 tod0 for qe) &4 (Tmtexmal dua(ufaho'\a)

(J is the current density). Due to this enhancement one obtains
a gtationary state.

The ions have a neoclassical three regimes behaviour
(3) ¥; = Neoclassical.

but it should be emphasized that up to now Tokomak experiments
are in plateau regime.

3. Investigation of the internal disruption.

The computztions with the formula (1) show tha® the
electron temperzture and the current density peak more and more
towards the axis and the value q = 1 is always reached on the
axis. As illustration, one can prove analytically, with a
simplified stationary equetion, that this happens essentially
when the Ohmic heating is the only source balancing ihe thermal
loss given by formula (1).

Vhen q_ . < 1, the observations on TFR [27are perfectly
simulated by increasing periodically Ke bty a factor 10 during a
short pulse. The formula (1) with the enhancemsnt of internal
disruption appears as an average of a periodic process. We have
found empirically on TFR experiments that in the case of internal
disruption, a better represntatinn of this average is the
following formula 3 3

W Ke=D ~ Loy (M Hﬂ)

The dependency of Ka upon the atomic maes A; suggests
that the internal disruption is MHD nature.

4, Effect of an additional heatins.

The peaking of the temperature may be attenuated by
creating an additional heat source at the edge region of the
rlasma. This may be practically achieved, for instance by
energetic neutral beam heating. We have investigated the effect
of this additional heating on the g profile according to the
angle of injection. It is obvious that the peaking is not much
altered when the beam is diracted towards the axis. But if the
beam is inclined by a non zero angle (X on the meridian plane,
heat is deposited preferentially at the edge region of the
plasma and the temperature profile is flattening.

This results are illustrated in the Fig. 1 where we have
plotted Qpy g FETSUE beam inclination angle & . The example
considered is a case of TFR with 140 kamps, 40 kG (qed a2 6)e
The three curves correspond to three valuen of the beam intensity
(10 amps, 20 amps, 30 amps), the energy of the beam being 30 keV.
Numbers in brackets designeste the corresponding average ionie
temperature. One can notice that it is easy to obtain Upzia>> !
with a relatively small inelination ©¢' of the beam. But for &«
exceeding some limit “Grit'ical (Ncritical depends upon the
intensity), the profile is again very peaked. In the neighbour-
hood of o(critica_]. both the two states may be reached depending
upon the past evolution of the dischargs.

Let us poini out that it is not always favoursble for
the plasmz performance to aveid Qaxis < 1 by inelining the
neutral beam. There is a balance between ihe decreasing of the
heat deposit due to O £ 0 and the increasing of transport
coefficient due to &« = Q, qa_u..s""' 1+ In the exampls considered,
with o = 0, a turtulence, relstively small, increases the
value of Upxis OF to 1 and the average ionic temperature is the
highest in spite of an internal disruption still present.

References,
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NUMERICAL COMPUTATION OF TOROIDAL EQUILIBRIA WITH ANISOTROPIC PRESSURE
A. Taroni, Centro di Calcolo CNEN, Bologna

A. Sestero,Associazione EuratomCNEN,Frascati (Roma)

Abstract: A numerical iteration scheme is presented for the calculation of
toroidal plasma equilibria with anisotropic pressure. An application is

made to the TEE experiment in Juelich.

The scalar pressure equilibrium theory may not be adequate for the
description of experimental situations in which the temperature is suffi-
ciently high to prevent the complete isotropization of the plasma pressure,
or in which a certain degree of anisotropy is maintained by the particular
plasma heating method that is employed. The equilibrium theory of such ani-
sotropic plasmas has been investigated in the framework of a lowest-order
guiding center model (see, e.g.,Ref.l). In the toroidal axisymmetric case
one has to solve the following equation [1] for the stream function § of
the poloidal magnetic field, generally with \I; given at the plasma bounda-

24

P4 Wy Ak L AL 4 v Ty
shod mEo =iSE s MTCep o Tiegg L

e W Yew S Eag ¥

Cylindrical co-ordinates r;]o,z have been used and

a-.:“‘_+ [:J.-Pa ’m_'_h‘k’// =orL1}4°rI @)
Ma B" 2B B

Hera /u_, is the vacuum magnetic permeability, B is the modulus of the
magnetic Field, I is the stream function of the poloidal current, Py
and p, are the "parallel" and "perpendicular" pressure,respectively, one
of which can be specified arbitrarily as a function of \l,; and B , while
the other one must be derived from it by means of the second of egs. (2).
We recall that in terms of the above quantities the magnetic field B and

the current density J have the fulluwing expressions:

T 4
§1=/‘°IE'{ ! Er=',;_ W*XET

& l_ 3 __L-__ dL -.1.. VE—.V e =
‘L. o T&L yrv R 1\}15,t ‘f’)v‘h Jr

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

(3)

AV
x

"poloidal" part, respectively. Notice that second derivatives of the un—
known \'-f enter in the last term of eq.(l) through the factor Ve ; for
a discussion of this circumstance in relation to the permanence of the el-
liptic character of the equation, see Ref.2.

The choice of the arbitrary functions P, (\P,B) and L('.}z) specifies a
plasma model. For convenience, we shall factorize a costant number o oOut
of p” and LL :

A

n 2 i
Py = 4P, ) L5 & L. %)

so that eq. (1) becomes:

T 7
"‘}‘Lﬂ-ii’i:-«(ﬁly HL)_A_\?r.w

oAy A e Ay Ry /T o

While ﬂ” (\?.B) and 1‘.(\‘«) are chosen arbitrarily, the factor d is de-
termined together with the solution q.r by prescribing the value of the
total :oruidn'.l eurrent.ll{is. where 5 1is the (meridian) cross section
of the plasma. The numerical solution of this problem is obtained by an
iteration technique analogous to that described in Ref.3 for the scalar
pressure case. A simplified version of the method, valid only in the lnw-j!
limit, has been considered elsewhere [ﬁ]

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

following choice of B” and L :
A G 'Y
f"\n(‘P.B}= #n{“tfw)‘?lr LF wl:fﬁ eytelo ) @

where b,e and L, are constants. Within this model one easily derives

4 b 4
T N &

Lpe by AsbBy
We impose ‘~|J =0 on the plasma boundary; it easily follows that also ByoPL
and J.\, are zero at the plasma boundary. As for the meaning of the con-
stants Lc and ¢, one can see that they are related to the value of the va=

cuum toroidal field and to the poloidal g , as in the isotropic pressure
case. The constant b is related to the degree of anisotrepy p, Ip” s as
it appears from the second of relations (7). If desired the number b can
also be changed (as done with o ) at each iteration so as to keep censtant,
e.g., the degree of anisotropy at the magnetic axis.

The choice (6) was made with the purpose of approaching the experimental
situation of the TEE machine of Juelich Laboratory where a maximum degree
of anisotropy £ has been observed near the magnetic axis, while

&

by using input data for the numerical computation based on the physical pa-

7" B
P, = Py at the plasma boundary. The results presented here were obtained
rameters of TEE, in particular:

{5} =3, 4%# =1 at the magnetic axis, major radius R=25 em., plasma
"
tadius a = 7 em , vacuum toroidal field at the center B, = 4.5 kG , to-

tal toroidal current I,f = 25 kA, It was found, as it appears from figs,1l
and 2, a shift between the current axis and the magnetic axis that can, at
least partially, explain the experimental findings on TEE [51 In the fi-

gures solid lines represent level lines for (fig.1) and for I (fig.2)

Py

whereas dotted lines are level lines for Ll.l v

Fig, 1 Fig. 2
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PARTICLE TRANSPORT DUE TO FOLARIZATION OF TRAPPED
PARTICLES BY INDUCTION ELECTRIC FIELD IN A TOKAMAK

R.K. Varma
Physical Research Laboratory, Ahmedabad 380 009, India

Abstract: The induction electric field in a tokamak leads to a polari-
zation of the trapped particles. The particle transport due to this pola-
rization electric field is calculated and is found to be radially inwards.

This helps to explain some of the experimental observations.

It is now well knownl that trapped particles in a tokamak
suffer a radially inward drift of magnitude CE? /BB
is the toroidal electric field and By  is the azimuthal field. This drift
can be easily reduced by applying the conseration of eanonic

M?wgqﬁ; momenlum. Ta t.aHn.ecL {Lanj;m.f:s.

, where E?,

It has been statedl that as the trapped particles move radially
inward they would leave the passing particles where they are. How-
ever, experimental results on the tukamak2 seem to indicate an in-
ward motion of more or less plasma as a whole, whereas the trapped
particles constitute only a fraction \/ﬂﬁo of the total number of
particles.

We propose here a mechanism whereby plasma as a whole mo~
ves radially inwards, but perhaps with a speed smaller than cEy ! Bﬂ .
The physical mechanism is that the trapped particles in a tokamak get
polarized under the influence of the induction toroidal electric field E:‘6 v
The polarization field in (7 20 ) plane, turns out to be in such a direc-
tion that the ¥ -component of the resulting E X B drift is radially
inwards. Since it obviously depends on the number of trapped particles
and, for a given Ef field, on the magnitude of the maximum of
e mirrur field, the effect will be more important for tokamaks with
smaller aspect ratio R/r. and therefore for those of the reactor type.

Trapped Particle Density Distribution in the ( )"’ 9 ) plane

Because of the axisymmetry of the tokamak geometry, the trap-
ped particle distribution will obviously be (P -independent. In the
presence of the toroidal electric field (also axisymmetric) the effec~
tive trapping potential is modified. For the trapped particles, the
toroidal electric field can be taken to be derivable from a potential
which is given by

G- - sy, =~ fwrB,Eefp,
= -(rB"&/B‘;](Q'PQES&nB) m

where 'E reprasents the coordinate along the field line and in the
b = -1
usual notation B'P = 130 (f_rg,f_os‘é)) 5 }:q, -Eu{1+ém59}

and R = Ra (, + € Cos 6‘)3 &= "'/RD The above expression for
stands conveniently normalized to (P_ =0 , -ﬁ,— g-0-

The energy of a trapped particle is now given in the usual nota-
x
tion by 5 = "% m-J'" +}1 5 + @ 50 that the effective trapping poten-
tial is ;.LB 4 %_f’é A particle is trapped if & < (FB +7_4}) o
h 7 i i
where (r,,z R+ E’ Q‘)vnm& is the lower maximum of the potential with
respectto {y . Foragiven fL ., the maximum and the minimum

of the potential are easily found to be given by

b miir = sl (lE” Rc/f"'Bﬂ )
0 mar = - su."! (?— EO R“/P*Ba ) (2)
Foracertain M= fL . = } R’,;E,/BE 3 B ™ B oiin

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

occurs for H < fu'?w'm . For a given value M > ’UL_"‘;‘,‘ ,» the
energy for the trapped particles will lie in the range Cf(VrM'EJ

<E < 6 (‘ymzx). where g{'rm'm]i.s the value of the energy of a
particle at the bottom of the well, § = 9,,.:,,,, with ‘U;, =0, and
f (m_ﬂ_x) similarly is the value at the maximum
>

Because of the inward Ware drift, the spatial density distribution
of trapped particles in the presence of the induction electric field E
is non-stationary. In what follow, we calculate the polarization electro-
static field due to an "instantaneous" distribution of trapped particles in
the (v, § ) plane.

If we assume a Maxwellian distribution in the energy and for sim-
plicity, a Snfuncticn distribution ’ P & }'Ln » we obtain the
spatial distribution in ( ¥*, £ ) plane

= fopl (pargd)] of[F (e

yT

g Ta mer
<)+ (bl0o0) B~ o[t g8) ]
of [+ o 8(00) ) + 1(300,.)-2)1]

where ,g,,fx " )/I_n‘ Ld"f ¢~ 17 is the error function. The electro-
static potential ¢_ due tothe trapped particles is given by
T

Vl(é¢r) = "-JTT&(]QJ;_— n.f_]

.1 2z
€= l + L”'-Vlvmr'/ﬁ is the dielectric constant. Eqn. (4) can be
solved for the potential ¢ and the electrostatic field and the EXB
P
drift obtained. Since “’Ir of Eqn. (3) is the expression for é} (r.l- "}"a)

(4)

the solution ql) of Eqn. (4) can be considered as a Green's function
for any arbitrary distribution in }u, v

Numerical solutions of the deifts are obtained for some distri-
butions ln/u« . It is easily t¢ see geometrically that the drift is
radially inward.
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DETERMINATION OF CONDUCTIVITY AND zefE PROFILES IN THE T,.F.R., DEVICE
T,F.R, GROUP PRESENTED

by P.PLINATE
ASSOCIATION EURATOM-C SUR LA FUSION
Département de Physique du Plasma et de la Fusion Contrilée
Centre d Etvdes Nucliwires

Boite Postale n® 6. 92260 FONTENAY-AUX-ROSES (FRANCE)
The radial conductivity profile is determined by inducing, along the

plasma, a weak oscillating electric field E, = U /2nR so as to create

a skin effect in the plasma.(l) The 9 () Ernﬁle is deduced from the

measurcment of the plasma inductance L = 77— for several fraquencies,(z’s’l')

dt

The model used for the interpretation of the experimental results implies
~(r/c )0
= a radial conductivity profile of the form : u”(r) o e »
T, characteristic length of the plasma,
- a stationary plasma,

- an axisymetric plasma centered on the torus axis,

3E
If E_(r,t) is given by : % -aa?[ T —"J- iege (1) E_ (1)

ar
then E (a _,t)
S e
I'-. = i Rlog a * a 3E (r,t) @
o L i T i
ar =a,

For the steady state of the plasma, L  depends only on the frequency
f = w/2n and the parameters Oy 1 and t, characterizing the conductivity

profile,

Measurements of L have been mainly performed together with the 1‘e and

n, p:ufﬂ.ea(S) during the current plateau of a 140 KA - 25 KG discharge.

Figure 1 shows the experimental L values plotted agalnst the parameter
u = Log (o £ ao) i o= % % %2 (3) is :hu average conductivity, I being the
main current in the plasma induced by the electric field Eo = U/2 R measured
along the copper shell,

The inductance L decreases as the frequency
increases, showing that a skin effect has indeed
been imposed on the current profile.

For the explored frequency range of 30 Hz to 6 000 Hz, the a,c, plasma
impedance is primarily inductive, The amplitude of the modulation I_ is very
small compared with the main current I,i.e. 2% at 40 Hz ; and even at these
low frequencies, no measurable macroscopic modification of the plasma can be
observed.

The comparison between the experimental values L_._(u) and the curves
computed from the above defined model gives a range of the values Ogn X

o
and n determining the possible conductivity profiles.

ﬂc o
o, is given by : o, = Wzyu— %)
2 j‘ & T dr
o

For © > 7 cm , all these profiles are close to one another ; but,
near the axis, an indetermination exists which is removed in the following
way : we assume that the electric field inducing the main current in the
discharge is radially constant and equal to Eo ; so

~(c/x)"
J(r) = E ofr) = J, e =

The Jo value equal to Eoon is determined by the condition q(o}=l

deduced from the internal disruprions study.(m Thus

.
° R oy qle)
On the other hand, the condition :
a n
o =(r/r)
I = Y 2t e 2 T dr (5)
dy o

has to be met.
S0, the o(r) and J(r) profiles are unambiguously determined (Fig.2)
by n=2.7, r =10 en and g, =9 10°mho-m or J_ =4 10% A/’ .
Figure 3 shows the variation of q(r) defined by :

2

r

B
7.3
9°r) = & s (6)

RPN
] S\J(r) r dr
o

Then, if we assume that o(r) is given by the Spitzer's classical formula :

2
168 Pt T2 Kev

olr) = Tos 7 | om (€)]
zeff(r) Log A o
the zeEE profile is defined using the '[‘B and n, profiles and the above

experimental determination (r) as described in figure 4. Z“E appears as
nearly constant equal to 7.5 for r £ 10 em (with an uncertainty of the
order of the deviation of q(o) from unity) and them decreases.
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FIRST RESULTS ON PETULA TOKAMAK

PETULA GROUE®

ASSOCTATION EURATOM-CEA
Dépastement de Physique du Ptaana ot de £a Fusion Contrdlde
Seavice IGn - Cenine d'Efudes Nucléaines
B.P.§5 - Contre de Tad - 3504)
GRENOBLE CEDEX [Faance)
ABSTRACT : Tokamak discharges of 40 to 65 kA have been achieved in the
PETULA installation using a metallic liner. Measurements of TE(I'l), nc(r,t}..

at 50 kA and 16 KGauss are reported.

INTRODUCTION. PETULA is a moderate size Tokamak designed for R.F. heating,
especially T.T.M.P. heating. In order to get the penetration of the high
frequency electromagnecic field inside the plasma, the vacuum vessel will be
made of six identical alumina sectors,each of 30° arc length, connected to
six observation and pumping ports by stainless steel belows. 5ix coils loca-
tad between the copper shell and the alumina sectors will produce a 3% modu—
lation of the toroidal magnetic field. During the construction phase we deci-
ded to use the anticipated interval between the completion of the toroidal
field system and the alumina vacuum vessel to carry out some experiments with
the usuzl metallic limer. Apart from the obvious aim of testing PETULA and
its diagnostics these experiments allow us a reference for direct comparison
with the existing Tokamak discharges and that which we will have with the

alumina liner.

APPARATUS. Main diwensions of the torus are : Large radius 72 cm, maximum
limiter radius 15 cm. Toroidal magnetic field is produced by means of 24
bitter coils : its maximum-value with existing rectifier is 16 KGauss which
will be increased to 25 KGauss next year for the second phase of the experi-
ment. Current is induced by discharging a capacitor bank into different sets
of coils which are coupled ro the plasma through a 0,5 Wb central transformer
core with six return limbs. Coil configuration can be changed in order te vary
vertical field. A 2 cm thick copper shell with about 50ms e-folding time is
used to stabilize the plasma discharge. Its 23 cm radius was a compromise
between desirable stabilizing effect and dissipation produced by the R.F,
coils to be located inside. The whole machine is divided into six identical
parts. Each part has a large horizontal pert (15 x 45 cmzj for diagnosties
and pumping as well as smaller vertical ones,adjacent to a 0.5 mm thick

stainless steel bellows,

EXPERIMENTAL RESULTS. As a standard Tokamak, PETULA has been in operation
since February. After a few weeks it was fund that the maximum current in
stable regime was 65 ki, with a density of 3 10'3cm > and 580 eV electron
temperature. However most resulls were obtained at 50 ki with Bq) = 16 KGauss.
Typical results are presented in Fig. | as a function of time. Radial profi-
les of ng and T alcng a vertical line are given in fig. 2. Base pressure is
in the range I- 5 1 Iorr and hydrogen filling pressure is B8 10 "Tun—
Measurements of electron temperature, Te' by Thomson scattering show that it
increases to a maximum of 410 eV pretty well following the evolution of dis-
charge current which reaches its peak of 50 kA at 30 msec whereas the densi-
Ly, n, peaks at 4.2 103en™ ac 40 msec, The radial profile for t > 10 msec
shows neither skin effect nor pronounced peaking since at r = 12 cm, T, >100eV.
Magnetic probes and radial profiles measurements show a downward displacement
dus to toroidal field errors which has now been corrected by a steady state
radial field. Average density obtained by scattering is in good agreement with
in:nrferumhric results at 2 mm. Ti by line broadening measurements of Oyrr
1638 A, Hy 1238.8 and Cpy 1548, show maxima of 180, 100 and 50 eV respectively.
Radial profiles which will be so obtained are to be compared to T.l measured

by charge exchange. Calculations based upon our measurements at maximum cur—
reat show that Z

eff
5 volts, B poloidal is 0.4, and the energy confinement time is 1.6 msec.

lies between 3.8 and 4.8 for arc voltages between 4 and

NUMERICAL SIMULATION. Using the numerical code developped at Fontenay-aux-Reses

by Mercier, Soubbarameyer and Boujor, a first attempt has given a correct

simulation of the time evolution of the mean electron density and Tas Ti on

the axis (fig. 1). The energy confinement time is then about | ms and B

poloidal between 0.25 and 0.30. These results have been obtained assuming

ions in the plateau regime and setting the electron thermal conductivity in

the Pfirsch=Schluter one but increased by a factor 2000. This factor was more-

over enhanced in the central part of the plasma to take inLo account in-

duced turbulence when q is less than unity.

This work will be completed in order to get a better simulation of the 'L‘e

radial profile which is presently more pesked than the experimental one

thus explaining the low computed value of 8 poloidal.

x — R. BARDET — M. BERWARD - G. BRIFFOD - M. CLEMENT - R. FRANK - A. GAUTHIER -
M. GREGOIRE - P. GRELOT - M, HESSE = F. PARLANGE - D. PINET - E. PORROT -
G. REY = J. WEISSE.
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Fig. 1 - A typical 50 kA discharge ; A) loop voltage, B) plasma current,
€) radial and vertical displacement, D) electron and ion temperature :
+ experimental results (Thomson scattering and Doppler broadening of
DVII line}, E) peak and average electron densities + Thomson scattering
results ; solid line : 2 mm interferometry.

On d and e, dashed line are discharge simulation results.
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CORRELATION EFFECTS IN CYCLOTRON RADIATION FROM PLASMAS,

K. Audenaerde and F, Engelmann

Lab. Gas Ionizzati (Euratom-CNEN), C.P.65, Frascati, Italy.

Abstract : The dispersion and correlation effects on the optiecal
cnn;tnuts for cyclotron radiation are evaluated for equilibrium
plasmas (TE £ 10 keV) for arbitrary densities. It is shown that
in cases of practical interest dispersion dominates and attenu-
ates the emissivity. The results are consistent with Kirch-

hoff's law.

Cyclotron radiation is an important energy leoss mechanism of a
magnetically confined high temperature plasma.(l-S) So far de-
tailed studies have been devoted essentially to the regime whe-
re the plasma density is low enough that correlations between
electrons do not influence the emission., 1In such a situation
the optical constants of the plasma are proporticnal to the
plasma density.

In this paper we study cyclotron emission for the case of arbi-
trary density, The plasma is assumed to be homogeneous and sta-
tionary, the ions forming an immobile background. The typical
electron velocities v are taken small compared to the light
speed ¢ so that all resulis can be taken in lowest significant
order in (v{c)z. Having in mind applications to laboratory
plasmas with temperatures below 10 keV, the final formulae are
written in a form, where the contributions of different harmo-
nics are separated.

The quantity of interest is the spectral emissivity Tﬁjié), in
the polarization modes i=1,2 , of light of frequency w ,defined
in an elementary cone dns about the Poynting vector S§. As this
is difficult to calculate in a direct way, we computed a quanti-
ty rﬁ}{i), closely related to the spectral emissivity, but de-
fined with respect to an elementary cone dnk about the wave

vector k. Both quantities are linked by

e ang - it an 8
It may be shown that
2
dnk “t

Fa Wi CDEIE (2)

dr\S nz
where n is the refractive index, nr the ray reiractive index,
the angle included between the wave and Poynting vectors and
the sign ~ denotes unit vectors. The quantity qﬁf}l) can be

calculated from

-~ 2 i -
Ut - Belen) & @
where 2
M) - F rein Vs 2 Mo
- k(‘).g(iha.g}gtib;,E» + complex conjugate (4)

is the average spectral enargy flux density at a point E, cre-
ated by the sources in a volume &4V' around the position r' and
= r-r!, the k(l)

's are solutions of the dispersion relation,
E(l{u,g} being the Fourier component of the corresponding elec-—
tric field amplitude of the mode i, T the observation time and
e the elementary charge.

For linearly stable plasmas, the amplitude E(ih»,g) can be ex-
pressed in terms of the "free current sources" EF by using the
Klimontovich appronch(s} and following a method due to Baldwin
et nl.(7). Neglecting ternary correlations between electrons,
one may start with the linearized Klimontovich equation

Doy D e ysB dNg & iy, 128 5
§ A e R =

where &v=v - nef is the difference between the fine-grained

density v and its statistical average{V)= nef, f being the dis-
tribution function of the electron velocities v, normalized ac-
corfing to jdav f = 1 and independent of position B and time t,

EO is the (constant) external magnetic field, El and El the

self-consistent electromagnetic fields, and ne and Me, respec-
tively, the electron density and mass. The solution of this
equation has the structure

Sv = Swl g BuE (8)
where SvL is the solution of the homogeneous part of eq.(5) sa-
tisfying the initial conditions adopted and, hence, contains the
electron dynamics disregarding their interaction forces, where-
as évE deseribes the effects of the self-consistent fields. In
particular, the dynamics is to be considered for asymptotically
large times, Decomposing the current density in an analogous
way, and using Maxwell's equations to eliminate electric and

magnetic field guantities, one finds eventually for the spectral

emissivily
: A A* L (1), L+ (1)
1Mo - A V% ’;P'"T"J gl DIglok 2 (7)
et a2 (i) T by
Ok Jk=k )
where A =& - kK& , T is the dispersion temsor, A\ its de-
mn mn mn ' =

terminant and the superscript A denotes the matrix of comple-
ments, The correlation function of the free current density
can be caleulated from its definition, yielding

L L
&t o, ) (s, k) (60 _ zn'neez J’dsv £ (v, ) wanlc&-nu;:} Jﬁ(l%‘) i(n)l(n)‘

T aV?
8
with ) nh% J; (8)
v =i ! -1 T o vy ) (9)
. n
For special cases a complete analytic treatment is possible
2 L
for low density plasmas, i.e. in the limit where & = i « 1,

cat

the known results are confirmed, For propagation perpendicular
to the static magnetic field, it rezults for the extra-ovdinary

mode (i=1, say) and for the mth harmonic 3

Tlh', (f:)= 2B W oo m"‘"( 8 )""q;m(m] [(l-A‘)lm‘-|]m-n‘+ «m )?'

1 Ty mi T mt.
(=symi-i - mi-l
™ 1=ty ¢ ) )

grtet 2™ c (m-l \M,d
while the ordinary mode is about a factor .1(vfh/n2) weaker. In

the latter equation, q;x}w) represents the line profile of the
extra-ordinary mode, in which the relativistic effect prevails,
The correction factor between square brackets describes disper-
sion effects, while the one between parentheses accounts for
correlation effects, In the lower left area of the CMA-diagram
L8 {i.e. for not too high plasma densities), the dispersion
reduces Lhe emissivity by a factor like 2 (2nd harmonic at half
the cut-off density, i.e, at d2=.25) or 12,6 (5th harmonic at
d2=.4). On the contrary, the correlation amplifies the emissi-
vity by a factor 1.5 resp, 1.33 at the same parameter values,
Thus the overall effect is a rather strong attenuation,
For arbitrary directions of propagatien the effect has been stu-
died numerically and shows the same tendencies.
The relative absorptivity o, has been calculated independentlz
from the dispersion relation by means of the definition

du= 2 Im k , cos p (11)
Both analytical (for low density or propagation at 62900) and
numerical (for arbitrary densities and directions) results are
in agreement with Kirchhoff's law

1B = 1, 02 ey 12)

wherg Ihb represents vacuum black body intensity, It is note-
worthy that from eqs,(2-11-12) a Kirchhoff-like relation
Nfk) = L s 2 Im k (13)

follows for the quantity m(k).
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Abstract. We present measurements of the electron cyclotron emission from
the TFR tokamak plasma. The emission is, as predicted (1_7. self-absorbed
but contrary to recent predictions [E. 37 has the same fregquency spectrum
both along and at right angles to a major radius and peaks at a frequency
in addition to Mucg: We suggest possible causes for the discrep-

" “‘pe
ancies.

Measurements of the electron cyclotron emission from the CLED
tokamak plasma have shown that the emission in not as expected /74 _7. In
particular, the radiation crossing the plasma/vacuum boundary is not
polarized probably because of reflections of the radiation within the
torus, and can be an order of magnitude above the predicted power level
probably because of the presence of suprathermal electrons. In this paper
we present measurements of the emission in the frequency range
0.5u,, <o <ds from the TFR plasma. (See [ "5/ for measurements of the
emission and w v Euce at high resolution). The new measurements, while
confirming the theoretical prediction of significant self-absorption of
the radiation / 1_/, show some further discrepancies between experiment
and expectation.

Two discharge conditions are investigated : (A) toroidal flux
densily Bg ~ 2.6 T, central electron density R ¥ 5x 1lJ19 m'3. central
electron temperature Teu nw 1.1 keV, major radius Ro =0.98 m, minnrlgadigs
ol 0.20 m and duration t ~ 350 ms ; (B) Bg % 3.9T, Rag ™ 5x 107 m°,
reo v 1.9 keV, R, =0.98 m, L 0.20 m, and t ~ 350 ms. In both cond-
itions the runaway level and degree of plasma/wall interaction are low.

The measurements are made by observing the plasma both along
(direction (1)) and at right angles (direction (2)) to a major radius
(Fig.1). Radiation from the plasma is directed with overmoded 1ight-pipes
(diameter ~ 10 Ayay) into two-beam polarization type interferometers. The
path-differences within the interferometers are scanned rapidly (usually
in 10 ms) and the resulting interference patterns are detected with Putley
indium antimonide detectors. Subsequent Fourier transformation of the
interference patterns and calibration of the apparatus yield the emission
spectra (I(w)).

The emission spectra observed along a major radius under discharge
conditions (A) and (B) are shown in Figs 2 and 3 respectively. As expected
emission peaks occur at harnmonics of the electron cyclotron frequency (mce)
for the magnetic field B'J at the centre of the plasma. Since for condition
(A) Hu,) <I(2a..) and for (B) I{s.) < I(2u,) < I(3mce), significant
self-absorption of the radiation occurs.

In addition, an emission peak occurs at w v w o under condition
(B), where w o 15 the plasma frequency corresponding to Moo SPectra
obtained at later times in the discharge duration show that the amplitude
of this peak decays with a time constant ~ 100 ms.

The emission spectra observed simultaneously in two directions of
observation under condition (A) are shown in Fig. 4. The spectra have been
normalized at w = 20 Nearly identical spectra are also observed under
condition (B).

The predictions of the theory of tokamak cyclotron emission /2,37
for the emission along a major radius are shown in Figs. 1 and 2 for compa-
ison with experiment . (Again the spectra have been normalized at w = QNCE).
In the associated computations the measured values of BB' Nags and Tm, with
assumed parabolic profiles for the latter two, are used, and the effect of
wall reflections whicn maintain the angle between the radiation vector and
the magnetic field are included. In addition, the presence of ports is taken
into account by reducing the conductivity value for the reflectivity of the
wall material by an appropriate factor f = surface area of ports/surface
area of torus, polarization scrambling is included by introducing a transfer
fraction p between the two possible polarizations at each reflection, and
reflection of the extraordinary mode fundamental in the upper hybrid region
is included by reducing the calculated value with polarization scrambling
by a factor ~ 2 (see / 4_] for details).

Emission Intensity (Arbitrary units)

The theory predicts that the emission Tine at zuce should be
optically thick under both discharge conditions and so ](z“ce) should be
equal to twice the single mode black-body Tevel “BB) for the measured Teo
(twice, because of polarization scrambling). Preliminary estimates based
an a microwave calibration of the complete system used to detecte the
emission in direction (1) (i.e. interferometer, detector, 1ight-pipe and
coupling to torus), give the level of the emission at this frequency to be
within an order of magnitude of 2 Igg in both cases.

The agreement between experiment and prediction is evidently good
for the relative heights of the harmonics and suggests that a measurement
of the frequency spectrum of the emission would be a useful diagnostic
for Ten(t) under low runaway conditions /76_]. However, three substantial
discrepancies exists : (i) the apparent isotropy of the emission, (ii) the
peak in the emission at w ~ “pe' and (iii) the relatively narrow exper-
imental Tine widths particularly for the non optically thick (n = 3) lines
{77_7. Reflections of the radiation within the torus which change the
angle between the radiation vector and the magnetic field may be the cause
for (i) and (i), while the occurrence of a collective phenomenon may be
the source for {ii).

We wish to thank the Culham Laboratory, UKAEA, for supporting the
major part of this work.
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/4]  A.E. Costley, R.J. Hastie, J.M.M. Paul, and J. Chamberlain,
Phys. Rev. Letts. 33, 13, 758-761 (1974).

{757  TFR Group, Paper presented by R. Cano at this Conference.

{767 Note that the agreement is good even for the fundamental where one
of the basic assumptions of the theory (u:§E ¢/ uf Vi ® 1) ds
violated. 4

{777  MNote that because of the finite resolution (R) of the Fourier
spectrometer the real line widths must be less than those shown in
the figures.
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Abstract. Measurements of the radial profile of the electron cyclotron
radiation at the second harmonic in the TFR device are reported. Comparison
of these measurements with the theory for a weakly inhomogeneous hot plasma
gives the electron temperature profile. The resulting temperature profiles
and their time evolution are compared with those obtained from Thomson
scattering measurements.

Electron cyclotron radiation measurements at the second or higher
harmonics have been proposed as a means of evaluating the electron temper-
ature and its time evolution [_'1_,7. Previously, the validity of the
conventional hot plasma theory for the propagation and absorption of an
electromagnetic wave at the second harmonic of the electron cyclotron
frequency in a homogeneous magnetic field has been verified in the
¢ Stellarator / 2_]. Measurements of the cyclotron emission have been
reported in CLEO /73_7 and TFR /74 7. In a toroidal device, taking advant-
age of the radial inhomogeneity of the magnetic field, a simple spectral
analysis of the emitted radiation is required to obtain a local measurement
of the electron temperature.

In this paper we report measurements of the radial profile of the
second harmonic electron cyclotron radiation carried out in the TFR device.
The experimental arrangement is illustrated in fig. 1. The emitted radiation
in the extraordinary polarization is measured perpendicularly to the magnetic
field in the direction of the large radius R. The horn is connected to a
superetherodyne receiver through a 4 m length 3 cm rectangular oversized
waveguide. Two local oscillators have been used covering the band from 120
to 160 GHz. After mixing, the signal goes through a pass band video
amplifier (FD =375 T 125 MHz) followed by a diode rectifier and an audio
amplifier (dc to 30 kHz frequency band). For a given value of the toroidal

magnetic field we select at
each shot the frequency of the
local oscillator Fo and we

Supposing that the strong inter-
action between the plasma and

|
/Q’\t\\ measure the emission in the
2 band F, t4 F ( AF = 125 MHz).
N

radiation of frequency Fo is
LOCAL OSCILLATOR 1gcalized in the region where
L Fo = 2 F (r) (where F_ is the
}LDCAL OSCILLATOR electron cyclotron frequency)
1%40-160 GHz e obtain the radial profile of
the emission shown in fig. 2.
TO SCOPE The specific intensity

AMPL, DC-30 KHz for the extraordinary polariz-
Figure 1. ation at the second harmonic
Experimental Scheme. is given by :
2
=-—3—2-wu kTe l1- e'r(r) |
8" C

where /72 7

2 kT_(r)

2(6 -y e R(r) we = 2MF,

vir) =47 (E_- Y—— ' °
2 2 me )

w plr)

1’(”’]‘2&(?)- » R=-|,ED—

For the experimental conditions of fig. 2 at r = 0 using the density given
by the microwave interferometer Ng= 6x1013cm_3. the temperature given by
Thomson scattering Te = 1,25 keV we obtain ¢(0) = 35. Therefore the
condition of an optically thick layer ( * > 1) is satisfied over the major-
ity of the plasma cross section. {r <1Sam).

Under the conditions of antenna-plasma matching the power measured
by the receiver is P(w)= k Te(r} ;‘;—' where 4w /2n is the band of the
video amplifier. Calling L the distance from the surface of blackbody to
the antenna, A the linear dimension of the antenna aperture and D the trans-
v;rse dimension of the blackbody the conditions of matching given by
A7y acl < Rd/,, are satisfied in the region of the measured emission
profile,

Taking into account the
sensitivity of the receiver
(2%10% V/m W) and the losses
of the transmission line we
found at r = 0 P = 0.5x10 wat!
and T, = 1.4 1 0.3 keV in good
agreement with 1.25 * 0.2 kev
given by Thomson scattering
measurements.

P e

wn

~

In fig. 2 the temper-
ature profile obtained by
cyclotron emission is compared
to the Thomson scattering
profile. The emission profile
has been measured in the equat-
2 [ 0 0 opem X orial plane whereas the Thomsor
scattering is in the vertical
plane 2 cm outside the geometr-
ical axis. A somewhat narrower
skt +) profile is obtained by the

=140 ka, By = 26 X, £ = 150 me. emission measurements.

; In fig. 3 we show the
time evolution of the cyclotror
emission at r = 0 measured
during one shot compared with ‘
the value of 're given by Thomsg

Figure 2
Power radiated at 2~ harmonic vs.radius
(A) and electron temperature by Thomson

2 Te kev) 5

scattering (one shot is needed
for each Thomson scattering
point). The condition of black
body emission is fulfilled
approximatly 10 ms after the

beginning of the discharge. Th

a 3 % i % t(ms) 15

Figure 3 dispersion of the Thomson
Electron temperature at r = 0 vs.time scattering points during the
measured by eyclotron emisaion (curve) first 25 ms can be attributed

and by Themson seattering (points) for to the narrower temperature
the conditions of fig. 2. The emisaion is profile normally observed at tl
normalized to Thomson scattering at beginning of the discharge and
t = 120 ms. to the displacement of this
profile early in time.

Emission more than two orders of magnitude larger than the previous
measurements has been observed for particular discharge conditions. X-ray
measurements suggest that the discharge is then dominated by runaway
electrons thus the measurement of the spectrum in this case could yield
information about the suprathermal electron population.

In conclusion, for low runaway working conditions of the TFR, the
radial profile and the time evolution of the second harmonic cyclotron
radiation seems in good agreement with the hot plasma theory of radiation
in thermodynamic equilibrium. The local electron temperature is then
readily obtained by the emission measurements.
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Abstract. Measurements of the radial profile of the electron cyclotron
radiation at the second harmonic in the TFR device are reported. Comparison
of these measurements with the theory for a weakly inhomogeneous hot plasma
gives the electron temperature profile. The resulting temperature profiles
and their time evolution are compared with those obtained from Thomson
scattering measurements.

Electron cyclotron radiation measurements at the second or higher
harmonics have been proposed as a means of evaluating the electron temper-
ature and its time evolution [1_7. Previously, the validity of the
conventional hot plasma theory for the propagation and absorption of an
electromagnetic wave at the second harmonic of the electron cyclotron
frequency in a homogeneous magnetic field has been verified in the
C Stellarator /72_7. Measurements of the cyclotron emission have been
reported in CLEO /3_7 and TFR /™4_J. In a toroidal device, taking advant-
age of the radial inhomogeneity of the magnetic field, a simple spectral
analysis of the emitted radiation is required to obtain a local measurement
of the electron temperature.

In this paper we report measursments of the radial profile of the
second harmonic electron cyclotron radiation carried out in the TFR device.
The experimental arrangement is illustrated in fig. 1. The emitted radiation
in the extraordinary polarization is measured perpendicularly to the magnetic
field in the direction of the large radius R. The horn is connected to a
superetherodyne receiver through a 4 m length 3 cm rectangular oversized
waveguide. Two local oscillators have been used covering the band from 120
to 160 GHz. After mixing, the signal goes through a pass band video
amplifier (F, = 375 * 125 MHz) followed by a diode rectifier and an audio
amplifier (dc to 30 kHz frequency band). For a given value of the toroidal

R magnetic field we select at
S each shot the frequency of the
= local oscillator F and we
/"‘Q measure the emission in the
%F S band FD t4 F (AF = 125 MHz).
Supposing that the strong inter-
A action between the plasma and
radiation of frequency Fn is
LOCAL OSCILLATOR 1gcalized in the region where
12016 GHz £ . 2 F (r) (where F, is the

L
I
AX|
L
|
|

LE AMPL. MIXER

lLDCAL OSCILLATOR electron cyclotron frequency)
40160 GHz We obtain the radial profile of

the emission shown in fig. 2.

DETECTOR

TO SCOPE The specific intensity
AMPL. DC-30 KHz for the extraordinary polariz-
Figure 1. ation at the second harmonic
Experimental Scheme. is given by :
2
. we k TE | e i
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w
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For the experimental conditions of fig. 2 at r = 0 using the density given
by the microwave interferometer n_ = wancm'a. the temperature given by
Thomson scattering ?B = 1,25 keV we obtain <¢(0) = 35. Therefore the
condition of an optically thick layer ( © > 1) is satisfied over the major=
ity of the plasma cross section. (r <15cm).

Under the conditions of antenna-plasma matching the power measured
by the receiver is Plw)=k Te(r] %‘% where tw /21 is the band of the
video amplifier. Calling L the distance from the surface of blackbody to
the antenna, A the linear dimension of the antenna aperture and D the trans-
verse dimension of the blackbody the conditions of matching given by
Aziqxrl_ < AD/ZA are satisfied in the region of the measured emission
profile.

Taking into account the

g, sensitivity of the receiver
f (ZXIUsm V/m W) and the losses
2 of the transmission line we
found at r = 0 P = 0.5x10 "vatt

and T, = 1.4 1+ 0.3 keV in good
agreement with 1.25 % 0,2 keV
given by Thomson scattering
measurements.

In fig. 2 the temper-
ature profile obtained by
cyclotron emission is compared
to the Thomson scattering
profile. The emission profile

has been measured in the equat-

[ 0 0 6 rlem) 2 orial plane whereas the Thomson
scattering is in the vertical

Figure 2

Power radiated at £ harmonic vs.radius plane 2. cm outside the geometr-

ical axis. A somewhat narrower
profile is obtained by the
emission measurements.

In fig. 3 we show the
time evolutien of the cyclotron
emission at r = 0 measured
during one shot compared with
the value of Te given by Thomson
scattering (one shot is needed
i for each Thomson scattering
point). The condition of black
body emission is fulfilled
' approximatly 10 ms after the

(A) and electron temperature by Thomson

arattering +)
= 140 k4, ET = 26 kG, t = 150 ma.

s Telkev) o

1 = 3 mzs beginning of the discharge. The
Figurs 3 dispersion of the Thomson
Electron temperature at r = 0 va.iime scattering points during the
measurad by eyclotron emission (curve) first 25 ms can be attributed
and by Thomson acattering (points) for to the narrower temperature

the conditions of fig. 2. The emission is profile normally observed at the

normailized to Thomson scattering at beginning of the discharge and

t = 120 ms. to the displacement of this
profile early in time.

Emission more than two orders of magnitude larger than the previous
measurements has been observed for particular discharge conditions. X-rays
measurements suggest that the discharge is then dominated by runaway
electrons thus the measurement of the spectrum in this case could yield
information about the suprathermal electron population.

In conclusion, for low runaway working conditions of the TFR, the
radial profile and the time evolution of the second harmonic cyclotron
radiation seems in good agreement with the hot plasma theory of radiation
in thermodynamic equilibrium. The local electron temperature is then
readily obtained by the emission measurements.
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DYNAMIC STABILIZATION OF A DISRUPTIVE INSTABILITY
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ABSTRACT: The paper present the results of experimental
studies on suppressing the disruptive instubility by means of
stabilization in a tokamuk using a longitudinal alternative
current. Stabilization is realized at jp/jp % 0,2. The expe-
rimental results are analyzed on the basis of a theory of com-
bined stabilization.

As it is well-known, the disruptive instability occuring
in tokamaks is an obstacl to lowering the safety factor below:
q ~ 2,5. The investigations of this instability in "T-5"
indicate that a helical MHD-instability is a cause of its
occurence. These instabilities can be suppressed by the dyna-
m:l.c stabilization using h.f. fields and feedbacks. The paper

presented the preliminary results on stabilization of
helical instabilitis in tokamak "RT-4" by h.f. fields. The pre-
sent paper gives more detailed results on dynamic stabiliza-
tion studies of the tokamak discharge disruptive instability
by a h.f. current at higher freguencies and wider range of
plasma parameter variations. A possible mechanism of the
effect observed is discussed.

The experimental machine 'RT-4" is a tokamak in which a
longitudinal h.f. current can be excited in addition to the
discharge quasistationary current. There is no liner in the
mechine, and the casing serves as a vacuum chamber and a pri-
mary winding of an air-transformer which excites both quasi-
stationary and h.f. currenis in the plasma.

In a circuit exciting h.f. currents, the casing forms a
part of inductance of the oscillating contour fed by the self-
_oscillator. The power dissipsted in the osclllating contour
is ~ 4 Wwatt.

The machine magor radius R = 20cm, the minor one Q=4 cm,
Beag,= 5 cm.

The experiments have been carried out in the following
range of variation parameters plasma:

= 8420 KG; Jp = 6425 ka; Jpstabil.= 0s5 ka; q=Bs2

= 3.7013:70™% en=3; §.= 600 afen®, w= 5.10° sec™
Conclisions on the discharge stability have been drawn on the
basis of loop voltage, plasma current and plasma volume
X-radiation analysis. Density measurements have been carried
out using a laser three-mirror interferometer at the wave
A= 357 pm which allowed us to measure the concen trations
from 3.10%2 to 1018 cn~

In Fig. IA typical traces of a "purely" tokamak discharge
are shown at aqpin~2Z and ‘EPmm(: 20 ka. The current front
shows the steps corresponding to the instantaneous g-values,
and the loop voltuge indicates the oscillations developing at
the moment of the current pasa the step. The plasma volume
X-radiation analysis shows that the common monotonous-rising
signal has the oscillations correlated with loop-voltage and
current oscillations. On developing these oscillations the
plasma density slightly rises. When the current grows further
the loop-voltage and X-ray signal oscillations begin to damp
and the discharge becomes more guiescent; afterwards the loop
voltage decreases a little and undergoes a sharp spike. Simul-
tanecusly, we observe X-radiation blow—out, z small "peak" of
the plasma current and density growth, i.e., a whole set of
phenomena characteristic of the disruptive instability.

When generating an additional h.f. current of a certain
value in the plasma, the diagnostic signal oscillations disap-
pear and the disruptive instability does not develope.

Fig. I B shows such traces of the discharge stabilized
by h.f. currents. Fig. I C shows an envelope of the stabili-
zing h.f. current.

Stabilization is of th.re.&-hold type and lE realized in a
whole range of g=2+8 at .7;./.7,b ©,2. When ,,/J < 0,2 the
oseillations slightly chenge their amplitudes but when approa-
ching the threshold value, considerable spikes in the loop
voltage disappear and there remain only small ones and com-
pletely disappear at 'j:.,/jﬂ £ 0,2.

In a poorly set regimes when the chamber walls release a
considerable flux of impurities and a newtral gas, the stabili-
zation condition gets worse and j,n/j,., = 0,25.

In stabilized regimes, we observe plasma conductivity gro-
wing 1.5 times at Te =80 ev and M~ 648.107%m™>,

The experimental dependences obtained show that the value
which 1s necessary to stabilize the field disruptive instabili-
ty:

I. slightly depends on the plasma density .,
2. grows together with the plasma current —Jp,
3. decreases on increasing the quasistationary field B, -

Fig. 2 shows the experimental points reflecting the depen-
dence of the value hepit = 'ﬁp/-ﬁy which is necessary to rea-
lize the stability at the given g, It is evident that hopig
slightly depends upon g. The comparison of the dependence of
hori Wwith the theory of a "purely" dynamie stabilization
(Curve I in Fig.2) shows come divergence in the region of small
qe

We suppose that the observed effect of the disruptive in-
stability suppression can be treated in terms of the theory of
combined stabilization of plasma MHD-instabilities using h.f.
fields and feedbacks. Ae az matter of fact, on imposing a h.f.
field on the plasma column, plasma shows perturbations contai-
ning spatial and temporal harmonics. The automatic control
system receives and amplifies each harmonic separately. A well-
conducting copper casing in "RT-4" probably acts as an automa—
tic control system with each harmonic amplification factor
being equal to I. The h.f. field amplitude necessary for the
MHD mode stabilization m, as it follows from the theory con-
sidering the case in "RT-4", is given Dby the expression:

BB “_(a/b)z!ml}z
herit 2~ i el ey 8

In order to make direct comparison with the experimental va-
lues of hepity it is necessary to kmow hgie(a). It follows
from the thpn-r-;y— that the range of instable

i Ao (%) +4(R)>ng>m- i“*b’ A(R)

with A ()0 st BB, . Mus, ot £ = R . the equality
m = ng is fulfilled within the accuracy not less than IO %.
Thus, expression (I) gives the dependence of ﬁcrit(nq}' Expe-
rimental and theoretical dependences of hcrit(ml) atn = I are
given in Fig.2; it shows that the theory and experiment coinci-
dence is rather good.

We express our acknowledgement:s to V.B.Myburov for help
in developing and setting the h.f. system and to I.5.Fursa for
continuous help in operation.
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INSTABILITY HEATING IN THE LT-3 TOKAMAK
M. G. Bell, I. H, Hutchinscn and J. D. Strachan

The Australian National University, Canberra, A, C.T,, Australia,

Abstract: In the Canberra tokamak, appreciable ion heating has been
observed at the disruptive instability. Experiments on LT-3 have been
aimed at evaluating the potential for using such heating to bring a reactor
plasma to ignition.

Ion Heating: In the small tokamak, LT-3 (major radius R=.4m, aperture

radius a =0,085m, toroidal magnetic field B“‘ 41T, gas currents 1¢ <
L]

25kA, Te-- Ti~50 eV, and ne~ 3 xlﬂlacm-sl the ion temperature can be

deduced from measurements of the thermal Doppler broadening of impurity

lines. The results from OV2781 K broadening during an unstable dis-
charge indicate a rapid rise in the ion temperature at the disruptive
instability which then decays over a period of 150ps (fig. 1). The heating
is observed to inerease both with the plasma current and the toroidal
magnetic field,

The poloidal beta, P[ = 8"2

32 F’I-‘;_*'T_l]/ |101¢2, has been observed to
chenge only marginally at the disruptive instability under most conditions
and may be a decrease or an increase of up to 30% depending on I¢ and B¢,
Observations of the emission from the successive ionization stages of
oxygen (OI to OVI) indicate that the electron temperature falls at the dis-

ruptive instability by a factor of 2 or 3.

The Heating Mechanism: The disruptive instability is known to follow a

shrinking of the plasma current profile. In about 10ps, the plasma
expands to fill the torus and the current profile flattens, We believe that
the ions are heated by current driven turbulence created by the high
toroidal electric field, E;, induced by the expansion. This field is seen
as the negative spike in the loop voltage.

Although the total plasma current remains constant, the redistribu-
tion of the current is associated with a reduction in the stored magnetic
energy by[zwp In (r; /a) ,’[!I]where WP is the initial plasma kinetic energy
and Ty is the initial plasma radius. Up to 20% of this change in magnetic
energy finds its way into the ions.

One possible energy transfer mechanism is by ion cyclotron drift
waves. Magnetic probes at the plasma edge have picked up oscillations
at the ion cyclotron frequency during the negative voltage spikes (fig. 2).

Work on the Princeton Q-machineu]

at lower electric fields indicates that
this form of turbulence could account for the magnitude of the observed
temperature rise in LT-3.
Reactor Implieations: The mean kinetic energy in a tokamak plasma is
n(T+T)=Lp—‘(izn2 where q(a) is the apert fet

o T Ty 2"‘0 2@ \R b re g(a) is the aperture safety
factor. Ignition requires the achievement of a high value of n and T, ; the

i
quantities §; and q(a) are limited by the fundamental plasma behaviour
while (*/R) and B¢ are limited by technology. To achieve ignition within
these constraints, it is desirable to increase Ti-,""l‘e . The ion heating
and electron cooling associated with the disruptive instability does, in fact,
increase this ratio, By ohmically heating a reactor to its limiting value
and then inducing a single disruptive instability it might be possihle to
achieve ignition.

The distribution of the turbulent heating through the plasma depends
on the induced electric field, whose profile is more favourable than that
for an externally applied electric field. We expect that E¢ will be suffi-

cient to excite ion cyclotron drift waves close to the minor axis.

The injection of impurities may be the major impediment to this
reactor concept since the disruptive instability can cause the plasma to
interact with the walls. The influx of impurities at the disruption has
been difficult to assess on LT-3 but our impurities enter primarily early
in the discharge when the current profile is hollow and also during the
"oscillatory phase' which follows the disruption. It should be noted that
the disruption may have the favourable effect of redistributing the impur-
ities evenly through the torus and thus remove any impurity concentration
from the torus centre(m.

Following each disruptive instability is an oscillatory phase which
lasts for 200ps during which the ion tempcraturé decays. The rate of
temperature decay is reduced by increasing the toroidal magnetic field.
The minimum decay rate is consistent with the electron-ion equilibration
time which is also about the energy confinement time for an LLT-3 size
device.

We have been able to truncate this oscillatory phase (fig. 3) by
reducing the current slightly so that the q(a) rises above 4 and the plasma
re-enters the stable regime. Unfortunately for this marginally unstable
regime in L.T-3 the toroidal current is so low that appreciable ion heating
has not been observed.

The authors would like to thank Professor B. S. Liley whose ideas
motivated this study.
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INJECTION OF A HIGH INTENSITY REB INTO A TOKAMAK
M. Masuzaki, A. Mohri, T. Tsuzuki, A. Nishizawa and K, Ikuta
Institute of Plasma Physics, Nagoya University

Nagoya, Japan

Abstract: A high intensity relativistic electron beam(REB) was
successfully injected into a tokamak plasma. The behaviour of
the plasma-beam system depended upon the relative directions

of the torecidal magnetic field, the Ohmic-current and the beam
current. Energy density of up to 6,4 % 1015 ev/cm3 was trans-
ferred to the plasma, which corresponds to the efficiency of
about 5 %, A global motion of the plasma-beam system was ob-
served.

Introduction: Recent successes of the injection of high inten-
sity REB's into toroidal fields[1,2,3] have made it possible

to investigate experimentally whether REB's can be injected

and trapped into toroidal plasmas such as tokamak plasmas with-
out serious disturbances and whether they can heat plasmas effe-
ctively as in the case of linear plasmas([4]. In this paper,
some preliminary results of our experiment concerning these
problems are reéorted.

Experimental details: Fig.l shows a schematic drawing of the
experimental setup which mainly consists of a tokamak SPAC-II[5)
and a REB source Phoebus-I[6]. The characteristics of SPAC-II
are: the major radius 28 cm; the inner radius of a liner, made
of stainless-steel bellows of 0.3 mm thick, 6.7 cm; the inner
radius of a limiter 5.5 cm; and the inner radius of aluminum
shell aof 1.5 em thick B em. The typical parameters in this
experiment were: the peak of the toroidal magnetic field Bt

10 XG; the vertical magnetic field B, several tens of gauss:

the peak of the MARX GENERATOR
s

Fig.l TANSFORMER
. ——— CORE IR CORE STEPUP
Ohmic-current I TRANSFORMER.
P TORDIDAL COIL PULSE FORMING

: _-ALUM]
around 10 KA; the L
averaged electron

density, measured

by a HCN laser in- ~WATER DIELECTRIC

IMPEDANCE TRANSFORMING
terferometer (7], LINE

1232102 a3 ana
the electron con- FIELD BHISSION DIODE
duction temperature, assuming Zeff=2' around 60 eV; the filling
pressure of deuterium gas being several times 1074 torr.

A diode was located near the limiter on the meridian plane
as shown in Fig.l, the head of its housing protruding 1 cm into
the torus from thr .miter. The diode consists of a carbon
cathode, the dimensions of the emitting surface being 1.8 cm x
1.5 em, and a grid anode; it ejects electrons parallel to the
toroidal magnetic field, The diode voltage, the diode current
and the FWHM of the pulse were typically 500 KV, 13 KA and
40nsec, respectively. The diode characteristics were the same
with and without the plasma, The beam was injected, in most of
the experiment, at the guiescent stage of the tokamak plasma.
During the experiment, all four combinations of the directions
Bt and Ip, +the direction of the beam current Ib being fixed,
were tried with almost the same plasma parameters.

Results: The magnetic measurements by fast magnetic probes
placed just inside the liner showed that the behaviour of the
plasma after the beam injection depended strongly upon the dire-

ctions of B_ and Ip' For example, the variation of the toroidal

t
field between the plasma and the liner ABte' which showed the

diamagnetic behaviour of the

plasma-beam system under the Fig. 2

assumption that the toroidal

15

VER:3.2x101%v-em™3/D.

magnetic flux was conserved inside

HOR:200nsec/D,

the liner during the characteri-

28G/D.
/6.2G/D.

‘!lusecﬂl

Upper: Upside
ﬂBtE(T$¢]2.ABte($$é)> Aﬂte(ff&), Lower: Downside

stic time of the behaviour of the
plasma-beam system, had the
following inclination: éBte‘**é})
where the first, the second and Fig. 3 |}y 11

P b
the third arrows in the bracket means the directions of Bt' ID

and I, respectively. Fig.2 shows a typical signal for the

b
case (*1&), the peak value being E.4K1015 eV/cm3 with the
efficiency of about 5 %,

The variation of the poloidal field ABP depended more com-
plicatedly upon the field configuration, However, it was evi-
dent that part of BP was due to the motion of the plasma-beam
system. For example, Fig.3, which shows typical signals of the
probes placed at the upside and the downside of the plasma for
the case of t&fL], exhibits that in this case there was an
upwards motion. The direction of the motion was reversed with
a reversal of Bt' This fact suggests that there was an excess
of negative charges in the major-axis-side of the plasma and
the electric potential surfaces did not coincided with the mag-
netic surfaces. The observed hard X-rays from a tungsten-wire
target of 1 mm dia., inserted horizontally into the plasma.
showed that the energetic electrons had the inclination to con-
centrate in the major-axis-side of the plasma column.
Conclusive Remarks: The experimental results mentioned above

show the successful trapping of the injec-

. B ——|
. L
ted REB into the plasma, An another evi-
dence of this is that the rather long
duration of emissions of hard X-rays from 500nsec/D.
the limiter and the liner as shown in Fig, Fig. 4

4, The poloidal displacement between Ib and the return current

due to plasma resistivity may be responsible for the trapping([8].
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The Divertor Experiment on the Heliotron-D Device

K. Uo, 0. Motojima, A, Tiyoshi and S. Merimoto
Plasma Physics Laboratory, Faculty of Engineering

Kyoto University, Gokasho, Uji, Japan

Abstract: The Heliotron-D device has an intrinsic magnetic limit-
er and a built-in divertor because of the characteristics of the
magnetic field configuration of the helical heliotron, We report
the computer calculation of the separatrix region and the exper-

imental results which confirm these characteristies,

The Heliotren-D device has an intrinsic magnetic limiter
and a built-in divertor because of the characteristics of the
magnetic field configuration of the helical heliotron. Therefore,
it has a great advantage to overcome the problems of the protec-
tion of the first wall and the impurity cunceiilsiznn. The first
kind magnetic sézgézl of the heliotron is eliptic and it has two
ridges of the separatrix at the farthest place from the helical
conductor. Its rotatiomal transform and shear are large and
these contribute greatly to the stable confinement of the plasma.
Using the magnetic lines of force in the separatrix region, it is
possible to set a divertor. The configuration of the separatrix
region of the Heliotron-D for d-Byo/Bhyo=0 is shown in Fig.l, S,
where Byg and Bp,, are the magnetic flux densities of the toroid-
al field and the toroidal component of the helical field respec—
tively. The finite width of the separatrix region is attributed
to the toroidal effect. To extract the incoming impurity atoms,
the divertor layer of the heliotron is thick enough to ionize
them within the layer. Where we use the term divertor layer as
a layer of the plasma stream which escapes from the scrape-off
layer along the magnetic lines of force in the separatrix region
and the scrape-off layer is a part of the separatrix region just
outside the confining region. The plasma diffuses during the
excursion along magnetic lines of force, Therefore, the width of
the divertor layer is wider thanthe width of the separatrix re-
gion. However, since the length of the magnetic lines of force
in the separatrix region connecting the scrape-off layer with
the opposite side of the helical conductor is shorter than the
toroidal radius, the increment of the width of the divertor lay-
er due to the diffusion is rather small in the heliotron. The
width along the long axis of the magnetic surface and the width
along the short axis are about 4cm and lem respectively. The
magnetic linesof force in the separafrix region fill the region§
in a very complicated vi;)!a)lf we scale up the dimensions of
the device up to the future reactor design, the width of the sep-
aratrix region will be more Lhun(fgcm. This value is wide
enough to ionize the incoming neutral atoms and this means that
the heliotron
type divertor
achieves a high
divertor effi-
ciency. The
width of the
separatrix region
can be varied if
we change the

aspect ratio and

the pitch number

of the helical conductor,

The measurement by the double probe shows that there is a
side density peak at the location of the separatrix region awvay
from the confining region, This side peak corresponds to the
divertor layer, Shapes of the side peaks are shown in Fig.2 for
the several magnetic flux densities.Abscissa X is the distance
from the magnetic axis, The width of the side peak is almost
independent of the plasma density, The shape does not change
greatly and this faet means that in our experimental conditions

Te~ 30eV, I np~ 5kA, Ne~ lxloljcm'B,

the width of the divertor
layer is determined mainly by the width of the separatrix region
itself and it does not depend on the plasma diffusion during the
excursion along the magnetic lines of force in the separatrix re-

gion., This result gives

a great advantage to con-

struct a divertor, Fig.3 4

shows the dependence of B=2.0kgauss
1

the ratio of the density 15 Ny

of the side peak, ng, to
that of the main plasma,

ng, on the magnetic flux

Mg 10 (em®)
N
LN
//'

density. The ratio de-
cereases as the magnetic
flux density increases. 7
In the case of our exper-

iment, the increase of

the magnetic flux density 0o n 3 15 17

X (em)
Fig.2

gives rise to the increase
of the plasma density.
Sipnce the increase of the demsity of the side peak is smaller
than that of the confining region, the above result is attribut-

ed mostly to the improvement of the plasma confinement. All

these experimen-

03
tal results

approve the §\\\\
)
presence of the
02 '\=

divertor layer
{7) o

of the Heliotron-

Ns/Mao
7

D device,

05 1.0 15 0 25
B (kgauss)
Fig. 3
Reference
(1) V. A. Vershkov and S, V., Mirnov, Report IAE-2298
Kurchatov Tnstitute of Atomic Energy, Moscow, 1973
(2) S. Von Goeler, W. Stodiek, H, Fishman, S. Grebenshchikov
and E. Hinnov, MATT-1081, January 1975
(3) K. Ue, Nuel, Fusion, 13 (1973) 661
(4) K. Uo, J. Plasma Physics, 13 (1971) 243
(5) K. Uo, S. Morimoto, 5. Konoshima, M. Koydma and A, Tiyoshi,
Phys, Rev. Lett., 31 (1973) 986
(6) A, Tiyoshi and K. Uo, 5-th Int, Conf. on Plasma Physics
and Controlled Nuclear Fusion Research Tokyo,
Paper IAEA-CN-33/G4 (1974)
(7) 0. Motojima, A. Tiyoshi and K. Uo, To be published.

(8) C. Gourdon, et al, Nucl. Fusion, 11 (1971) 161




19 TOKAMAKS

A Concept for a Moving Magnetic Limiter
K.v, Hagenow, K. Lackner
Max-Planck-Institut fiir Plasmaphysik, 8046 Garching bei Minchen,

Federal Republic of Germany

Abstract: To suppress the skin effect during the current-rise phase in a
large tokamak, one would like to enforce proportionality between the cross—
sectional area of the discharge and the plasma current. In the case of a
divertor tokamak this would imply a proper variation of the postion of the
separatrix, acting as a moving magnetic limiter. For a tokamak with
localized divertor fields, which decay rapidly towards the plasma center -
like in the ASDEX and PDX experiments — this perfect magnetic limiter
behaviour cannot be achieved over a large range of currents without chang-

ing the position of the plasma center.

The following arguments are illustrated at hand of a configuration similar
to ASDEX in the approximate position of the divertor coil triplet. (Fig. la)
The detailed arrangement of divertor ceils as well as the ratio of divertor
currents to nominal plasma current have however be changed to produce a
stagnation point sufficiently far away from these coils to allow
approximately 3 m of space for blanket and shielding if the small and large
plasma radius were to be scaled to typical fusion reactor dimenmsions of 6
and 17 m, respectively. It was the purpose of the study of this configurat-
ion to decide whether essential points of the ASDEX concept - like
localized divertor fields, self-similar plasma shapes for different plasma
currents in spite of rime-independent operation of the multipole coil
currents, and nearly circular flux surfaces in the plasma interior - can be

maintained in such an extrapolation.

In the corresponding vacuum field configuration the magnitude of B rises
rapidly - in fact exponentially - in the direction towards the divertor.As
a result of this, changes in the plasma currents around their nominal value
result in only small motion of the stagnation point. The cross-sectional
area therefore initially changes much too slowly and much too fast at later
stages to correspond to a perfect limiter behaviour. An also quantitatively
very similar result holds for the PDX configuration. Eliminating from the
presented design the so-called multipole compensation coils - which compen—
sate the field of the divertor coils over the inmner region of the plasma
column - would result in seme improvement in this respect, but at the cost
of drastic changes in the plasma shape and the displacement-stability

behaviour for different plasma currents.

The above results refer to the technically desireable case of constant
currents in the divertor coils. The separatrix could be forced farther
inward during the lower plasma current phase by increasing these divertor
currents. Computing the factor by which these currents would have to be
increased to enforce perfect magnetic limiter behaviour as a function of
plasma currents show that this option is inconvenient and expensive even
if used only during the last half of the current rise, and impossible to
use over a larger range of plasma currents. In order to enforce perfect
limiter behaviour over a factor of 5 in plasma currents one would need in
the present design initially divertor currents 5 times as large as for the

final plasma currents.

An effective and cheap way to vary the plasma cross-section in a programmed
way consists in shifting the plasma column by proper magnetic fields into

the vicinity of onme of the divertar coils. For the present configuration —
like for ASDEX - this suggests a shift of the plasma column in vertical
direction. Figures la-d show a corresponding set of equilibrium configurations

computed by the code described in E!] for plasma currents of 1/8, 1/4,

1/2 and full nominal value, where the displacement of the plasma column has
been chosen properly in each case so as to make the cross—sectional area

proportional to the plasma currents.

A simple model for the scaling of the radial fields required for the praper
shift of the plasma column shows that their value never exceeds more than a
few percent of the vertical B-field required to balance the hoop-force at
full plasma current. Of course this mode of operation cannot be simply
extrapolated to arbitrarily small plasma currents without additional
investigations, as for small plasma currents the increasing vieinity of the
divertor coils together with the decrease in the vertical field required
for balancing the hoop force will make the multipole fields increasingly
dominant over the whole plasma cross—section, possibly violating at some
point the condition for displacement stability.

411 equilibria shown in Fig.| were found to be stable against rigid vertical
displacement EI] As no code is presently available for testing numerically
computed configurations against generalized displacements, equilibrium
calculations were carried cut for neighbouring, displaced equilibria. These
calculations, which do not take into account the stabilizing influence of
poloidal and toroidal flux conmservation indicate that the equilibria 1 e

and 1 d might be unstable,

If these results were to be confirmed by a more consistent analysis, and

if no feedback system were to be employed, a mode of operation would be
appropriate in which the discharge is formed at the mid-plane and is left to
grow till the discharge area corresponds to 1/2 the final plasma cross—
section. For the present configuration this would happen at about 18% of

the nominal plasma current. During the rise of ‘I13 from 18Z to 507 of its
nominal value the plasma columm is shifted vertically in such a manner that
the cross-sectional area remains constant. During the last phase of the
current rise between 50 and 100% the plasma column is shifted back to the
center maintaining propotionality between plasma current and cross-sectional

area.

[ 1] K.v. Hagenow, K. Lackner, Computation of Axisymmetric MHD Equilibria,
7th Conference on Numerical Simulation of Plasmas

[ 2] ®. Lackner, A.B. Macmahon, Nucl, Fusion 14 (1974) 575
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A MAGNETOHYDRODYNAMIC THEORY OF DIVERTORS ™
A. H. Boozer

Princeton University, Plasma Physics Laboratory
Princeton, N.J. 08540 USA

Abstract; A two-fluid MHD divertor model is studied with zero ion
DAL

temperature. The electrons are shown to leave the divertor much closer
to the main plasma body than the ions. The divertor width is found com-

parable to the ion gyroradius calculated with the electron temperature.

The importance of divertors for controlling impurities has been
recognized since stellarator experiments in the 1950's, However,
divertor theory has remained remarkably primitive and been based on
the theory of planar discharges,

A planar discharge is a one-dimensional system with the electrons
held at a constant temperature, Te. Plasma is created from a background
neutral gas and flows to neutralizing walls, which are two parallel infi-
nite planes. An electrostatic sheath forms at the walls to equalize the
ion and electron currents. With the usual assumption of zero tempera-
ture ions, there are two primary results. The ions enter the sheath ata

1/2

velocity Cs = (Te/m+] with m, the mass associated with a positive
charge. The jump in electrostatic potential A¢ across the sheath is
approximately 3.5 T, /e.

These two basic planar discharge results were assumed to apply
to divertors. However, FM-1 experiments at Princeton have given poten-
tial jumps between a divertor plasma and its neutralizer which vary from
less than 5 TE/e near the main plasma body to greater than 20 TE/e
on the outer edges of the divertor [1] .

The electron-ion current ratio to the neutralizing walls is expo-
nentially dependent on the potential jump. Consequently these experi-
ments are in sharp disagreement with the traditional divertor assump-
tion that the ratio is unity on each field line. The experimental plasma
flow velocity to the neutralizing walls, ~ GE/B. is, however, in approxi-
mate agreement with the theory.

Plasma discharge theory does not apply to a divertor because a
divertor is intrinsically two dimensional. Plasma diffuses from the main
plasma body onto open magnetic field lines and then flows along the field

lines to netralizing

walls, In the Figure the

X
simplest two-dimensional
divertor-like system is MAIN BODY OF PLASMA NN
N
illustrated. We have @Wﬁz

studied this system

under the assumption \ CONDUCTING NEUTRALIZING WALLS

of zero ion tempera-

ture with two fluid Figure. The Divertor Model. The
MHD equations. main body of the plasma is surrounded
by a uniform z directed magnetic field.
The elect

Slentrom o The main plasma is assumed to be of
free path )‘e is infinitesimal extent in the x direction,

assumed to satisfy but of a size comparable to L in the

1/2 z direction. All quantities are inde-
(m+/ma) » L/Re)., L pendent of y.

The major results are:
(1) The electric field E_ is of constant magnitude for scales less than

p+(Te}, the ion gyroradius calculated with the electron temperature.

This implies e Aq}/’l‘e is not constant.
(2) The electrons flow to the walls in a region of approximate width
peL/)e v p, being the electron gyroradius. The flow is near the main
plasma bedy.
(3) The ions flow to the walls in a region of approximate width p+('I‘B).
This is also the divertor width. It is substantially wider than the usual
estimate (Dlr_,/cs)ll2 which classically gives (p+peL/AE )1"‘2 b
(4) The ion flow velocity into the electrostatic sheath is CE.
(5) The pressure on a field line is lower by 1/JZ at the electrostatic
sheath than at the center of the divertor (z=0),.
Even though the electron and ion currents to the walls are concentrated
in different regions of the divertor, the integrated flux is the same for the
two species. Quasi-neutrality is assumed to hold throughout the divertor
except in the Debye length scale electrostatic sheath near the neutralizing
walls. The electrons in the outer parts of the divertor form a stagnant
fluid confined by large potentials compared to the electron temperature
The two fluid MHD analysis with zero ion temperature required
the solution of five coupled, nonlinear, vector equations — two kinetic
equations, two continuity equations, and one energy equation. The reason
the one-dimensional theory fails can, however, be easily seen. The y
component of the kinetic equation formed by summing the equations for

the two species is m nv-Vv + j_B/c =0 while v =- cE /B.
y x y x

+

If § is the divertor width, the fall in electron temperature across the

divertor means e |En| = Te /& for equal electron and ion currents on
2

each field line. Using v-V = C /L, wefind |j |=enG_(5/L)(p,/5)
The ion cont{nuity equation implies Vi CB 6/L, so the current across
the divertor reaches erwx for & =;_1+ (TEJ. This means the electrons
are not moving across the divertor for § s,p+ (TB} . Since divertors
are generally assumed to have dimensions comparable to P, one-

dimensional theory cannot apply.

*Work supported by United States Energy Research and Development

Administration Contract E(11-1)3073,

[1] Princeton University Plasma Physics Laboratory 1973 Annual Report

MATT-Q-31, p. 10.
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*
NEUTRAL INJECTION IN TOKAMAKS
John Sheffield

EURATOM~UKAEA, Culham Laboratory, Abingdon, Oxon, England.

Abstract: The requirements of adeguate beam penetration and

equilibrium limitations to the total contained pressure are com-

bined in determining for a Tokamak, (a) the maximum neutral
power that may be injected, (b) the maximum beam fusion power

that may be generated.

Constraints on neutral injection. It is generally agreed that
the injected power should not be deposited near the plasma
edge because this will lead to high conduction losses and
increased wall bombardment. With the criterion that the
radial power deposition should be a good match to the ohmic
power profile it is found that we should operate with inject-
ion energies for which there are less than two mean free paths
for trapping (F, € 2) up to the plasma centre. This estimate
is supported by preliminary investigations with transport
codes. At high energies €  >> 10 keV the cross sections for
ionisation and charge exchange are approximately proportional

to 2 epr 1 @)

but the detailed variation with impurity content
for all energies is not yet established. For injection of

hydrogen, with the ionisation rate taken as proportional to
Zofg.

Py in 0.17 na (z (1)

-:O
e g™ 1+ 1072y ) 20 < Ab < 100 kev
Sinl €

o

this is a medification of a formula given by Sweetman‘s)

If in addition the charge exchange rate is proportional to

Zess

F; o 18na Zaff A , 20 € €5 S 200 keV (2)
Sinf € Ap

this is calculated in a cylindrical EPP:UXlﬁaClOﬂ, 8 = 90°

is perpendicular injection, and Sinf = 43) represents

injection tangential to the axis.

The ratio of fast ion energy density to plasma energy density

is

r= fiﬂ_fz_ (3)

0.19 R
where the time for fust 1235 to slow dnwn to thermal energies is

bty = 4.4 x 10” Ab T®4n Cl % onhl ) ) (4)
n zh ISAbT
In the steady state where the plasma is supported by injection
T _ts (s)
21y

(4)

In general no instability problems are expected for approx.

< 1and Vy < vAlfven

The beam adds to the plasma pressure and we can expect similar

limitations to apply to the total pressure as apply to Bp

1,
By 14T)s or//é tref (5)) By = 0.2 a’nT (6)
2
I
R
or o (5)

Maximum injected power The power to support the plasma at a

given (n) and T is

a
= 0.096 a_RnT ' (7)
TE
We combine (7) with (4), (5) and (6) to obtain

t ] £y 2 a
B Lol 100 BT 8,7 By T

2
a'ay T apf1 4 ;g:;;)}

For a given (T)and (sD) and with ﬂp(1+P) fixed this has a

(8)

weak maximum at T = 1.

We arrange (B) using the penetration constraint (1) and

Py«

2
1.5 % 10° (F18in6) 7"

bl S,
RT (9)

This

AbT n<}*<15AbT) :(?eff medooh 107ab>

is plotted below for the example of a 200 keV deuterium

beam and a tritium plasma. To a good approximation Py is

independent of (T) and (¢_) and for D-T (40— 200 kev)

B o= 16 (F15in6) "R (10)
F-3 a

and for H * H (20 = 100 keV) we may inject about 4 x more power
The impurity effects occur because for a given injection

energy we must reduce (n) when (Zgg¢) is increased, to ensure

good

beam penetration, and at the lower density we must then

reduce the injected power if we are operating at the maximum

allowed value of T.

Maximum beam-fusion power Computations of Q, the ratioc of

fusion power generated to injected beam power

(7}, show that

peak Q, which for D = T occurs at su'-lso keV, is Q= 0.23 7T,
so that 3

Pf 3J(F; Si: 8) RI 7T (11)

eff

Symbols
n (x IO’acm_nﬁ mean density; T, = T; = T (keV), temperature;
R,a (m), major and minor plasma radii; T (MA), plasma current;
7g (s), energy confinement time; e  (keV), injection energy;
AyeZy, atomic number and charge of beam lon, A;,Z,, atemic number
and charge of plasma ion; P (1w), power; P (MW),

m

maximum injected power; Pf (MW}, maximum beam fusion power;

&, mean injection angle, F,, number of trapping lengths to plasma

centre
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ENERGY MULTIPLICATION AND TRANSPORT IN A TWO-COMPONENT TORUS *
J. Killeen, K. D. Marx, A. A. Mirin, M.E. Rensink

Lawrence Livermore Laboratory, Livermore, California, U.S.A.

Abstract: A study of plasma behavior in the two-component torus has been
made using a variety of theoretical and computational models. We study
the effects of energy clamping, fast compression, impurities and radial
transport on the slowing down and energy multiplication of the injected

beam.

The basic physics of a two-component torus (TCT) reactor has been
given by Dawson, et..ﬂ.“] Refinements and variations on this concept
have been described by Furth and Jasshy.{z) In this paper we present some
results on energy multiplication and transport in a TCT.

A two-dimensional multi-species Fokker-Planck code has been used to
calculate the time-dependent velocity-space distribution functions for all

plasma components. The kinetic equation, which we solve numerically, is of

the form

af R 1 2 of 1 af afa

TRl -(1 - 5 sin 8) v —>+—sing cose — | =| — | + S+ Ly m
at R v 2 30 at fo

where (v,8) are spherical coordinates in velocity space. The R/R term is

due to major radius cumpressian;(fg) is the non-Tinear Fokker-Planck
at

collision term &

2 2
1 {af E] ah 1 2 3°g
_(J) :__(fa_a) Fom (fa_E) " (2)
T at o avy v, 2 av-avj av,vy

J

where the Rosenbluth potentials are given by

[z 12
9, = g\f) In Aabffb(i') v - v'ldy' , (3)
(5 \2
som, o +m [Z
. a b | “b ' T B
h, = %TIZ;} Tnoay [fle) e - w7, (a)
\oa) J

The source term Sa is used to represent the injection of collimated mono-
energetic deuteron beams into the tritium plasma, and the loss terms La

represent the effects of finite particle and energy confinement times,

L3
f 1 3 1 1 vf
L:_i+_2__ o ] R 3 (5)
o v o |y rp/Z

p

For pulsed systems the "breakeven" experiment is defined to occur
during the interval when the bulk plasma energy losses are compensated by
energy input from the deuteron beam. The energy multiplication factor
Qb is then just the ratio of the fusion energy produced (17.6 MeV per
reaction) and the initial energy in the deuterons. A relatively simple
scenario for TCT operation is shown schematically in Figure 1, A slow
adiabatic compression follows the beam injection pulse in order to
"clamp" the deuteron energy at the optimum value for fusion reactions, as
shown in Figure 2. For a tritium plasma with initial density n = 2.5 x 1012
and temperature T = 4 keV and energy confinement time T = 200 msec we
find an energy multiplication factor Qh = 0.86. Breakeven (Qh z 1) can
be achieved by minor changes in the plasma parameters. For a simple
scenario, with no compression, the effects of alpha-particle heating and
impurities (carbon and oxygen) are given in Table I. Energy multipli-
cation has also been studied for other possible TCT scenarios including
energy clamping, the use of both heating and fusion beams, and fast
compression and de-compression cycles in various combinations, as well as

steady-state TCT operation.
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FIGURE 1 TCT ENERGY CLAMPING SCENARIO
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FIGURE 2  MEAN ENERGY PER DEUTERON
TABLE 1
Effect of Impurities and Alphas on Q:
Ep =200 keV , T =T, =6.7 keV ,n =2x 10" em¥sec
PLASMA SPECIES Zeff q
e-D-T 1.0 1.08
e-D-T-o 10 1.09
e-0-T-a-C 2.0 0.92
e-D-T-a-C-0 2.7 0.84

A radial transport code(H) has been coupled to a new Fokker-Planck
code with spatial dependence so as to yield information on the energetics
of a TCT as a function of both space and time. Fokker-Planck equations
describe the energetic deuterium beam component as well as a-particles at
each flux surface while a fluid transport model describes the bulk plasma.
The deposition of a tangentially injected deuterium beam is computed self-
consistently with the bulk plasma profile and appropriate source terms
are introduced into the deuterium Fokker-Planck equation. Energy transfer
to the Maxwellian bulk plasma is based on the detailed form of the

deuteron distribution function at each point in space and time.
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ENERGY BALANCE STABILITY OF A THERMONUCLEAR FLASMA

Ya.I.Kolesnichenko,S5.N.Reznik,V.A.Yavoreky
Institute for Nuclear Research,

Academy of Sciences of the Ukrainien SSR,Kiev,USSR

Abstract: The stability of steady-state development of a ther-
monuclear reaction in an inhomogeneous plasma is investigated.
The treatment is made assuming the plasma energy lifetime T,
to be short compared with the charged=-particle confinement
time T, .

The condition of steady-state development of the aelf=
sustaining thermonuclear reaction is essentially dependent on
the fact whether the energy release from the reaction at any
point in the plasma exceeds the energy losses due to radiat-
ion or there is a region where the reverse situation takes
place. In other worde the form of the function

G(T)= Qpus — Qrat (1)
is essential, where Q;..,=£.z%3<s‘v>- £u= 3.5 Mev (for D=1
reaction); O,.,d is the plasma energy losses due to bremsstrah-
lung per unit time and unit volume; /n2; is the ion density;
T is the plasma temperature.

1£ G(T)>0 in the whole range of the plasma the steady=
state thermonuclear combustion is possible at any small
transverse plasma dimension @ . However, there may exist the
upper limit for @ /1,2/. Then if @ exceeds some value
Qpax the thermal equilibrium of plesma and ite environment
cannot be realized (see Fig.1 where dependence of Tm on &

following from the stationary energy balance equation is

given under the condition G(7)>0
T, end Tg ere the plasma tempera-

tures at the central region and at the
boundary, respectively). it @ > a, the

self-acceleration of the thermonuclear
reaction will take place. This process
in its initial stage is similar to heat

explosion f3|4/- A max a
The characteristic dependence of Fig.1
Tm on @ when (T)<0at the periphe-

Tal plasma region as represented in
Fig.2 /2/. In this case the steady-
state developmnet of the thermonuclear W

Tz

a < Qg the cooling of plasma and ex= |— — — -

reaction is realizable if @ ? Qnp,. At

tinguishing of the thermonuclear reac— :
tion occur. 1

Apparently, the fulfilment of the A min a
mentioned reatrictions for the trans=— Pig.2
verse plasma dimension may be insufficient to steady-state
development of the thermonuclear reaction. It i8 necessary
that the equilibrium state be stable. If the equilibrium
state is unstable then depending on the kind of the fluctuat-
ions of the plasma parameters ether the falling of the plasma
temperature or the rising of it will take place; other effects
are posgible as well.

The stability of thermonuclear combustion was studied in
/5-9/. In /5,6/ the plasma was sssumed to be spatially homo-

geneous; in /7,8/ the problem was considered with account for
the plasma inhomogeneity, however, a special kind of the

fluctuations of the plasma parameters was chosen and insuffi-
ciently correct method was applied. The general conclusion
made in the works /5-8/ is that, if [g<& [, , thermomuclear
combustion may be stable only at sufficiently high plasma tem-
perature. Hathematically rigorous solution of the problem of
the energy belance stability of an inhomogeneous plaesma was
made in the work /3/. The main results of the work ere as
follows.

Due to Tz« T, , in studying of the moet rapidly develo-
ping perturbations it is sufficient to confine oneself to the
taking into account of the plasma temperature fluctuations
ST » If the therronuclear reaction is developed in the
eylindrical plesma column the arbitrary perturbation may be

represented as: ~Aet +ik =+ ime
&

&= Z—C&'RE("}B (2)
where ¢ ={1,m,k};t}.-1,2,...; n=0,41,4443 R&- are the eigen=
functions of the linearized energy balance equation which
satisfy the boundary condition R;ls =0; J; are the eigen-
values corresponding to RE 4 Ca.- are arbitrary comstants.

The analysis shows that fluctuations with m=0, kz= 0 are
the most unstable i.e. the most rapidly growing and existing
in the largest temperature range. These fluctuations are
growing over the whole temperature region, where da/dT,<0
and only the perturbations of the form §T=C R are excited.
The fluctuations 5T=§C”RM , 1#1, are always damped. If
|dena/deqT, [& 4 then instability 1p characterized by the in-

crement
" G(Tw) da. (3)
¥~ e dim
where f1,,=n(r=a). For example, if the function a(T,) has & mi-

nimum (Fig.2) then these perturbations will increase at T,.,,< Tcr-.r
where Ilcr is the value of the temperature 7;,, at which @(T,)=0min,
It should be noted that in homogeneous plasma approximation
the formula (3) may be obtained with | = Iy, but in this appro=-
ximation the minimum of the function al(T) is lower than l¢r .
The perturbations with mpO and &, #0 can increase if da fd T,<0.
However they are excited not in the whole range of ']_,,, y where
this inequality is satisfied (for instance, at_';f];.the per-
turbations with m#0, KF#O are damped). Thus the thermonucle=
ar combustion is stable if dafdT>0(shaded region in Fig.1,2).
Acknowledgement:The authors wish to express their gratitude

to V.D.Shafranov for his useful discussion of the wori,
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DISTRIBUTION OF o~PARTICLES IN LARGE TOKAMAK AND REACTOR PLASMAS
D. Pfirsch, D. Diichs
Max-Planck-Institut fiir Plasmaphysik, B046 Garching bei Miinchen,

Federal Republic of Germany

Abstract: The behavior of fusion-created a-particles is described by a
time-dependent, two-dimensional (minor torus radius r , energy E)
distribution Function Fu (r,E,t) which is obtained by solving a Fokker—
Planck type kinetic equation. The background plasma is consistently

computed from a Tokamsk transport code (8T,

This paper extends the work of Ref. |: l] in two directions: (1) The
treatment of the radial diffusion of w-particles has been refined, and
(2) the kinetic equation for F_ is solved simultaneously with a set of
transport equations for the background plasma,

1. Radial diffusion of a-particles

In Ref. I: 1 :] it was assumed that F could be approximated by a sum of
Maxwellian distributions. For each one of these, neoclassical (or other)
fluxes could then be calculated. It turned out that in some important
cases (e.g. relatively rapid changes in the production rate of a's ) F)
can only very poorly be described by such a sum . This is especially true
at high energies. At low energies, however, where the collisions between
a's and background ions (rather than electrons) dominate, a Maxwellian

approximation of F; is very good,

For the rime being we thus split f into two parts at the energy E[3],
where the effect of collisions with the ions starts to exceed the electronic

intluence: f__‘;‘ w P g it

o] %
The Maxwellian distribution F:' which is constructed using

= E
E
. 0 ooz 1 o e
m = J F'(g) & and T 3 EF s,
3 3
then serves to calculate neoclassical particle [ n" v ) and

heat (q‘:() fluxes.

For energies above E twa effects secem to operate: friction with the
background electrons causes antidiffusion because of shrinking banana
orbits, and residual pitch angle scattering leads to a regular diffusion
which is reduced, however, by % relative to neoclassical diffusion. Even
the latter would be small compared with n® Q:: and 9’:: because of the
increased "temperature". In view of this situation neglecting the fluxes
for E > E seems to be a reasonble assumption until an adequate theory has

been developed.

Since we do not want to restrict the theory to neoclassical fluxes, the
Procedure of including the fluxes in the kinetic equation for the

a-particles [ 1] is kept.

However, the weighting with energy E has been changed to a more appropriate

form.The kinetiec equation now reads:

3L . 2 - Z ey = a-iE-R)
£ T 7E(LF‘:’) 3E"( <)

@
E S i1 o1y z W
_ cU.AJm (Z [y E!.l i Z‘ F‘Ci( Sﬁl‘ﬂi)l)—kjl"(Sf ‘NE))

Lot
The quantities "n“', TE“ and 5“! are defined by analogy with Eq. (1)
and with g
z
o . EE F%e) dE .

0

&)

For some estimates we also insert anomalous particle and heat fluxes.

2, Transport model for the background

Equation (2) is solved simultaneously with a set of transport equations
for background electrons, hydrogenic ions (and neutrals), as well as
impurities. In addition to the terms described in [2]. we include
energy loss due to cyclotron radiation and enhanced diffusion in regions

with safety factor c[ € L

The neoclassical confinement time of the a-particles considerably increases
in comparison with the model of Ref., [ 1 :] This was to be expected because

at the same temperature the a-particles will diffuse neoclassically with the

t

Ny

[em™]

10"

gradient of the hydrogenic ions.

A

0 rfcm] — 570

In Fig. | density profiles of neoclassically diffusing a-particles are
shown for constant (in time) background plasma the parameters of which
conform with case IV,/b)in Ref. [ I ] except for a slightly different
nH-pruEile. The results might be compared with Fig. 2 of Ref. [1:]

Radial diffusion speeds are of the order of lem 5-l.
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COLLIDING-BEAM TOKAMAK PLASMAS

D. L, Jassby, R. M. Kulsrud, Y. C. Sun
Plasma Physics Laboratory, Princeton University,

Princeton, WN. J. 08540, U.S.A.

Abstract. We consider the properties of a tokamak plasma in which all
ilons are tangentially injected to form two "thermal" velocity distributions,
oppositely displaced in velocity along the magnetic axis, so that head-on

collisions between ions in opposite distributions are maximized.

Coulomb and nuclear interactions among beam ions are becoming signifi-

heam/

cant in present beam-injection experiments in tokamaks, where n n, is
as large as 0.1. In the case of 15-keV o° beams injected into a D plasma
in the ATC device, by injection both parallel and anti-parallel to the mag-
netic axis, head-on collisions between oppositely directsd beam ions re-
sulted in a doubling of the fusion power output, even for nheam/“e-u'ln [1).
In the following we consider a tokamak plasma where all ions are injected
via neutral beams, and those ions which have decelerated by Coulomb drag on
the plasma electrons are removed from the plasma in a time that is short
compared to their slowing-down time. Then nmm“/nE - 1. In particular, we
consider the case of two oppositely directed distributions of D and T ions,
which together with space-charge neutralizing electrons form a colliding-
beam tokamak plasma (CBT). A preliminary discussion of this scheme was
given in Ref. [2], where it was shown that the absence of substantial cold-
ion populatien results in an increase in fusion gain Q over that of a
target-plasma reactor (TCT), while the injection energy can be 3 to 4 times
smaller (vis., 50-60 keV),because head-on collisions predominate.

Consider a steady-state tokamak plasma into which energetic neutrals
are injected parallel and anti-parallel to the magnetic axis. The neutrals
are trapped by charge-exchange with ions travelling in the same direction,
by impact ionization on oppositely travelling ions, and by electron
ionization. MNeutrals generated by successive charge-exchange are trap-
ped up to the third or fourth generation, for realistic geometries
te.g., na - 3 x 10 e & ), S5CERAE o DS SUlEaa ST
the optimal ranga, 5-10% of the injected energy is eventually lost by
charge-exchange.

The energetic ions are assumed to be confined until they decelerate to
an energy ZTa by Coulomb drag on the electrons. Ions with energy W < ZTE
are assumed to be lost at a rate IE-]‘, where Te is the electron energy con-
finement time. 'i.‘e is maintained entirely by power deposition frem the fast
ions, so that I‘E and nIz are determined by 1la and the ion source strength S.
For T_¢ 10 keV, the slowing-down time of the fast ions is several times
longer than e Microinstabilities, such as drift instabilities, prefer-
entially cause diffusion of thermal ions and electrons [3], and would be
useful for eliminating cold ions at a rate - 15_1. By means of a magnetic
divertor, the inward flow rate of cold neutrals and ions from the wall can
be kept small compared to the large rate of particle injection by the beams.

The ion velocity distribution functions £(v) have been calculated with
a multi-species two-dimensional Fokker-Planck code. Fig. 1 shows a polar
plot of the steady-state f£(v) contours for a CBT plasma operating in DT, in
which the injection energies wn are 60 keV for D and 40 keV for T (re-
lative collision energy = 168 keV). S and n_t, are of sufficient magnitude
that Te = 6.0 keV. Evidently f(v) for each beam resembles a displaced
Maxwellian, which results from the strong Coulomb interaction among beam
ions, The beam "temperature" is about 14 keV, with T, slightly greater than

L These relatively broad ion distributions are apparently stable to

n:
electrostatic and electromagnetic modes [2].

The fusion power gain @ is calculated by integrating the fusion
reactivity over the D and T velocity distributions, and dividing by the

injection power. Fig. 2 shows TE and @ as a function of ntgi specifying

5 nT. and n determines both 'r= and S. Q=1
Te=6.0 keV
L SOURCE g ("break-even") is attained at ntg =
4 DEUTERONS | 1.6 % 10'%cn™ and 7_ = 3.4 kev. Fore_ »
e
4 keV, Q may be substantially larger than in ,
3
TCT operation, while the required n_t_ may be
Vi e E
s substantially less [3]. The required ion
: i =g 3
confinement time is 1h/rE -(wo -3 'I‘e)/l.E TE
1 =01 > 1. This condition on Th/“ra seems compati-
ble with experimental results from beam-
e
L&
| F] v 3 injected tokamaks [4].
L
The principal effect of an impurity
= f(v)=0.1
population is enhanced pitch-angle scattering,
2 which underminaes the advantage of head-on
vy collisions. We find that for WD = 60 keV
-3 TRITONS (both D and T), '['e = 5.0 keV, and iron
I SOURCE impurity, Q is reduced by 33% and 46% for
-4

Zefi = 2 and 3, respectively.
4 Solution of the steady-state momentum
Figure 1

balance equations for CBT operation have
been carried out for mean particle velocities directed as shown in Fig. 3.
The electron drag on the tritons overwhelms the acceleration of the tritons
by the elactric field, so that continuous injection is required to maintain
the triton velocity. If zeff = 1, any imbalance in toroidal ion current is
exactly compensated by the shift in the electron velocity distribution
required to maintain momentum balance. But if Zopg ” 1, because of im-
purities or significant electron trapping, a toroidal current can be
maintained even when E = O.

For the same total pressure in CBT and TCT operation, and for ey

in the TCT [3], it is easy to show that the fusion power density in

5 10
3
4 85
g E
—_—
o3 62
@ —_—
=2 43
g = TRITONS
= =
i 2
' te ELECTRONS
o
04! ";5.2 SR R R DEUTERONS
ngglem’s)
Figure 2 Fiqure 3

either mode of operation is very similar. However, the maximum size of
a CBT reactor would have to be considerably smaller than the maximum
possible size of a TCT reactor, because adequate penetration by the
lower energy CBT beams demands a smaller plasma radius. It would appear

that the lenient requirements on injection voltage and ner for g -1

E
make the CBT mdde of operation particularly appropriate for application
in near-term toroidal devices.
This work was supported by U.S.E.R.D.A. Contract E(11-1)-3073.
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THE RADIAL BUILD UP OF PLASMA BY NEUTRAL INJEKTION INTO TOROIDAL
CONFIGURATIONS

H.D. Falter, W. Henkes

Institut fdr Kernverfahrenstechnik, Kernforschungszentrum,
p 75 Karlsruhe, Germany

Abstract: The radial build up of plasmas in toroidal reactor configurations
is computed for injected beams of finite diameter. Beams with a homogenous
current tend to produce MHD-unstable, "hollow" plasmas, whereas beams with
a current density peaked on the beam axis behave similar to pencil beams
considered before (1).

In a previous paper (1) we proposed to start a Fusion reactor by the build
up of a high temperature, high density plasma by injection of neutral par-
ticles with an energy of the order of 10 keV, (2). The problem of particle
penetration is circumvented by radial build up of the plasma, that is by
creating a plasma of high density and small radius near the magnetic axis
which in turn grows in radius until the reactor is filled. In this paper
we Eirst investigate the influence of a finite beam diameter on plasma

build up, in contrast to (1) where we assumed a pencil beam, Then we discuss

the influence of charge exchange neglected before.

For computation of build up we restrict ourselves to the case of injection
tangential to the magnetic axis (3), called "parallel injection" in (1).
All dimensions and assumptions are the same as in (1). We simulate a beam
of finite cross section by subdividing the injected current into a number
of individual beamlets as shown in Fig.2. Since trapped particles distribute
over a magnetic surface it is sufficient ‘t:n place these beamlets on one
side of the magnetic axis. This corresponds roughly to a physical beam of
circular cross section with its axis tangent to the magnetic axis, Its
diameter is twice the width occupied by the beamlets. To simulate a beam
of constant current density the currents of the beamlets are chosen propor-
tional to the beam radius. On the other hand beamlets with equal currents
will correopond to a physical beam with the current density peaked on the

axis,

In Fig.3 we compare the results for three different beams at the same time

after the start of injection, For comparison we also show the result for a

eqUI’V Beam single pencil beam, curve d, (case 7 of
—T {1)). Cukve a is for a beam with 5 cm
J} I[ magn_ Axis radius and constant current deasity, curve
b for the same radius but a peaked beam
/ profile, while curve c¢ is for a beam of
10 cm radius with constant current density.
Beam b builds up the density nearly as fast
as the pencil beam while beams a and c fall
far behind. Both beams with a constant
\ current density profile produce a plasma
\l density distribution with a minimum near
\} | the magnetic axis. This kind of distribu-
: tion is not in stable equilibrium, Figs.
L 4-5 show the Further development in time
JO of the plasma density. With a pencil beam
{Fig.3d) we get a plasma radius of 10 cm
Fig.2: Simulation of a beam and a density of 3¢10' ca™> after oniy
of a finite diameter 0,04 sec, while with the beam of 10 cm
by pencil beams. radius (Fig.5) a density of 1.7 10'% cn®

ist obtained only after 0,24 sec, and the density distribution at this
time looks highly forbidding.

Once the plasma density and radius have grown sufficiently large so that
the injected beam is completely absorbed we can use the following approxi-
mation for the density at the plasma edge:

= 0?2 cosq/2d R5/26601)1/3 ()

Here J is the injected current (Atoms/sec),glits angle of incidence on the
plasma surface, a the minor, and R the major plasma radius, D = dn(R/r)>/2
the Diffusion constant and dul the cross section for electron loss.

Charge exchange between a high energy atom of the beam and a high energy
Plasma ion does not contribute to plasma build up but it does contribute

'to the attenuation of the incident beam, Part of the neutrals produced by
charge exchange will leave the plasma before being reionized. This will
result in a reduction of the trapped particle current to be used in Equ. (1).

The fraction § of the injected current leaving the plasma at its surface is
approximately

@.—_' 2! 2
§ ™GBy ~ 181080 + Gy 1/ G+ G Y“ C1o% * o), @
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Fig.3: Plasma density distribution after 0.04 sec of injection.
a. Beam with 5 cm radius, constant current density J.
b. Beam with 5 cm radius, current density j peaked on the axis,
c. Beam with 10 cm radius, constant current density j.
d. Pencil beam (case 7 of (1)).
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Pig.4: pDevelopment of plasma density Fig.5: Development of plasma density
in time. Beam like in Fig.3b. in time. Beam like in Fig.3c.

Hugélo and 601 are cross sections for electron capture and electron loss
respectively. For dlﬂ = 5601 we find J = 0.22, that is the trapped current
is 22% lower than the beam current. The second effect of charge exchange is
a reduction in the penetration depth which results in a steeper gradient at
the plasma edge and a larger diffusion current toward the outside. Taking
into account both effects we find !ordlo = 5@ a1 ¥ reduction of the plasma
density by only 40% compared to the case ufdm = 0. Since a Eraction of
the energetic neutrals formed by charge exchange will be in excited states
their cross section for reionization will be larger and the influence of

charge exchange further reduced.

Conclusion

The concept of radial build up of a plasma in a toroidal fusion reactor does
not rely on the existence of pencil beams, but plasmas of high density may
be produced by beams of finite radius. By computations we find, though, that
during build up the plasma can assume a density distribution with g—:; 0. The
effect is most pronounced for a large beam radius and is enhanced by a large
cross section for beam attenuaticn,‘ as for instance charge exchange. Posi-
tive density gradients can be avoided only by injecting beams of small
radius and with a high current density on their axis in order to feed enough
particles into the region close to the magnetic axis. The method of cluster
ion acceleration should be well suited to produce such beams of high current
density at mederate energies (ca. 10-20 keV/atom) (4). The effect of charge
exchange of beam particles with hot plasma particles is not expected to
change the computatational results by more than a factor of 2.
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A CdRONICLE OF ION-CURRENT INSTABILITIES - OLD & NEW

Ronald W. Landau
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Plasma Physics Laboratory, Princeton university
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ABSTRACT

When T, = 0, counter-streaming ion currents are unstable if
the streaming velocity is greater than the ion thermal velocity.

For this instability, W= 0 and w, = lBQ+. Even when streaming

i
ions are only 1% of the stationary ions there is instability, but

t ) Y% while w, = 42,. In all Ehis T, , =Ty _-
- i + .

now w
. e

There has been considerable interest recently in using neutral
beams to heat plasmas in a new generation of Tokomaks to achieve
marginal power production. the neutral beams are very monoenergetic
and when converted to ions are alsc very monoenergetic. the earlier
proposals'’? envisage injection of low-density ions but more recent?
suggestions have pointed out that less energetic beams are required
if one preferentially removes low-energy ions, so that the 'plasma'
consists of two counterstreaming ion beams. Owing to the importance
of the above ideas we have looked carefully at the instabilities of
counterstreaming ion beams flowing along the magnetic field.

We assume a uniform magnetic field B, along the z direction and
of infinite extent in the other two directions, traversed by two
counterstreaming ion beams flowing along the magnetic field B
A1l parallel (along B,) temperatures, i.e. of ions and electrons
are equal, (T“'+ = T”J_) and are given by Maxwellian distributions
while all perpendicular temperatures are zero (T, = 0). Setting
T, = 0 gives no singularities, gimplifies the algebra by eliminating
n > 2 Bessel functions, and gives maximum growth rates since the in-
stabilities considered propagate mainly Eerpen?icular to the magnetic
field. We define the wave vector k = k,i + kﬂﬁ and consider two
ion beams of density en each, with equal and opposite velocities Ve
passing through a stationary ion background of density (1-2¢)n and
electron background of density n. The symmetrical situation insures
that there is no zero-order current and hence finite B effects may
be treated consistently.

1. All Ions Stream, Ta = 0.
i.e. all the ions counterstream. Using the infinite medium dispersion

In the first part we assume £ = 1/2,

relation as given e.g. by Landau and Cuperman‘together with Barberio-
Corsetti's®, computer program for %Z(z), we have solved the dispersion
relation on the computer. The maximum growth rate for the U= 0
mode is shown by the top two curves in Fig.l. The mass ratio

u #m,/m_ = 1837 is used and also the definitions

TED, ST 8 2 Kylky g = 4wnT, /By

wy = dnnei/m_ ?t z |e|By/m,c ;P = wy /0

/a, = KRy , Ry, T VZ Y, /0, vi oz T./m

o = éﬁ,ﬁ, v, = V+//§ 5" . z 2 w/9_ = b+ iy
.

where :V, is the velocity of each stream. Quantities without sub-
scripts refer to electrons. The curve marked 100% gives the W, =0
growth rate, Ya? maximized as a function of 'a', for € = 1/2 i.e.
100% ions streaming. The growth rate is a maximum for & ~ 0 and for
w_ > 1. The a dependence is shown in Fig.2. (We have not explored
the t dependence.) The ES curve in Fig.l gives the maximum growth
rate obtained when the electrostatic (ES) eqguation is used, and does
not differ much from the 8 = .1 growth rate. The maximum wave number
occurs for a ~ V+ >> 1. Since also z << 1 and By, 8% ;+, it is pos-
sible to use the asymptotic expressions for all the Z functions oc-
curing in the ES equation (p.224 of Stix®), to obtain the simple re-

sult in the 8 ~ 0, GP >> 1 limit,

(2 + 2u?) = ] wd Slw ot kv )?E (1)
P 5. Bet e

This ES equation has the form of the two-stream instability and may
use Stix® p.113 to obtain the maximum growth rate, (since 1/2(2u) V2
= .83 » 1077%).

= .83 x-10™?

. e Sy vz
: Ayt + g 2

which occurs at a wave number kyR,= 1/a = (3/8) ¥V = .612 v .

The locus of wave numbers for maximum growth is shown in Fig.3 by
the dashed curve for § =.1, which is close to the ES value just
given. Similarly, the maximum growth rate given by (2) is close to

that shown in Fig.l, while the ;P dependence is also given accurately,

as shown by the §+ = 10 and 2.5 curves of Fig.2.

2. Equal Temperatures T, = T,. The selution for the T, = T, case

has been obtained by Weibel’ and is shown by the 'Weibel' dash in

Fig.l. His marginal stability criterion is shown in Fig.3, insert,
plotted vs. 1/a, = WY ga.
Weibel's results by setting 3 # 0 with 1/{8a,)® = 4e 'I,(}) = 1,

It is possible to approximately reproduce

but then the ES results are obtained only for # = 107°, For £ = .01
The growth rate is 4 larger. BSince it is not clear that Weibel's
results are optimised (he chooses } = 3) we can say only that the

instability threshold lies in the range 1 < Q+ < 8.

3. VWeak Beam, T, = 0. When the percentage of streaming ions is
low, £ << 1, then keeping lowest order terms in the ES equation gives
a cubic. It may, however, be solved approximately and one obtains a

maximum growth rate and real part given by

Yy = V3724 % )ee¥i ¥ = 1.6 x 1070 = (1-e¥/2%)u

ifs 1
- W, ur,m"

with W = @ /(1 + Z;)‘h which is quite close to the values given in
Fig.l and 2. Note that the real part is near the Lily frequency.
These two instabilities are in addition to the Drummond-Rosen—

bluth ion-cyclotron instability.
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FEEDBACK STABILIZATION OF TRAPPED PARTICLE INSTABILITIES

A.K. Sundaram & A. Sen
Physical Research Laboratory
Ahmedabad 380 009
India

Abstract: We study the possible suppression of trapped particle instabili-
ties of the magnetic type by using feedback controlled neutral beam injec-
tion. We find that the potentially dangerous dissipative trapped particle
modes may be effectively quenched by means of a positive feedback with

90° phase.

Feedback stabilization schemes using electrostatic probes have
been widely considered for the suppression of various electrostatic instabi-
lities in a plasma EIJ . However the use of material probes limits their
applicability to plasmas of moderate density and temperature. The possi-
bility of neutral beam injection to provide feedback controlled volume sour-
ces of particle and momentum density was first suggested by Chen and
Furth l_z ] as an alternate method for suppressing low frequency plasma
tnatahﬂi;:laa. In this paper we use their model to study the suppression of
some of the harmful instabilities that arise in closed magnetic devices due
to the presence of trapped particles [ 3 ] These pearticles which undergo
unfavourable drifts in the curved magnetic fields give rise to growing flute
type perturbations very similar to those found in adiabatic traps. In essen-
ce, the trapped particles behave like a distinct species in the system attain-
ing their own local equilibrium with a reduced temperature (22 ¢ ETJ.
where £ =r/R is the ratio of minor to major radius) while the transiting
particles provide a background of high dielectric constant. The basic idea
of the feedback stabilization scheme is to sense the growing perturbations of
the trapped particles(by an independent system of optical or microwave
beams) and then appropriately modulate the intensity of an incident neutral
beam. The neutral beam gets ionized by its interaction with the plasma and
thus acts as a source for particle and momentum density. We concern
ourselves mainly with the effect of "'density smoothing" provided by the
particle source and ignore the effects of the momentum source. Our pre-
sent calculations are based on modified fluid equations rBJ (which retain
most of the essential features of trapped particle instabrlitias in an appro-
ximate sense) and we study the effect of neutral beam injection by including
a source term of the form

S LD i n:. i
ny stands for density perturbation and wy is in general complex. The
magnitude of wy gives the gain of the feedback system and the phase is
glvenby  g=arg (iS/m ). Positive(negative) feedback implies negati-
ve (positive) w; . Our results are summarised below for three prinecipal
instabilities.

1. Collisionless trapped particle instability; This is basically the
ordinary flute instability, which for trapped particles arises when the mag-

. T
netic drift has the unfavourable sign (wxwg<0; udsge%ﬁls' and w: is the
diamagnetic drift frequency). For a simple isothermal situation (T," T )
We get the following dispersion relation,

e (W “"’d*‘“’g, ~fEww=0 @

Stabilization can be achievefl by positive t‘eedback applied at 180° phase and
with 2 gain of W > ¢l (W wy )2

2. Dissipative trapped particle instabilities: Particle collisions can

Bive rise to new trapped particle instabilities which are more dangerous
than the collisionless instabilities, as they do not depend on the sign of
curvature of the magnetic field. Since in most fusion devices the collision
frequencies are comparable to the characteristic frequencies of plasma
motion, we next consider the stabilization of two major types of dissipative
modes.

(a) Trapped ion i.ltsta'bﬂi.ty It evolves out of the collisionless-flute ,
instability and is characterized by Y& ¢ < "‘- with L"J (E T/ W\L}L
where 1) is the collision frequency. Our dlspersmn ralatwn is ('('f- i ],

WU - Wee +ivsfe
W -y +ive/e (3)

1+T (W0 =) T + Wae
3 Gy =5y

This instability can be suppressed by a positive feedback applied at 90°
&
phase with a gain of uJJ_ > e Wae fve (‘.;—’Z-)a

(b) Trapped electron instability: This is very similar to the drift dis-
sipative instability and arises due to the loss of trapped electrons through
collisions. For ,T”“‘i< rn (\/ETglme and L».J'*@_( Ve. f(: we gbtain
a simplified dispersion relation

(o)) = € wnel - g"ﬂ_z =3m,)

_L_E)_E+UJ]
= +

(4)

where Tle = Clt“T“ /‘ilf\nmﬂe_is the electron cyclotron frequency.
Stability can be atta.ined by positive feedback (5‘0‘J phase) with a gain of
Wy > w‘,e[l - —-— U- E qc\] or a negative feedback at 180° phase
with a gain of U)j_ > Ve fe

We note that it is possible to simultaneously suppress both the
dissipative modes by means of positive feedback at g0° phase. In an actual
situation it is possible to utilize additional parameters such as the momen-
tum source arising from the beam to suppress a larger variety of trapped
particle modes simultaneously. Calculations incorporating the momentum

source and using the kinetic theory are in progress.
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" GRAD B DRIFT INSTABILITY " IN A TOKAMAK

T. Dodo and 0, Okada
Central Research Laboratory, Hitachi Ltd., Tokyo 185, Japan
Y. Terashima

Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan

A new type of instability, caused by the charge separation due to the
grad B drift in a torus,is analyzed with an electrostatic approximation.
This tnar.ahili{:y will explain the fluctuations of the poloidal mode number
m= 4,3,2 on the rational surfaces q = 4,3,2 observed prlor to the dis-
ruptive instability In tokamaks.

In the experlmentsl)z)in tokamaks, fluctuations with poloidal mode number

m = 4,3,2 are observed with corresponding safety factor q = 4,3,2, In low
shear stellarators, the particle confinement time is observed to become
smaller at the rational surfaccs?)“ The analysis in the following is aimed
to present an explanation of the mechanism of these fluctuations.

The instability presented in this analysis is driven by the charge sepa-
ration due to grad|B|drift of ions and electrons in the opposite direction.
Fluctuations are amplified in the region with bad magnetic field curvature
and are suppressed in the good curvature veglon. The electron flow along the
magnetic field lines acts to neutralize the charge unbalance and stabilizes
this instabilicy. As the parallel wave number kH of the fluctuations tends
to zero, the parallel phase velocity of the instability exceeds the thermal
velocity of electrons, and the electron flow is not enough to neutralize the
charge unbalance produced by grad [B| drift. The growth rate of the order =2
is obtained from the difference of the growth rate in the bad region and the
damping rate in the good region, though the parallel wave length is much
larger than the connection length ar .

The fluid equations of motion and continuity of the ions and electrons
are analyzed in the usual toroidal coordinate system, The equilibrium radial
distribution of the g-value and the gradient of the density and the electri-
cal potential are assumed to be constant and the eigen value problem in the
radial direction (- shear stabilization- ) will be treated in a later paper.
The standard perturbation calculation for the demsity and the electrical po-
tential are carried out in which the toroidal effect of the order of ¢ are
included. The percturved quancities (ii,¥) are expressed as exp L(m8 + ni - wt)
'N;‘l';l) exp (i18), where & 1s the poloidal direction and { the toroidal di-

rection. The amplitude Function In exp (118) expresses the poloidal variation

of the density fluctuation amplitudle.

. When k’, = 0, the dispe;siun equation Lszgiven approximately as,

0%+ a(l-g /2 (T, /7)) + g (T /T ) (T, /T )7/ (2b) = 0, )
where § = wfu, , & =V /¥ =€, Vo= xT /(eB), « . =¥ “o";n'
wy = (mfe)V,, vgm: 2T /(=BRy), € = x/Ry, b = (w/r)"(T,/M2,7). The
imaginary part in the dispersion equation (1) is omitted because the

collision frequencies ¥ are small and the instability at

g Yage Yy fh
k” = 0 is the so-called reactive instability. The instability occurs
when
2 2

2g [1+{TLITE)] 2" > bs (2)
For the standard tokamaks, as the parameter b which expresses finite
Larmor radius effect, is usually small ( !.0_[' for BT = 30 kG, T1 = 1005‘!),
the inequality is satisfied,.

The parameters of T
350eV, T, 100eV, n; 1015@:“:,' 1'5
R 1m and v 0(10cm), .
represent typical tokamak QL
plasma now in operation. ' o
The mean free path of *
electrons is 3 x 0 e s

longer than qRO, but is

still in the plateau regime. s
In Fig. 1, a growth rate of O‘

the order of w, is shown at

the rational surface

k;, = 0. Experimental 0 |
observations of fluctu- 0 0‘004 2 0.003
ations with m = 4, 3, 2 kll D"
—
might be explained with wR
the "grad |B| drift insta-
bility" shown in Fig. 1.
As € increases, l’li Fig. 1. Growth rate of fluctuations with
increases and the insta- kHZD”
m=3 and n = -1, is the

bility tends to be very
dangerous, When E(H is non-dimensional diffusion coefficient
not small, ﬂi in Fig. 1 along the magnetic field.
is smoothly connceted to

the usual resistive drift mode.

In Fig. 2, ﬂr is shown as a function of k” where E/B is a parameter.

When E/B increases,Qr .0
increases but the funetion-

al relation is mot limear.
Wheniaﬂ,ﬂratku=u Qr
is in the direction of an

ion diamagnetic rotation.

The figure shows that the
direction of wave propa-

gation is not the direct 0

result of a sign of Er'
The growth rate 91 is
scarcely affected by E/B.
In Fig. 3, the locus
of Qin the complex plane
(Q‘_. Qi) is shown for
VEp= 0. Poloidal mode
ber m i - 1.0 1
number m is 3 at ”_CI, = .
while at large k”, the

resiscive drift wich Fig. 2. Frequency of fluctuations with m = 3 and

m = 2 is approached and n= =1, €= 0.05. represents

Vi/n
the dominant mode becomes normalized E x B drift veloecity.

m =2, The

transition
takes place on
the locus near
q2¢ 3,03, The
peloidal dis-
tribution of
fluctuation
amplitude is
symmetric
except near
the transition.
The poloidal

symmetry at the

rational "'0‘4 0.8
surface is the
remarkable Fig. 3. Root locus of the mode withm = 3 and n = -1 at

feature of the € = 0.05.
grad |B| drift instability in comparison with the trapped particle insta-
bilitless)’ﬁj in which the fluctuation is strongly localized in the region

with bad magnetic field curvature,

The grad |B| drift instability has been shown in the present analysis
to have a large growth rate of the order of w, in the plateau regime, The
amplitude of the oscillation distributes nearly uniform over the polnidal
angle-8, because the electron mean-free-path is much longer than the
connection length. The trapped particle instabilities are characterized
with the amplitude strongly localized in the bad curvature region.

Experimentally observed fluctuations in tﬂknmaksl:"z)

now in operation in

the plateau regime, might be explained with the grad \B| drift instability.
On the rational surface where the parallel wave number is zero, the

energy of the magnetic field perturbation is also zero, and the effect of

the magnetic fleld perrurbation is negligible.
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Heating Process in Experiments of Plasma Injection

and Adiabatic Compression (PTACE)

S. Got8, T. Uyama, N. Satomi and H. it
plasma Physics Laboratory, Faculty of Engineering

Osaka University, Suita, Osaka, Japan

Abstract: Heating process of a keV deuterium plasma produced by
rapid magnetic compression of colliding plasma streams is experi-
mentally studied. In early stage of ion heating an electrostatic
shock with high Mach number is ohserved. Main heating is dominated

by the inward movement of the strong sheet current.

[ntroduction: Magnetic compression of a plasma produced by an
encounter of two plasma streams ejected by plasma guns has been
tried in our laboratory [1][2]. Im this experiment, both ion
and electron temperatures increase rapidly and reach 205 keV
within 1 us inspite of wide variations of intial Ty, Te and ng.
Final densities are 6x10".,5%101 jons/cc and any serious mass
motion is not observed in implosion phase. Up to the present,
our ion heating is found to be divided into two stages in time:
first one with a heating rate vl eV/ns and second one with that
of 10 eV/ns as shown in fig.l. Although this process has been
partly discussed by a theoretical work, more detailed experimental
data are presented here espnkially for early stage of plasma
heating which leads to succeeding main heating [2][3]-
Experiments: The initial plasma is produced by an encounter of
two plasma streams ejected by theta guns of the same performance.

n
The translational energy of each stream alog 1 kG guide-field
® %

is rapidly converted into the thermal energy and a plasma with
T;>T, is obtained in the region surrounded by a one-turn coil of
1 m length. By choosing some appropriate time later than gun
firing time, a rapidly increasing discharge through the com-
pression coil is started. In this experiment, we selected only
one time point 13 ps when T; of the initial plasma is 100 eV
which is the maximum in course of one plasma encounter. Tj and
T, were determined by spectroscopic method and laser scattering.
Time and spatially vesolved variations of B, and E, were measured
by specially designed very fine probes. Results obtained by

probe measurements are given in fig.Z and fig.3 respectively.
Discussion: Magnetic profiles until 160 ns are that of a so-
called laminar shock with a high Mach number( > 3). This is under-
stood by a fact that some plasma flow with a velocity A 1x107cm/s
from the surface of the plasma column towards the wall exists at
the initial time. The ion temperature at the axis begins to in-
crease after the foot of the shock reaches r=0(t=160ns, Tyn200eV) .
The behavior of En is explained as follows. Just after B, pene-
trates into the plasma, electrons begin to drift towards the axis
with a velocity v,=(Eg/B,) while ions are left or lost at the wall
because of their large Larmor radius p; . Then E. is formed and
begins to move by ambipolar effect. Duringuw.; is small, the ion
upstream is strong enough to compensate the loss at the wall.

From ohservation, v, is nearly constant(l.0v1.2x107em/s) up to
160ns. lons penetrating through the shock are accelerated by Eg
near the wall for 2/w.y and returned into the plasma without
touching the wall when pidﬁnlﬂz](lfucg. This condition is fully
satisfied at t2 100 ns, and heating by reflected ions are expected.
At t=160 ns, Ep reaches the houndary of the initial plasma(r~2 cm)

where oy is already small. Then the supply of ions to the shock
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becomes smaller and E, is necessarily diminished. Nextly, by
strong Egat the wall, same kind of process begins once more. In
this phase, however, the movement of Ep does not deviate from
that of the strong sheet current around the heated plasma column
which ceases at the time of the maximum T;.

It is concluded that our two-stage ion heating corresponds
exactly to this temporal behavior of the radial electric field.
Ep observed here seems to denote very imcoplete plasma boundary
in phase I. iowever, only excess ions of the line density 10°v
10"/cm are necessary to produce it. This number is too small to
produce some appreciable density hump in implosion phase(npv 10"
ions/ce). In phase I, ion heating is still supported by adiabatic
compression or Fermi acceleration by the movement of the strong

current sheet.
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THEORETICAL AND EXPERIMENTAL RESULTS OF HIGH TEMPERATURE
PLASMA INVESTLGATIONS IN PULSED ELECTROMAGNETIC TRAFS

Lavrent'ev O,A., Kalmykov A.A.,, Sidorkin V.A.,
Azovskii Yu.S., Zaitsev B.V., Ovcharenko L,I.,
Sappa N.N., Stepanenko I.A,, Potapenko V..,
Eomarov A.D., Skibenlko A.I,, Fomin I,P.,
Pankrat'ev Yu,I., Volovin S.A., Naboka V.A.,
Nozdrachev M.G., Novikov M.N., Slavnii A,.S.

Physical-Technical Institute, Kharkov, U.5.8.R.

1. Introduction

In this paper we consider the accumulation processes and plas—
ma heating in electromagnetic traps ,-'-71 ]m‘.th pulsed magnetic
fields, Plasma is produced with a generating gas ionization by
electrons directly in the trap volume, Ions are accumulated and
confined in the potential well of space electron charge whereas
electrons are confined by outer electric and magnetic field. The
removing velocity of slow electrons from the trap determines the
accumulation and plasma heating efficiency. It follows from the
fact that injection current and the indtroduced plasma power are
confined by the space charge of the electrons already accumula -
ted in the trap. The new electrons of outer injection can be in-
troduced only instead of waste electrons, leaving the trap due to
the diffusion across the magnetic field. By increasing the magne-
tic field the electron diffusion velocity would not be sufficient
for reaching the limiting plasma parameters for time period of the
magnetic field pulse duration.

To force the accumulation processes and plasma heating it is
necessary to apply the methods of enforeing removal of slow elec=
trons from the trap, for example, the excitation of diocatron in=

stability |‘2J in magnetic gap region.

2, Experimental device and diagnostics

The experiments on high temperature plasma accumulation have
been carried out at the devices of two types:Jupiter 14,Jupiter
1M,BK—4.The design and parameters of the first two devices were
reported [5,4). They have a magnetic configuration of the contra-
ry-engaged solenoids, an annular gap, two axial holes were block-
ed by electrostatic mirrors,the electron injection was through
the axial holes. The latter is a multigap electromagnetic trap.
Magnetic configuration is produced by current bars,which are loca=-
ted along a cylinder surface and by two coaxial solenoids on the
ends., All magnetic gaps are blocked by electrostatic mirrors.Elec-
tron injection is through the radial gaps. Design and parameters
of the device are givan[ﬁ] .

Plasma density is measured over the total number of the charg-
ed particles in the trap, with 8-mm interfercmeter, by potassium
neutral beam. Plasma temperature is determined from the energetic
spectra of charged and neutral particles.The life time is evalua=
ted from the ratio of the total number of electron in the trap to
the injection current,Energetical time is determined from the ra-
tio of the total power contents in plasma to the injection power.
Plasma boudary and loss localization of charged particles were de=-
termined by electrostatic probes.The potential well depth of space

electron charge is evaluated by means of corpuscular methods.

3. The prinecipal results
Teble I shows the experimental result on plasma accumulation

in the electromagnetic traps.

Device Ju 1A Ju 1M BE-4
magnetic field,H, KGS -] 10 3
injection power, E, ,keV 5 7 1
injection current, I,A Ca1 0,1 0.3
plasma volume , V, 1 0.3 0.2 1.0
density, n, en™> 4,10"2 5102 2,10"
ion temperature, Ti, kaV 0.8 1 0.25
life time 7y , msec 1.0 5 0.05
T = Yoe r Vir) " 1.7 5.3 0.t

Two regimes of accumulation are found, they have different velo-
cities of neutral gas introduction into plasma. In the first re-
gime, Fig.1a, we note a monotonic build-up of density, as a time
accunulation function, for the velocity of neutral gas introuc -
tion into plasma '?'10'16 particles/sec.

During the injection 8,75 msec it is confined with a magnetic
field plateau extension, 6-‘10“’ particles are introduced. Average
density 2410"%cn™? consists of 3u% critical Brillouin one,*lo =
Hi,’[é{(ﬂ?e‘{"’" « In the second regime, Fig.1b, the velocity is
%,5+10 '/ particles/sec, a monotonic accumulation is disturbed by
partial density breakdowns. Development of diocotron instability
due to slow electron accumulation in magnetic gap region may be
a possible reason of the breakdown, the monotonic accumulation
build-up restores. During the injection 3.5 msec 1015 particles
are introduced into plasma,.The main density 4-1012cm'3 consists of
60% critical Brillouin one. It is close to the limit and is defin-
ed by a sagging of potential space electron charge in the magnetic
gap.A further increase of injection duration leads to the exponen—
tlal rise of ion current through the annular gap. Measurcmenta of
the energetic ion spectra with different devices have confirmed
a linear dependence Ti on the electron injection energy with pro-
portionality coefficient close to the theoretical one. The life
time was compared with the theoretical estimations [GJ taking in=
to account electron diffusion in space coordinates and in the ve=
locity space.

Discrepancy between experimental life time and the theoretical
estimations for BEK-4 is explained by local electron losses on the
ends, we have found them experimentally. Also it have been found
the life time increases linearly with the increasing of the dis -

tance between the end solenoids.
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RESULTS FROM THE ELMO BUMPY TORUS
IN A THEORETICAL CONTEXT

C. L. Hedrick, R. A, Dandl, R. A. Dory, H. 0. Eason, G. E. Guest,
G. R. Haste, H. Ikegami, E. F. Jaeger, N. H. Lazar, D. G.
McAlees, D. H. McNeill, D. B. Nelson, L. W. Owen

Oak Ridge National Laboratory, Oak Ridge, Tennessee USA
Abstract: Theoretical and experimental results from the EIMO Bumpy Torus

will be discussed with particular emphasis on macroscopic stability and

transport,

The EIMO Bumpy Torus (EBT) is a steady state device [1] composed of a
linked set of twenty four 2-to-1 mirrors, arranged to form a torus with
plasma heated by microwave power. The plasma has two basic components; a
mirror confined, high beta, hot electron plasma, forming hollow annuli
between each pair of coils; and a moderate temperature toroidal plasma
that threads each of the electron annuli. Experiments carried out dur-
ing the past year have demonstrated the validity of the basic EBT premise:
that plasma currents produced by the high-beta hot-electron annuli can
provide macroscopically stable plasma confinement by creating average
minimum-B. EBT has also exhibited confinement of particles and energy for
10's of milliseconds, high plasma purity, and no perceptible difficulties
with field errors or convective cells. This paper summarizes the pripeci-
pal experimental and theoretical features of the EBT research program.
Stability

Three distinct, reproducible modes of operation, the C-, T- and
M-Modes are observed at successive lower ambient gas pressure. The
C-Mode has a relatively high level of density fluctuations while
the T-Mode is quiet. Theory predicts that when the hot electron component
beta is in excess of about 15%, the local gradient in magnetic intensity
should reverse and satisfy the relevant stability criteria. Experimentally

the transition between the C- and T-Modes occurs for beta on the order

of 15%.

Ideal MHD and guiding center theory would predict that the macrosco-
pic modes of most importantance are pressure driven ballooning modes. These
theories are not applicable to the annuli themselves, since Wy, w, > Q].- A
more correct, but geometrically simplified Vlasov analysis shows that the
annuli are stabilized when the poloidal drift frequency of the electrons
exceeds the ion cyclotron frequency. If the annuli are considered to be
rigid an MHD variational stability analysis of the toroidal core plasma
shows that ballooning modes can only occur if the beta of the toroidal core
exceeds a critical value comparable to the beta in the annuli. These re-
sults confirm that the present values of beta for the toroidal core are not
limited by gross stability requirements.

Transport and Heati g

In the EBT plasma, electrons are heated by microwave power at fre-
quencies of 18 GHz and 10.6 GHz. The 18 GHz is resonant (electron cyclo-
tron frequency) for constant B surfaces on each side of the mirror mid-
planes, while the 10.6 GHz source can provide lower off-resonant heating
as well as profile heating. TIons are heated by Coulomb collisions with
hot electrons. In the T-Mode, typical values of the plasma parameters are
nﬂ(tnruidalj v 1-5 % lOlz,fcms; Te[turoidal) = 150 eV; Ti(toruidal] =75 eV;
T > 30 msec; na(mnulus) =2.5% lﬂu_lcmz; Te(annulus] = 250 keV; B = 0.4,

For a theoretical estimate of operating conditions in the guiet
T-Mode, a simple point model has been developed in which radial variations
are characterized by typical scale lengths. We assume a neoclassical
lifetime for ions as derived by Kovrizhnikh [2] for the bumpy torus. To
maintain charge neutrality, the loss rate of electrons must equal that for
ions, requiring an ambipolar electric field in the radial direction. If
the rate at which electrons transfer energy to ions is that of classical
Coulomb collisions, the electron and ion temperatures and particle life-

times can be calculated as functions of charged particle density.

The results for a density of 2 ® 1012 en " suggest ion and electron
temperatures of 60 and 150 eV and particle lifetimes of about 20 msec.

For weak ambipolar electric fields, the calculated particle lifetimes
exhibit a strong inverse dependence on ion temperature, characteristic of
the collisional regime. Higher electric fields and higher poloidal drift
frequencies are required to attain the collisionless regime where con-
finement time increases with ion temperature,

While this medel gives results which are consistent with typical
parameters in the T-Mode, more detailed knowledge is needed of electron
dynamics, ambipelar fields, diffusion coefficients and microwave power
deposition to permit an unambiguous comparison with experiment. To up-
grade the theory accordingly, we have devised a strategy based on the
following circular relations:

1. Equilibrium magnetic fields depend on the pressure profile.

2. Guiding-center drift orbits depend on the equilibrium magnetic

field and ambipolar electric fields.

5. Transport rates, which together with sources and sinks determine

the profile, depend on the guiding center drift orbits.

3D equilibrium codes have been developed and are being improved and
operated to gain insight into the effect of finite beta on guiding-center
drift orbits. The effect of finite-beta and electric fields on guiding-
center drifts is significant. To determine the resulting effect on
transport phenomena and study the effects of microwave heating, a kinetic
model of transport has been formulated using a Fokker-Planck equation to
determine the radial dependence of the distribution function and ambipelar
electric field. This is being implemented. Ultimately the loop repre-
sented by 1), 2) and 3) above will be closed with transport and the
pressure profiles then being determined self-consistently.

The fluid-model computer codes developed in support of the tokamak
program at Oak Ridge will have relevance to EBT, especially for questions
of neutral and impurity effects. The EBT experiments have demonstrated
the importance of the reflux of gas from the cavity wall in determining
the source of particles required to maintain the plasma. The dominant
source of fresh ion-electron pairs is energetic neutral hydrogen, recircu-
lated at the wall. Experiments provide estimates of the principal impuri-
ties; these suggest that impurity ions drift to a wall (and are collected
there) faster than they can diffuse inward, thus providing the observed
high purity of the EBT toroidal plasma.

A central research objective unifies all the experimental and theo-
retical work on EBT reported here: to gain a working understanding of any
mechanisms responsible for the loss of particles and energy from the
system. Given the encouraging confirmation of the arguments advanced in
proposing the EBT experiment, [3] we contemplate a sequence of devices to
confirm the present scaling. The next step calls for a moderate increase
in magnetic field to perform scaling experiments using the existing torus.
The second step would involve a large increase in the magnetic field and a
new torus. These steps require development (already underway) of appro-

priate high frequency microwave power sources.
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EXPERIMENT ON THE HF ELIMINATION OF THE CONE LOSSES
IN THE MIRROR MACHINE
V. D.Dougar-Jabon, K.S.Golovanivsky, V.I.Karyaka
Plasme Physics Laboratory, Patrice Lumumba University,
Moscow W-302, U.5.5.R.

Abstract:A hydrogen plasma was axially injected into the mir-
ror configuration. A standing electromagnetic wave was exci-
ted in one of the mirrors. It was shown, that in accordance
with the relativistic theory under the fulfilment of the ECR
condition and when the gradient of the magnetic field in the
resonance gzone is sufficiently small, the decreasing of the
cone losses by two orders was not accompanied by HF heating
of the confined plasma.

Introduction:In the previous publications of our group /I-IV/
it was shown both theoretically and experimentally that the
quasiadiasbatic reflection of a plasma can be achieved by the
mirror magnetic field supplemented by resonant HF field, The
aim of the present experiments was teo confine the externally
injected plasma inside the mirror configuration with one or
both mirrors supplemented by HF field under ECR conditions.

Experimental device:The experiments were conducted on a devi-
ce shown in Fig.1. The distance between the mirrors was 5S6cm,
mirror ratio R=1,5 , Emax=1,2KGs. Plasma generatei by the co-
axial gun during &0 I\Asec penetrated into the trap through the
right mirror. FPlasma parameters: hydrogen, bunch length about
8C0cm, diameter 4cm, density nmax=6.199cm"5, parallel ener-
gy of ions Wiu=1OOEV,6e1ectrcn temperature Te=15eV, the back-
ground pressure 3.10” torr. The magnetron (P=500W,f=2,375GHz)

excited the cylindrical cavities in the mode TE1q1(E=150V/cm).

The ECR condition.was fulfilled st +the central plane of the
cavity. The mean magnetic field gradient in this region was
equal to 10Gs/cm. Diagnosis: Lapgmuir and diamagnetic probes,
electrostatic analyser of energy of the ions passing through
the left mirror and agpliénces for HF measurement.
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Results: In the avsence of HF field the injected plasma pas-

sed along the axis without being brapped. This is illustrated

in the lower traces of the Fig.Z2 presenting the ionic current

registered by the probe in the centre of the machine, dismag-

netic probe signal snd the ionic flow coming to Ghe analyser.

LUne measured value of the ionic flow tarough the left mirror

N:?,E.1516cm'253c_1correspcnds to the whoie flow of the injec—
ted plasma, which indicates that all the injected plasma pas—

ses through the loss cone of the left mirror. The density and

electron temperature probe measurements are in pood agreement

with the diamagnetic probe deta, when the perpendicular inho-

mogeneity of the plasms is taken inte account. When the IF

field is created only in the left mirror (the upper traces in

the Fig.2) the plasms density in the trap increasinog during

the whole time of injection reaches the value of 6. ﬂ’1o
and decreases later during the characterestic time gBquc Si-
multaneously, nT signal increases to the value 1, 6.10qaeV/cm}

and decreases later during the same characterestic time. As

it is seen, the ion cone losses through tne left mirror disap-
pear practically completely. The widening of the plasma was

studied by the simultaneous registration of the signsls from

twe probes situated in the central plape at different distan-

ces from the axis. It was established that the confined plas—

na widened with the velocity 6.136cm/sec, which corresponds

to the coefficient of the perpendicular diffusion B st

D.?.1Gscmzsec_1. The Langmuir probe measureusents showed that

the electron temperature of confined plasma was 17eV which

wibhin the limits of the experimental accuracy coincides with

the electron temperature of the injected plasma. Comparison

of the sigpals from the electrostatic and diamegnetic probes

showed that in the confined plasmz the ion temperature reach-

ed 3BeV (while determining Ti , the mean value of nl measured

by the diamagnelic probe was taken to be-equal to half of noT

in the centre of the plasma).

Discussion:The absence of the electron heating indicates that
plasma dves uvt absorb 1P epergy. The ionic component of the
plasma cannot obviously absorb HF energy at the applied fre-
quency, It follows then, that the heating of the ionic compo-
nent is due to the compression of the long plasma bunch by
the inertia forces when the bunch comes to a stop in the trap.
From the energy balance it can be easily shown that about 36
of the longitudinal energy of the injected plasma bunch gets
transrormed into the perpendicular ion energy. As a conse-
guence, the plasma leakage back to the injector should consi-
derably decrease even in the absence of the HI' field in the
right mirror, Ve convinced ourselves in thia fact by removing
the right mirror. We carried out experiments when the HF
field was present in the right mirror also. This led to the
elimination of the cone losses through this mirror as a re-
sult of which the particle's life time in the trap increased
by a factor two, In this case the plasma losses were deter—
mined by the perpendicular diffusion. The classical diffu—
sion coefficient under the above said experimental conditions
was Qlcl=10cm25ec_ﬂwhich is considerably less than the experi-
mentally obtained value. It follows then, that the diffusion
was of non-classical character. An estimation of the Bohm's
iffusion coefficient leads to the value D, p=3.1C%cn sec” .
The comparison of this value and experimental quantity QL =
0,7.105cmzsec'1 allows us to conclude that the diffusion of
Bohm's type plays an essential role in the perpendicular wi-
dening of the confined plasma. One of the basic results of
the experiments is that the reflection of the electrons from
the mirror with local LCR is quasiadiabatic, This is a con—
sequence of the fulfilment of the condition for relativistic
phase autofocusing effect /1/ 33—( —amea, 17-Z,].

In the experiments, the 1l.h.s, Df the ineguality wes less than
the r.h.s,by a factor four. In conclusion, we note that in
the described experiments The plasma kinetic pressure exceed-
ed the pressure of the HF fleld by three orders.
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Electrostatic Confinement and Heating of Jons in Magnetic Mirror Field
Y. Nishida and S. Kawamata

Electrical Engineering, Utsunomiya University, Utsunomiya, Japan
K. Ishii

Institute of Plasma Physics, Nagoya University, Nagoya, Japan

Abstract: Electrostatic ion stoppering at the mirror point is achieved
Abstract

accompaning strong ion heating at the same time. When ions are heated, the
many plasma satellites around the HeIl line are observed, relating to the

high frequency modulation of the spectrum.

Collisional losses from the ends of mirror machines place substantial
restrictions on the confinement time of a plasma in such a open-end device.
Because of these losses, it has been shown that it would be difficult to
build a fusion reactor based on a mirror machine. b However, in recent
years, various proposals have been made to utilize rf or dc electric fields

to reflect escaping particles back into the system. 2™}

All of these pro-
posals have difficulties to build the strong electric field in a plasma sys-
tem. Effective ion heating in a wirror machine in steady state have been

(6,7) The ion heating

reported by using modified Pemning type discharges.
would be resulted from the ExB type instabilities or the beam plasma inter-
actions. However, the precise mechanisms are not clarified yet partly be-
cause the plasma production and the heating regions are not separated.

In this paper a simple electrostatic ion confinement system in a mirror
machine is proposed accompaning strong ion heating at the same time. In
Fig.1 the schematic of ion confinement system is shown with ufggmstzc systems
used. Region IIis the plasma producing section which is the TPD-I machine
in Nagoya University. Region I is the ion heating section where the ions
are trapped electrostatically as well as the magnetic mirror field and heated.

The helium plasma produced in IT diffuses into the heating section
through orifices Un and 01‘ where orifice Dn is floating electrode with a
hole of 30 mnf . Orifices O, and O, with a hole of 30 mm% can be hiased at

a desired potential. Orifices 0, and 0, with a hole of 20 mn? are made from

3
insulator and protect the direct coupling between the plasma source region
and the heating. In region I the plasma density n, with a diameter about 26
i ranges 100 nnuol" en? under the neutral pressure of (0.5-1.0)x10™
Torr, and ion temperature Ti and electron temperature Te are about 30 e’V and
15~30 eV at the column center, respectively. By changing the discharge cur-
rent between 10-50 A, we can controle the plasma density.

The profiles of density, potential and T are measured by means of
Langmuir probes in a rather low density case, while in rather high density
the probes are melted and only Ti is measured from the Doppler broadening in
HeIT (4686 A) line. The results in both cases can be discussed at the same
time, as the abrupt changes between them have not been observed. End loss
of ions from the mirror peint is measured by probe Pz which is settled at 3
mm apart from the column center and biased fully negative.

For heating the plasma we apply the strong DC field (VH) at the elec-
trode H and Vn at {}1 and 02, separately. In the case of U] and 02 at float-
ing potential, we can heat the ions selectively as the previous results.(ﬁ'ﬂ
Typical example is shown in Fig.2. From this results we may say that the
threshold voltage for heating exists at around 300 V, and that iong are heated
to about 300 eV which is 10 times the initial value.

End losses from the mirror point are decreased untill about 10-15 % of
the initial value as shown in Fig.3, when VH is applied. In this figure, an
ordinate shows the ion saturation current of probe Pz. At some value of VH'
say Vﬁz 1.3 kV at ldmlo A, the breakdown occures within the heating region
because of the rather high neutral pressure. We may say from these results
that the plasmas are confined within the heating section by the positively

biased orifices 0]I and 02. and the heating electrode H.

The floating potential Vf and the density profiles estimated from ion

saturation current IS are shown in Fig.h. This result shows that the elect-

i

ric fields exist in the plaswa, bringing about the ExB plasma rotation.
Measuring the Doppler broadening of Hell line, we observed the many sat-

ellites around HeIT line, when ions are heated strongly. Typical example of

the spectrum is shown in Fig.5. This phenomena could be related to the high

(8,9) of HeII line by the strong instabilities occured

frequency modulation
in the plasma.

The electrostatic field is built through the electron currents flowing
into the electrodes across the magnetic field, when VH and VD are applied.
The machine is constructed so that the electron currents from the source
along the magnetic field lines are suppressed as small as possible. This is

essential for heating as well as confining the ions within the heating region.

Particles are adiabatically reflected if

U? CzeVve/m + UA(R-1) w
at the mirror point and
Ut ¢Czeva/M ()

at the surface of the heating electrode, where Vi and v, are the parallel and
perpendicular velocities at the center of the machine, Va and VH are the
potential of the orifices and the heating electrodes, respectively, R is the
mirror raiio and M is the ion mass. At the surface of the orifices Dl and
Ua‘ the conbined condition of Eqs.(1) and (2) are necessary. The physical
mechanisms of the ion heating have not been understood, although they are
similar to the previous woriess 8370
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BUMERICAL ANALYSIS OF THE PLASKA CONFINEMENT
IN THE MIRROR MACHINE WITH LOCAL ECR

V.P,Milantiev, V.A.Tourikov
Patrice Lumumba University, Moscow W302, USSR

Abstract: Fumerical solution of the averaged motion equations
of ensemble of ihe charged particles wilth chaotic initial
phases at the beginning of the cavity in the mirror machine
with the conditions of local electron cyclotron resonanse (ZCR)
in one ¢of the mirrors is presented.It is shown that under some
values of the parameters reversible reflection of the particles
by combined mirrom and long enough confinement of the plasma
take place.

The motion of electrons in the mirror in the pressnce
of atam:llng HI “ave we describe by an averaged relativistic

) ™)

Jx

Ya =
f 2 Ep g _—__HJ—’
= oty L= oW ’*a) = 1 {+ (A ’4;)) & :Mmza,ﬂﬁ?ro'}

M is the mass of ion ( hpdrogen atom), C\.J is the frequency,
E, is the amplitude of HF field, given by [ -L,;fz_)(_ AT
duatlcnary magnetic f.‘L(‘ld is Elven as follows
T=f-f8 Xk B.(2))
The influence of ions is accou.uted by the application of the
model of "tensorial' mass f}]
The initial condltlons for systt.m rﬂ)
Afey=—Yeobo¥%y g iy) Yoo Finy
YEF ' ‘ £y

= Vi . /ﬁ‘) =
Here Vi = Ve \}!jb ; Veo = Yis Gos ¥, ) VM: \/J_o.ff{n‘r‘

Wifs) is initial (dimensionless) perallel eneTey.

The system (1) is used for numerical investigation of the
motion of the particles.

The profile of stationary magnetic field is choosen as follo-
ws:

27+ 3, if -L<Z=y
L2+ @, i 0< 2 <2,
K= 4 o\ % Z
\ _ﬂf(,'_"-:_'r) + i if 27:'4 <2< ': (2)
oL(2-2 )L s EEE g
Zrge2e &
M3 s "'3 it & Tz

where L is the length (dimensionless) of the trep, Zr is the
point of classical ECR (-Q-ﬂ =17y Z”‘ 2,,-1 are boundary coordi-
nates of the cavity, Lr- is the length of the cavity.
Coeffitients o, % + are defined by the continuity condithons
on the boundaries of the given domaines and depend on para-
meters of the trap.Parabolic profile (1(Z) is choosen for
its simplisity of calculations.Outside the cavity adiabatic
motion of tbe particles takes plage.For given Q(Z) the guan—
city Z(t J takes the form

2= Ltf'n(wu -t-LJ) (3)
where a_‘a W are defined by initial conditions and para-
meters of the trap.
The profile of the magnetic field in the cavity is most opti-
mal with regards to efficiency of the reflection properties
of the combined mirror [4}
The amplitude of electric HF field in the caviby is given as
follows {__(_.D': -Jt ’.Str' (2 ;rf>
By help of())-3) dynamics of particles ensemble, which start
at some initial moment of time in the plane 2"—'*5 with
different initial parallel energies and an initial zero per-
pendicular energy was invéstigated.Uniform distribution of
initial parallel energies of the particles was considered.
The deflection is about 10 % of the value of the mean energy.
In adiabatic region expression (3) was used.
At the beginning of the cavity initial phase Yy was given

by help of programm generator of random numbers.So the preo-
cess of phase randomization was modelled. In the resalt of
calculations the dependence on time of the average perpendi-
cular ensemble energy M ,average parallel energy W ﬂbe‘
and the particles number 4 were obbtained.

It is stated that with some values of parameters reversible
motion of plaama takes place, which is an important factar in
the use two-cavities system.In the absence of the energy re-
cuperation, in the process of multiple reflection from the
mirrors, permenent escaping of particles from the trap occcurs.
With values of the parameters closed to the bounﬂary'cf the
region, in which the condition of reversibility of the reflec—
tion is fulfilled, long confinement of the particles in the
trap takes place.The results of numerical calculations for
that case are presented in Fig.1 . Averaged perpendicular and
parallel energies of the particles, gained after first reflec-
tion from the combined mirror, remain nearly constant affer
consequitive reflections.Averaged life- time ol the particles
in the prap is approximately 10° periods of HF field.
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NUMERICAL SIMULATION OF NEUTRAL INJECTION ON A HOT ELECTRON
MIRROR TARGET PLASMA

C. GORMEZANO - G. MELIN - F. WERKOFF
ASSOCTATION EURATOM-CEA
Pépantement de Physdique du PEasma et de fa Fusdion Contrdolée
Seavice I6n - Centre d'Etudes Nucléaires

B.P.§5 - Centne de Thi - 38041
GRENOBLE CEDEX {France)

ABSTRACT : In the case of neutral injection on a hot electron target plasma,
the use of the existing Fokker-Planck codes is greatly complicated by the
fact that the scale of the energies of the confined ions is very large. To
avoid this difficulty we use a multi-species model, in which the parcicle
losses are described by a differential system.

| - INTRODUCTION : It has been pointed out /1/ that a hot electron plasma in
a mirror machine could be uiud as a convenient target plasma to produce a

hot ion plasma by fast neutral injection. We present a numerical simulation
of neutral injection om a CIRCE-type target plasma. Such a plasma /2/ should
be able to achieve the target requirements (sufficiently high density, low
gas pressure), assuming it is possible to inject and trap a plasma in the

distorted field of a minimum B magnetic configuration by electron heating.

2 - ANALYTICAL MODEL AND HYPOTHESIS. The main problem arises from the tran—

sition of this target plasma dominated by hot electrowith a negative po—
tential to a final plasma which is a hot ion plasma with a positive porential.
It is possible to use classical Fokker-Planck codes to study the behaviour

of the plasma during the neutral injection, but the scale of energies and
times for the different species is very large. Cold ions and hot electrons of
the target have to balance with cold electrons and hot ions resulting from
the neutral injection ; characteristic times lie between a few ;5 and seve-
ral ms. So the resolution of FP equations should need prohibitive computation
times. To overcome this difficulty we have to find equations which are more
readily integrable. By integrating analytically the FP eguations /3/ aver the
velocity space, the coulombian diffusion can be described by two equations
for density and energy of each species a

dne) L m TI2 miky (—"dmmj T S (e ML)

dt  Jeoul. coul. ¥

with f' m— I.Dgﬂ. L isthe particle diffusion coefficient of species a

on species h, Lah and Mab the energy diffusion and equipartition coefficients.
Analytical approximations of the distribution functions are written, taking
into account the ambipolar potential ¢. For particles having 9,4 >0, which
are not confined by the potential, we use the Ben Daniel's approximation

/4/ with hyperbolic coordinates (u: = vz = ai, B "H"ua' u: = —%Ein 15/)
to yield the distribution functions. For particles having 9, $ <0, no los-
ses occur if vi <2|q¢|/m_ and the distribution function is near the maxwel-
lian /6/, /7/ ; if "i >>2|q9|/m , the ambipolar potential is neglected.
Enowing the distribution functions, the coefficients K, L, M can be calcula-
ted from the Rosenbluth potentials /3/ (here we only consider the isotropic
part). So we have to solve the differential system (1) for each species ins-
tead of the whole system of coupled FP equations. The model keeps only 4 spe-
cies, using the subseripts hereafter referenced: | cold ions and 3 hot elec-
trons from target plasma, 2 hot ions and 4 cold electrons from neutral beam,
0 neutral beam (H®), n background neutral gas (H®). The equations for densi-
ty n and energy E (the subsecript s stands for source) are for a hydrogen

plasma :

.d_'“i-__'nﬂ-; i 'nhh,u, _ Loa __m,(@:,v.._‘;-.,_,, d_mm, ot i
dt eV -Su. J 5;.1\.
d""’- - Zmb Ioﬂ (4 —_"‘; “f"; ‘:*7*=)_m,‘mﬂ<¢u 7
ex Lom

%’-:-maj;z.“hkah + 'j

d"“’* __n Z“ ﬂbkﬁh % I.mv. i o
dt -V tee D Bk o

dnE,) -«.J:him (Lagsts)- E, Lo T, | AE,,
=4

d.t ex 4 S-.om.
< mEa_mncn,vgm
d (nE) m-r'i 'nb( v M l:.)+ E, Tou_uS¥eVns0
e £ —-—- fot L TEA DRl LT 4 1Y
dt e ™ £ Gl eV Oax + Sien
RN PR AL

4
&d(.:SEL) : -"1-3-'; E:Lb(l-ah +Myo) + JEss

df;j:ﬂ):-m T z  (LipeMi) s Eplod Suen

J being the particle flux to maintain the target plasma density, V the plas-

ma volume,I —che equivalent beam current (H°), o the beam attenuation factor

d ” " i
a=l-e =B 3 =
xp ( v, (sex ‘““i)‘ o S“‘n the aihsurptlun coefficients of

: = 5 a, <gt_ v >
fast neutrals Sex L ('nex L i e et 7

i 1 = e
P T . LN X TR S >, + 0 <gs P Dias iy ERE, >
ion = %1 “%ion Yr 710" "2 “%ion Yr 720 T 3 %0n Yr T30 T T “Yion"r"40

Simplifying assumptions for ion losses by charge exchange on neutral gas ne=
glecting wall desorption and burn out effect were made since our primary in—
terest is understanding the behaviour of the ambipolar potential. This po-
tential is calculated ro ensure the plasma charge nsutrality at each step.
This step is adjusted in order to reach the required precision in a few ite=-
rations and is varied in a range which usually reaches a factor EOA.

3 - RESULTS. The targer parameters are : n) = fig = 2.10"3em 3, Ey = 30 keV,

, =400 eV, R =3, d =15 em, V=5 L. The time duracion, t,, vhere the tar-
get plasma density is maintained constant, can be adjusted. The results are

shown in figs. | through 4 for a permanent hot neutral injection. To describe
the plasma confinement quality, we introduce the parameter § which is the ra-

tio between the calculated term (nt) and the theoretical one /8/.

4 - CONCLUSION. The accuracy of this method is less than that of a complete
FP code. However the calculation shows that it is possible to build up a
convenient hot ion plasma by neutral beam injection on a hot electron target
plasma. The results show that the hot electron population increases the am—
bipolar potential ; the target plasma density must not be maintained for a

too long time.
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Feedback Stabilization of
Weakly Turbulent Mirror Plasma¥*
T. Kammash and N. A. Uckan
University of Michigan, Ann Arbor, Mich., U.S5.A.

Abstract: A feedback control in which the local potential per-
turbation is used as a control variable is examined for possible
utilization in the stabilization of a weakly turbulent mirror-
confined plasma. A set of guasilinear equations with the appro-
priate feedback is derived and then applied to loss cone mirror
instabilities. It is shown that the particle diffusion into the
loss cone can be sufficiently fast with modest feedback that the
instability could be attenuated before the particles can escape

through the mirrors.

The use of feedback stabilization in which the control variable
is the potential rather than the density fluctuation has recently
been studied within the frame work of linear theory and its effec-
tiveness tested by application of the results to well known mirror
instabilities’. 1In this paper we examine the use of this type of
feedback in a weakly turbulent (where the energy density in the
field fluctuations is much smaller than the mean particle kinetic
energy density) plasma by deriving the appropriate quasilinear
equations and the corresponding diffusion tensor for an infinite
collisionless plasma situated in a constant magnetic field.

The basic equations are the Vlasov-Poisson eguations with

feedback i.e

[ o oby . o ' {
%%"f‘g‘c(‘.j _Z_[éf)}é)+'.:__.(£’}(6):|._a£—uu)

VE = 4. y. HJ A3 -
o il
where

Eat)= E it) B

is the total electric field vector and Ei is the feedback field

i
;
T
+
Am

which can be expressed as
/ j / i i/

Er- ffdaau’H(é-aof-é)éteﬂf) “
with H'baing the transfer function of the feedback system which
we take to be a real function of its arguments. Carrying out the
usual Fournier Analysis by first writing ,L

g 7 Etese

E-(,g,gr,i)z BjrX)+ L Gplen e &

where 7( =X+ LG/YL is included to allow for mild spatial inhomoge-

neity and assuming that the perturbed electric field can be written

'i—:k[&)-: Ei;io) exp J; %(t)dt fi

with

S () = _ W, M) o helt) (1
we obtain, after neglecting the mode coupling termz, a dispersion

equation in the form
' i
)L¢j£;ueuﬂu%@&:m
Z AL R T

In the above expression the guantities GF- and E;ﬂ are lengthy,
[
but 65 reduces to the appropriate form in the absence of feedback.

I1f we now define
(o )=Foi (0,%) 4 Botv¥) .

and invoke the usual assumptions of guasilinear theory we obtain

BF;' 2 é; i B 4.2 E
i ot g ) | R S

)
where the diffusion tensor is given by

Zz \&uul da (k.m) Kink Aink
‘”J

k n---g e !_(U-i-'-%{* dn L2 (11)

(10)

with

d("‘ k = !1
I 73
(12)

\Ebtl:j 'L: IEB[E)F [1+\Hklsb)]+ HJ.E H-lg-J

having taken the applied magnetic field to be along the 2 - direction.

!—14‘?

The standard equation for the wave gtowth2 along with eq. (10)

constitute the desired quasilinear equations and we readily note that

DJI )fccdl,acle > Dd‘ )m (eedback

so that the diffusion time in velocity space is shorter with feedback
than it is without it.

We apply the above results to the Post - Rosenhluth3 loss cone
instability using the equilibrium ion distribution function suggested
by Galeev and Sagdeev4 and the results reflecting the effect of
feedback on the growth rate and the spectral energy density are shown
in figures (1) and (2). The extent of feedback stabilization depends
on the value of f{ which for present day amplification systems can

be of the order of 100.
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PARAMETERS OF SCREW PINCHES IN SPICA

R.J.J. van Heijningen, C. Bobeldijk, J.A. Hoekzema, P.C.T. van der Laan,
D. Oepts, J.W.A. Zwart, W. Kooyman, and D.J. Maris

-Association Euratom-FOM, FOM-Instituut voor Plasmafysica
Rijnhuizen, Jutphaas, The Netherlands

)

Abstract: Experimental results of screw-pinch discharges in SFII:AII’E
(aspect ratio R/r = 0.6/0.2) are given. A deuterium plasma column charac-
terized by TE = Ti = 50 eV, 0= 7 % 10%! m™?, and B = 0.20, has been con-
fined for about 100 ps. Turbulence and current depletion in the low-density
region outside the pinch are discussed,

3)

has been concentrated around the contral of B in order to improve MHD-sta-

Since the last publication of SPICA results”’ the experimental program
hi'\ity“. A better control of § was made possible by the introduction of a
higher bias field strength., At Filling pressures of 10 mTorr D, the value
of B can be varied down to 0.2 without spoiling the shock heating effect of
the implosion. At low filling pressures the snow-plough implosion does not
develop well, which is probably due to ineffective preionization.

Care has been taken to avoid magnetic Field errors due to holes and
gaps in the copper shield. Inevitable large holes such as pumping ports
(diameter 74 mm) are closed during plasma operation. Especially the local
vertical stray fields in the poloidal gap have been successfully minimized.
These fields are due to transverse currents in the feed flange which arise
if the poloidal distribution of currents differs from the externally ap-
plied one. As long as gross stability maintains, these fields can be kept
well below 0.01 T, as shown in Fig. 1, where the output of monitor coils in
the gap is given. The variation of the signal is mainly due to horizontal
movement of the column, These coils are very sensitive to macroscopic in-
stabilities. |f no plasma current flows, the local vertical field amounts
to 0.04 T, Horizontal stray fields due to up-down asymmetry of the current
supply are negligible (less than 0.001 T). It is estimated that the aper-
ture of the current-carrying plasma could be as large as 93% of the bore
of the copper shield.

Figure 1 shows a series of data obtained from one shot. The bank volt-
ages are: Vi = 40.7 kv, Vo = 26.8 kV (70% of the maximum energy). The ini-
tial pressure is 10 mTorr Bz. the toroidal field Bz is 1.2 T, the bias field
0.127 T. Most dala are sampled and stored duriog the discharge, using fast
AD-converters with local memory (2.5 MHz frequency response). Long-term
storage and analysis of the data is performed by an optically coupled
POP-15 (32k) compul:ersl
loss of details during the implosion phase. In shots like this the plasma

. Only 40 us of this discharge is sampled to avoid

column maintains much longer (% 100 us), as can be inferred from the density

a = - ? - (He-Ne interferometer '} and the
' g ol 7| streak photegraphs. Although these
= photegraphs show irregular flares
. 208 T ; : - = of light in the outside region,
% 100 there is little influence on the
= o i " s . column density or on the position
3k ! ! ' "Qen_ as measured by the sin-cos coﬂsﬂ!
1?—?}&? 2F ba, The output signals of the sin-cos
;_ I"‘"“"—I‘_'_I‘_[W;Tmﬂ,mT* coils are related to displace-
1000 T T e L 1 ments by direct comparison with

a streak picture.

Local T and n_ have been de-

termined from 90° Thomson scatter-
Buert ing ' at a position
(9=90") :
slightly off the tube

axis (0.04 m}, at t =

10 us. For the discharge
Buert
(8=2707) shown in Fig. 1 the mea-

sured values, Te =50 eV,

Fig. 1.

Typical set of data from
one SPICA screw-pinch dis-
charge in D,. From top to
bottom are %ismayed with
the same sweep speed:

T T T T main coil current; plasma
current; safety factor g
and local pitch; internal
plasma inductance

(f v.de/1_ ); vertical-
stray magnétic fields in

the poloidal gap of the
| ]f top copper shield; vertical
[ view and horizontal displace~

ment of the pinched col-
it umn; linear compression
view of the pinch; streak pic-
ture of the total visible
light emission. The
poloidal angle @ is 0 at
the inside of the torus.

— 1 (us)

n, = 7% 162! m™3 (B = 0.20) are roughly peak values of the radial distribu-
tion (see Fig. 2). TE is in agreement with the predictions from simple im-
plosion theory. The density corresponds to a linear compression of 3.3 which
agrees well with the line density results. The photomultiplier signals are
registered with an B-channel, charge-sensitive, gated AD-converter. Calibra-

tion of the photomultipliers is performed

L T T
x with a tungsten ribbon lamp. The relative

w
o
T
!

,Y)'("\ sensitivities of the diffarent channels are
201 x- monitored by means of a pulsed light-emit-
)5/ ting dlode. Absclute calibration required
10 / 4 for density measurements is obtained from
% Rayleigh scattering by neutral nitrogen at

—— S (rel units)

pressures of § to 10 Torr.

(8]
-40 -30 -20 .10 © 10 The value of q at the wall decreases

—= A-& (nm) in this particular discharge from 2.8 ini-
Fi 3. Thomson-seattering mea= tially to about 2.2 after a quarter period
surement for the discharge of (10 ps). By proper programming of the pre-

Fig: % atbi=-10e: discharge and the main currents q | ()

+ observed intensities
* corrected for plasma radia-
tion and laser stray light. creasing. In a well-conducting outside

can be made approximately constant or in-

The curve represents a Gauss- plasma this should lead to a corresponding
;;"E\TI“:O:;D‘:"‘:;?? :;93Te & profile of the pitch as a function of r”",
For a flat profile the current density is
almost homogeneous, which implies a total toroidal inductance of 420 nH in
the Lorusw . In practice the measured inductance is in between 500 nH and
900 nH, which indicates a vacuum region outside the constant pitch region
with a width up to 0.10 m. The value of g at the plasma boundary is then
about 1/2 ar 1/3 of a1 which approaches the Kruskal-Shafranov limit.
The equilibrium position of the plasma is good, in fact even better
than expected from calculations to first order in the inverse aspect ratio“].
This indicates that the force-free currents immediately outside the pinched
column develop uellj)‘ In screw-pinch discharges, in contrast with O-pinch
and Z-pinch discharges, hard X-rays are produced, presumably due to runaway
electrons in the low-density region. These may be expected as soon as the
drift velocity of the electrons exceeds the electron thermal velocity

(\.ru‘= > v . ). For SPICA the maximum current density. for g = I.4 outside

the
the plasma, is equal te j = nev
12,13)

go = 2:8% 105 A/m?. Measurements in earlier

screw-pinch experiments suggest that during the first few ps the den-

sity outside the column may indeed be low enough to invoke the condition

LT despite the fact that j has not yet reached its maximum value.

v >
T:: I'ESISI\‘[ing turbulence (accompanied by runaways) could then be responsible
for the current depletion, although other mechanisms like current scrape-
of f during the horizontal motion cannot be excluded. Recent measurements
show that better preionization can make the X-ray emission completely dis-

appear.
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REVERSED FIELD PINCHES SET UP BY NATURAL AND DRIVEN FIELD
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Abstract Recent experiments on HBTX 1 are reported. The relaxation towards
a lower energy state, which starts with a helical kink, and can lead to the
natural generation of reversed field (self reversal) is described; many of
the theoretically exvected trends have been identified.

Introduction Studies of reversed field pinches on HEIX I and details of the
machine have been revieuedu). Recently Thomson scattering experiments have
been carried out which show that when the filling pressure, P is reduced
from 40-13.5 mtorr ‘IE ~ pﬂ-l, and the line density varies as p,.

Total radiation measurements confirm that radiation is unimportant in most
conditions as a source of energy loss in RFP

discharges. In the remainder of this paper

we deseribe observations on self reversal in

pinches. |

Self Reversal Self reversal is explained as a 6

consequence of the natural relaxation of the ' o
plasma towards a state of minimum magnetic ‘

energy, which, according to Taylor's 8=0 i —s i
2 . P : - et
model""’, is a Bessel function distribution. . pr——
" pom—— 2 wath self revernal
The variation of field veversal ratio ) = [ L

F(t)=Bz(wn11,t]IBZ(wa11. t =0) with
"'(t):Bi‘(wail.t) IBz(t) (averaged over plasma)
according to the Bessel function model and a
high-§ variant (HBMG)) to represent pos-
sible high=f behaviour are shown on Fig 1. - 4
("wall" is the inside surface of the quartz

torus, dimensions R = 100 cms, a = 6.0 cms). .,

Stable high-2 RFP configurations are

expected to lie in or near the shaded area. Fig 1 (above) & vs time and
(below) locus nf (F,4)
time steps shown in
relaxed state (a) F<0 (ie RFP configuration) usec, for stabilised
z-pinch at 75 kA.

Thenryu) indicates that in the final

when 6>1.2 , (b) There is anupper limit

Stabilsed pinch with seft reversal
linaa * 150A

Reversed field pineh
Inge = SOKA
ik fima (us) 5

Fig 1 (above) 8 vs time show=-

Fig 2 (above) @ vs time and ing, inset, waveforms

(below) locus of (F,8), and (below) lacus of
time steps in usec, for (F,0), time steps in
stabilised z-pinch at usec, for a driven RFP
150 kA
of & = 1.56, and raising the applied volr seconds further drives helical
deformations of increasing amplitude but does not change B (see also Lees
and Rusbridge(a) and Kadomtsev(s)). The effect of finite beta is to raise
the value of # at which these transitions occur. The measured value of 4(t)
and the locus (F,8) are compared with theory in Figs 1-3. Since theory
assumes B=0 and a perfect Flux conserving shell at the plasma boundary,
whereas experimentally £ ~ 0.4 and there is a flux reservoir outside the
plasma boundary this comparison is intended to identify qualitative trends.
Fig 1 is For a stabilised z-pinch (SZP) with no applied reversal, in
which the current is driven to give an initial value of 8,8,%2.2 at 5 usec
and then crowbarred. Fig 2 is for an 8ZP with 0; % 3.5 ac 4.5 usec in which

the driving E_ field is maintained and the I current continues to rise for

about 15 psec; Fig 3 is for an RFP with applied reversal programmed so that
Bi % 1.8 at 7 psec. It is found that (1) the locus of (F,8) tends to move
towards the shaded area during the relaxation , independently of the initial
values, and then dwells there. This involves a rapid reduction in 2 and F;
F becomes < 0 when 8 > 2 (2) 9 relaxes to between 1.5 and 2.0 and stays
Near these values for the remainder of the decay time. (3) very large
Negative values of F (Fig 2) are associated with strong unstable helical
deformations, (4) the fluctuation level was lowest for discharges program-
med to lie near the final relaxed state. Plasmas stahle throughout the
decay have been obrained at 60 kA (Fig 3), compared with 40 kA pl‘eviuusly(ﬁ),
by a new programming sequence in which the applied reversed field was pro-
duced on the second half eycle of the fast B bank (see inset in Fig 3),
leading to better control of the plasma compression at higher currents. The
plasma radius is 4.5 cm and that of the metal wall 7.5 cm so no gross m=l
mode is expected and none observed. The decay of the magnetic field con-
figuration appears to be controlled by diffusion. In this case @ increases
slowly at later times because Bz decays faster than B,. At higher currents
such diffusion is usually followed by a secondary relaxation which reduces

g once mure“).

Studies have been made of the relaxation process tor Ei')h2 using
electrical measurements and calibrated streak photographs. Firstly, an m=1

helical kink grows (Figs 4 and 5) as expected because at E.l"-l the plasma is

1

sin-cos coils— -
stresk @

amolitude cm

Fig 4 Streak picture of " % i : '
continum emission Fig 5 Amplitude of m=1 insta-
from 125 kA self bilicy. Stabilised
reversed pinch z=pinch,

too compressed for wall stabilisation to be effective. The wavelength and

growth rate of this instability agree with numerical prediccions using ideal

Mt s diesipati i i
T 3 diegipative MHD Bilves a siwilar resulc for modes with wavelengths >6 om

ac these ca ssi ios:
@S€ compression ratios: compressed SZP and RFP with 8,52 have very
1

simila i i
T properties. Secondly, the kink grows to a large amplitude (radial
field component, B v main field B at¥ = 2 em) (Fig 5) and generates flux
in the core of the plasma which reduces #; the total toroidal flux is con-
served hence Bz falls in the cuter regions. Field reversal can occur at this

stage, an effect discussed by Kadm:sev‘s)

Finally the helical column breaks up within a microsecond and the current
redistributes itself to give a more diffuse RFP plasma, with approximate
axisymmetry and no strong helical components (Br % 0.2-0.3 B). This(;; to be
compared with the axisymmetric relaxed state predicted theoretically ~’when
0<1.56. The optical and electrical data are complex to interpret during and
immediately after this process which is not yet well understood, but dissipa-
tion is evidently involved. The reversed field once generated usually decays
in 30-40 usec at currents above 100 kA. Sometimes there is evidence of
successive decays in field reversal followed by regeneration. Self reversal
has only been observed in HETX I for initial values of ei>2., ie for plasmas
which strongly vielate kink stability conditions so it is not surprising
that the relaxation begins with a large amplitude kink. At 8,42 weak kink
instabilities were observed and the field in the outer region was reduced but
not reversed; this is believed to be due to the B: flux reservoir outside the
plasma. It is not possible to say from the present results whether relaxation
leading to self reversal can occur without a helical kink instability. In
slow experiments such as Zetn“'-”salf rveversal leading to axisymmetric RFP
states took place both at lower values of & when no gross kink instability

was observed, and at higher values of 6 in kink unstable conditions.

Conclusion Experiments on the relaxation leading to self reversal have
demonstrated many of the expected trends on HBTX 1. Self reversal occurs
when the initial value of 9 exceeds 2, which corresponds to strongly kink
unstable plasmas and the relaxation begins with a helical m=1 instabilicy
which grows to large amplitude, followed by a rapid current redistributicn
towards a diffuse approximately axisymmetric RFP. A limiting value of & is
observed.
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EXPERIMENTAL STUDIES OF FIELD REVERSAL

A.Buifa, S.Costa, G.F.Nalesso and G.Malesani
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del Consiglio Mazionale delle Ricerche e dell'Universitd di Padova
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Abstract: A number of experiments on toroidal Z pinches, with differenc

values of initial bias field and various degrees of comtrol on the external
“flux reservoir” has been performed. In many cases the plasma drives a re—
versal associated with an instability of the toroidal field near the walls.

A First analysis of the collected data is presented.

Introduction: A series of diffused pinches with high values of toroidal
current has been produced in the Eta Beta device, operating in Mode I1 [1],
in which the fast 8 circuit produce the preionization (in its first quarter
of period) as well as the bias field B .-

The evolution of the magneric field profiles (measured by a
set of 6 complanar coils) and of the first space harmonica of Bz and Be at
the vessel's periphery (measured by small coils distributed along a minor
circumference of the torus according to the sine-cosine law) have heen ob-
served and put in correlation with the variations of the toroidal field
outside the plasma (Bzext)' Experimental evidence of the "self-reversal”
of Bz“‘t for a large variety of initial conditions (bias, pressure and
compression ratio) has been observed in comnection with the growth of an
m=1 large amplitude kink instabilicy.

Further experiments and a more detailed analysis of the col-

locted data are in progress.

Experimental Observations: In a First series of experiments (p=40 mtorr H2)
the value of Hzc has been progressively raduced thus increasing the pinch
o L Rcb) /@ 0zmt

the start of Iz (Rch is the equivalent wall radius evaluated at the crow-bar

parameter S“ =(u ) measured at peak current, 1.5 ps after
point). The reduction of BZD gives stabilized Z pinches that show higher and
higher compression ratios (see Table I; the figures are averaged over a num-
ber of shots). In all cases it has heen observed that, after the start of I,
the average field at the edge of the container “zexk' decreases not only du-
ring the dynamic phase of the pinch, but also during the following 1 or

2 ps, down to a minimum, anin' that within a given range of parameters is

negative (self-reversal).
: t
The reduction of Baoye Steady o ; —
from the beginning, shows sharp variations as— -
sociated with the appearance of an asymmetry 2
in the pinch and also with the occurrence of a
interactions with the wall. The B, values o
ext z
(even if positive) compared with the total
t
flux, within the crow-bar point of the cir- e =
cuit, “ztut (the equivalent area is about P
twice the area inside the gquartz), point out L]
that the flux inside the pinch becomes higher .
than the value initially present in the tube L
(see fig. 1): this additional flux seems al- .
g
ways larger than allowed by any simple model.
wooer Vb, -8, o,
The creation of this additional flux may be b
put in correlation with the instability, which
the sine-cosine probes show to appear short %A 1 1 prasma
time after the I,_ maximum (indipendently from 8o
the application of the crow-bar to the fast
I, circuit). This instabilicty can be reco— "
- 5 3 5 5 t
gnized as a fast growing, high amplitude w=1 o4
s
mode, at least when the compression ratio 8 % " 2 L
Fig. 1

Rw/Rp2 3 (Rw=radius of the metall wall), with
KR = 2, (wave lenght < 18 cm.). The starting time of the instability is
practically indipendent from the initial bias, while the growth time t (as-—
sumed equal to the time to get the maximum of the coil's signal) seems re—
lated to the compression ratio. The minimum observed growth time is Tpin®
= 0.4 ps.

In our experimental condition, a negative value of Bzoxe is
achieved by self-reversal only with 82 1.6 (all parameters measured at the
flux conserving wall). The RFP-like configuration lasts only for a few mi-
croseconds. Two coils, both measuring B, external, placed in two different
positions at 180 degrees along the torus, show a different degree of field
reversal: the latter appears as a "local" phenomenon associated with the
strong, fast rising instability. This fact is also confirmed by a good cor-
relation between all the signals (streaks, magnetic profiles, Bz“ and si-

t
ne-cosine coils). When the bias field is too low, the reversal is not always

clearly observabile, which can be explained with a too high compression ra=
tio.

The £ of this plasma seems to range from 0.6 to 1, bur the
error in this mnaurEB can be of a factor two, Experiments have been made al
so at different Filling pressures, 20 and BO mtorr liz. The main features of
the discharge don't vary essentially, It is possible to notice an increasing
start time of the instability as well as of the growth time with pressure,
the last one more ¢lear at 80 mtorr, probably due to the lower temperature
of the obtained plasma.

In an other scries of experiments we used a "semi-programming'
technique in which the crow-bar of the fast ® circuit was applied after the
start of the Iz current, in order to have a larger flux trapped in the pla-
sma (and therefore a small compression ratio) and reduce thereafter B"exl:
to small (but not of opposed sign) values. The infiuence of the flux reser—
voir between cthe quartz and the flux conserving wall is thus reduced. In

these conditions the reversai of B’-Ex is always obtained. The main diffe-

rences from the previous experiments ?LS that reversal lasts for longer times
{at least 10 us) following an instability which can't be identified as a pu
re m=l mode, and has a smaller amplictude.

In most of the studied cases, the history of the discharge
in the Taylor "Z-8" plane [ZJ, after an initial driven phase,relaxes to-
wards the region of minimum energy equilibria (evaluated wich a simple shavp
boundary model, that includes the effect of a finite BB IB] Examples are
showa in Figs. 2,3,6; here @ = (uD[ZRchI(ZG ), and
Z = (B, TR, DP

ztot
ztot)-

Conclusion : Experimental evidence of a tendency of stabilized Z=pinches to
relax toward RFP-like configurations follewing a strong kink Instability has
been observed. The duration of the self reversal is only few microscconds,
while in recent experiments [ﬁ] it has been observed for many tens of micro
seconds. This can he explained-with the short rise time of 17, current in our
device which dominated the first phase of the pinch so that the instability
and related self reversal start after T, maximum and can't be sustained
be the rise of the current. Due to the large flux reservoir outside the
quartz, a high compression ratio is necessary in order to get a large ener—
gy available for the reversal. In other situarions (reduction of external
flux hy "semi-programming") a larper self reversal period is observed related
to a weaker instability.

We wish to thank prof. G.Rostagni for many usefull discussions.

TABLE 3
3 Bo Pemin 1, @y RJ/R Start of  Growth KR
(mtorr) (¥G)  (KG) (kA) instab, time (R=5.7 cm)
(us) (us)
20 I-5 =0.35 75 1.3 & 1.0 1.0 1.6
1.0 =-0.7 75 1.5 & 1.5 0.6 2.0
0.85 -0.7 B3 1.6 = 1.5 0.5 2.0
0.65 -0.9 65 2.4 = 1.2 0.5 1.5
0.35 -1.0 60 3.3 - 1.0 - =
40 2.4 0.9 130 1.38 2.8 15 1.0 2.5
1.8 0.2 125 1.5 2.0 j & | 1.5 My )
1.0 =0.2 100 1.6 2.7 1.5 0.5 2.0
0.7 1.4 %0 2.0 2.7 1.5 0.4 2.0
0.6 =2.0 80 2.5 >3.0 1.5 0.6 -
0.3 -0.7 80 2.9 23.0 1.5 0.5 -
a0 1.5 =0.01 125 1.3 2.0 - - =
0.9 -0.55 115 3.5 - 2.2 1.0 2.4
0.4 =12 105 3.9 3.0 2.2 1.0 1.8
0.25 -0.6 95 5.2 23.3 2,2 Tk 1.8
0.15 -0.27 90 10.0 o ] 2.5 L.0 =
z
C ] B; =07 kG 4D mtorr H, s B,,=40kG P
I,=90kA [999) 5 ’
i f I,=140%A 437]
i
L]
)
|
\ b
i S
t Vs
‘g.q o
Amiare Hy
Y w Figs 2,3,4 locus of (Z,8),time steps
' B2 73246 in ps
- I,=130kA r
2)self-reversal
= ) semi=progr.rev. (B, =1.8 KG )
h)semi'pragr.rev.(ﬂ"‘_bﬂz.I KG)
a " b s i
(B, =B, ¢ 4F the crow-bar time)
- fig.3
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STABILITY AND TEMPERATURE MEASUREMENTS ON ZT-1%
by
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H. J, Karr, S. Ortolani®* and A. E. Schofield

Los Alamos Scientific Laberatory
of the University of California
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ABSTRACT

Analysis of the magnetic field profiles set up in the
2T-1 pinched plasma, demonstrated that the degradation of
the stability of these profiles with time, can be attributed
to diffusion. Ton temperature measurements of Doppler broad-
ened He T1 have determined its scaling over a range of both
Iz and IZ.

We report the behavior of the toroidal z-pinch experiment, ZT-1,
vperated in the current range 20 to 95 kA with rates of rise between 10'"
and 2 x 10'" A/s, The experiment was operated with a gas filling of 20%
He and 80% D; at 40 to 120 mTorr. The He was added to allow ion tempera-
ture to be determined from Doppler broadening of He II lines, The forma-
tion and time evolution of the reversed field profiles were investigated
by varying the rate of change of the reversing field and its timing with
respect to the start of the axial current Iz. The rate of reversal of
the toroidal magnetic field was controlled by the initial voltage on the
reverse field capacitor bank. Magnetiec field profiles were ohtained
from coils inserted into the plasma at 1 cm intervals; five coils mea-
sured B_ and five coils measured Bz.

Flux and Pitch Measurements: For the programming work the Ba(wall}
is 3.2 x 10® T/s and the fsz varies up to 1.5 x 10° T/s, From magnetic
field profiles the motion of flux tubes and the time behavior of the
pitch of the magnetic field lines were obtained. It is observed that
there is motion of the poloidal and toroidal flux tubes with respect to

each other, the poloidal flux penetrating more rapidly. During the

interval explored, " 1 ps with 100 ~ #|0|03

respect to the onset of Iz, the 3|_|5 Wall

timing is unimportant. Values 50+

of the pitch, P = rBZ,’He, greater oms

than % 0.03 m are not affected 't 0 =

by the rate of reversal of the :N __u,:.‘,L

magnetic field or its timing. -50 av— 73R

The evolution of the small valuas 3 _S?

of pitch, i.e., P %~ 0.015 m, is -l00—= 12.7

modified by the rate of reversal.

During the discharge, the larger 100 3l

values of pitch are seen to dis- 5|J5 Wall

appear on axis, see Fig. 2, an 50

effect that can only result —

from diffusion of the magnetic :E 0

field, Under these conditions ard —

the pitch profile cannot be pro- -50

grammed into the discharge by a

matching of the pitch at the wall -IOO| 1 | | 1 R

vo the pinch motion, by assuming o 02 04 0s
Radius (m)

that the flux tubes are “frozen" Fig. 1. Stability diagram of a 40

into the plasma. mTorr discharge with low PI
and delayed B_ reversal k
is the axial x?'lavenumhsr,
and ¥~' the growth time of
unstable m = 1 modes.

MHD

ulation: The stabil-
ity diagram shown in Fig. 1 is
produced from probe data under the
assumptions of cylindrical geometry,
ideal incompressible MHD, and equilibrium. Only the Fastest growing m = 1
modes are considered. The lines crossing the diagram horizontally are un-—
stable axial wavenumbers kz' Five of the unstable kz's are analyzed for
normal modes. The width and location of these modes are indicated by heavy
horizontal bars and their growth times are shown on the right hand side of
the diagram. The remaining curve in the diagram is the locus of - 1/P.

The results of several such stability analyses indicate fairly good
dnitial MHD stability followed by a gradual deterioraticn of the stability
conditions. This late behavior has been tentatively attributed to diffusion.
A one dimensional resistive MHD calculation was performed to simulate the
experiment. The magnetic field profiles measures at 3 us, corresponding

to the data of Fig, 1, have been entered as initial conditions, and the

code was run for 2 s discharge time. The initial radial dependence of

the ion and electron temperatures was assumed to be parabolic with T :TE

i
= 20 eV on axis, and 10 eV at the wall. The initial density profile
followed from pressure balance. The expression for the electrical resis-

tivity tensor was varied until the calculated profiles approximated those

measured at 5 Us. The calculated magnetic field profiles were then analyzed

for stability. The resulting stability diagram at 5 s was found to be al—
most identical to the one obtained experimentally. This shows the slow
change in the ideal MID stability of the pinch can be interpreted on the
basis of a diffusion model. The value of the electrical resistivity nec-—
essary to duplicate the experiment is essentially classical on axis with a
100-fold exponential increase towards the wall of the discharge tube. There
is an enhanced energy loss due to the electron thermal conductivity being
1inéarly related to the electrical resistivity. No other losses were al-

lowed in the calculation. Radial measurements of the electron density and

temperature will be needed to identify the nature of the transport coefficients,

A comparison of the measured parallel and perpendicular current den—
sities at the intermediate time of 4 ps shows the parallel current is
much larger than the perpendicular current over most of the interior of the
discharge. Tt has been suggested! that the lower hybrid dvift ims tability

may be responsible for an anomalous resistivity which could cause the ob-

served fast diffusion in ZT-1. This instability is driven by the perpendic-

ular electron drift velocity and can give anomalous resistivity even when
>
Ti TE.
New experimental conditions have been explored in which higher bias

fields are used and both the Bz and B, fields rise in approximately 2 us.

Sharper, slower diffusing profiles, haSing improved stability diagrams for
the early times, are observed as compared to previous discharges. These
data are being analyzed and results will be presented at the meeting.

Ion Temperature Measurements: Ion temperatures have been determined
from the width of the Doppler broadened 468.6 nm line of He II. Compari-
son of the broadening of the 320.2 nm He II line with that of the 468.6 om
He II line confirms that the broadening of the latter is mainly Doppler
brnadening.z Additional measurements with impurity ions, C, Ne, N, and
Ar, indicate the helium and deuterium ion temperatures should be the same.

The deuterium ion temperature was determined as a function of Iz and
Iz for several values of initial bias field. Ti was observed to decrease
with increasing initial bias field, while it increases approximately
linearly with both IZ and iz.' Typical- 4
1y Ti"iz = 1.7 x 1071° evs/A. A graph

of the temperature dependence upon Iz

T
wions

is shown in Fig, 3. The temperature
3o
plotted is that measured after the

T T T
s
implosion of the pinch. The ion tem-— | o= N
-~
perature is then approximately con- =~
200 g
-~
00
00is
05
=N

stant or slowly decreasing in time,

Time (3}

The line shapes of impurity ions
during the formation of the pinch o
are not Gaussian but rather are

" 1of- B
double peaks suggestive of directed nne\

motion associated with imploding
fronts. This velocity compares

ab. W ith a = L VI L L
reasonably well with that obtaim T T T

ed from streak photographs. Rodius (m)

Fig. 2. Radial time dependence of
specified values of pitch.
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CONFINEMENT OF HIGH P PLASMA IN TBE-1 ( REVERSED FIELD PLINCH )
K. Ogawa, T. Shimada, S. Kiyama, ¥. Hirano,
Y. Maejima and I. Hirota
Electrotechnical Laboratory, Tanashi, Tokyo, Japan

Abstract: The experimental study of the confinement of the
high @ toroidal pinch plasma in the reversed field pinch con-
figuration. the experiment is carried out on ETL TPE-1 ( R=
40cm, a=5cm, Ip’\lﬂDkA Yis

describe how the RFP configuration is set up by the fast pro-

The main cobject of this paper is to

graming of the currents {2 and § ).

Introduction: ETL TPE-1 is the experimental apparatus for the
confinement of a high ﬁ toroidal plasma in an axisymmetric mag-
netic systen. The experimental results of eguilibrium and
stability in a screw pinch configuration in the range of plasma
temperature of over 100eV~ 30eV were reported at IAEA Tokyo
~onference. The short summary of the remarkable results that
(1) in the low g value region ( g< 1, high current region ), it
was not be able to confine the stable equilibrium plasma in the
toroidal screw pinch configuration due to the MHD kink insta-
bility, (2) in high g value region ( g»1 ), the stable plasma
in the so-cald high [3 tokamak configuration was confined in a
rather longer period, typically, 40~ 50 ptsec. However, in
this case ﬁ value in the confinement phase is only several per-
cent in this rather slender torus. So, the special character-
istics of the fast compression obtaining the high temperature,
high density and high {# plasma in the early dynamic phase was
losed in the transient to the confinement phase from the dy-
namic phase. The energy loss in this process was 50 large and
this loss was inevitable in order to that the plasma establishes
itself in the stable configuration, (3) In order to obtain the
stable pinch plasma the special concerns in our experiments

were paied to the followings; (a) by changing the bias toroidal
magnetic field vaalue was controlled for obtaining a adequate
toroidal equilibrium, so the plasma did not pinch so strongly

Table 1L

Elecirical Parometers for REP. { R=40um r25en )

and Tg does not rise so big
and (b) the radial distri-
butions of g value was con-

trolled by changing the circuits ] 1
time duration between the Vo max  (KV) 40 40
starts of % andf pinches ( | g | 74 (psed) 2.6 29
2 procedes), so that the lo max (MA) 2.2 2.0
itch minimum configuration NIPF\.:(J.FUIO‘.-um e M
- o [¢4) 125 86
|1 a ar.
e PF_’:‘ Vy pee (KW 40 40
. Thus,‘ if we uint to 2 ?/4 UJSECJ 28 394
obtain a higher p plasma ( ly ax (K2 270 o7
@_3 20%) in a stable toro- 15 u 16 u
\ A RIFPLE OF CROWEAR
idal configurations by the () 155 84
fast pinch, we must have a
very fat torus| even so, Biasl Bzpox (KG) 22 4

probablly, p"—lD%), or dy-
namically controll the

plasma in the compression
phase so that it may don’/t
lose it's energy, for ex-
ample, by the application
of the pulse vertical mag- o level”
netic field.

on the other hand,
the stable RFP which has

been studied by several
2),3),4)

groups is obtained
with a high P value,i.e.
0.3 ~ 0.4 and does work
with higher plasma current
(g<1).
ration has usually a large
bias field and IBP<1 because
of IBz]=!B°l' so no problem

This configu-

is in obtaining the equi- = 1
librium. ]
He, Po=50mTon Bzbig=22#%4

Experiments of RFP: TPE-1
was recently arranged for

the RFP experiments from the SP
experiments reported before.
Table 1 is the electrical
parameters of RFP in TPE-1. S0
far, the experiments were mostly
in the RFPIITparameters shown in
Table 1.
for the experiments in the f£ill-

Helium gas was used

ing pressure of 30~ 50mTorr.

The examples of the os-
cillograms of the plasma current,
the magnetic field at wall and
the total flux over the cross
section are shown in Fig.l.

The RFP configuration in
TPE-1 is set up by the fast pro-
gramming of the coil currents.
First of all, the bias B, field
is applied, then the plasma is
pre-ionized by the high Frequency
At the ap-
propriate value of bias By field,

%z and [ discharges.

the main %Z discharge precedes
the main (> discharge which re-
verses B, field. This time de-
lay (T;.g) is important to ge-
nerate a stable configuration.
The both currents ( z and &) are
crowbared at their maximum where
the stable configuration might
be generated.

Fig.2 shows the measured
time history of the magnetic
field configuration.

Discussions: The preliminary
experiments of RFP in TPE-1 are
successfully being done. The
RFP configuration set up in TPE-
1 is close to the stable one
with high g theoretically pre-
dicted. In this case, T; is
20eV at ArSEC»v 4.§Msec evaluated
from the Doppler broadenning of
He II 4686 A.
ly to 12eV from 2eV( at lfﬁec).
The time described in this paper

To rises linear-

is from the start of Z discharge.
After Sﬂsec, the magnetic flux (
F ) diffuses rappidly due to
the strong instability originated
from the ripple of the currents.
This is also clearly observed by
The bank

is now rearranged for RFP-III

the streak pictures.

shown in Table 1.
will be reduced and the stability

The ripple

will be improved and we hope, we
caﬁgnvestiqate the transport phe-
nomena of stable RFP.

Fig.3 shows the RFP config-
uration calculated by the computer
simulation of the one dimensiocnal
two fluids plasma model with the
RFP-III parameters in TPE-1l.
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The Belt Pinch 1l Experiment with Improved Shock Heating

O. Gruber, R. Wilhelm

Max~-Planck-lInstitut fur Plasmaphysik, Garching, Germany, Euratom Association.

Abstract: In the Belt Pinch Il experiment plasma stability was obtained in a noncireular-
high fi-Tokamak configuration for around 20 MHD growth-times at critical g-values
{q3), comparable to those of low i circular Tokamaks. This decisive question is in-
vestigated further in the new 160 kV shock-heated version at lenger confinement times

and higher temperatures.

In the first experimental step of the Belt Pinch 1l (40 kV shock heating) device the
energy confinement time was limited by impurity radiation to T, = 30-40 ps, Thus the
ohmic heating by poloidal and toroidal plasma currents could sustain the high-B-phase
(<p> 2z 50 %) only for around 50 ps. The strong influence of the mentioned loss mech-
anism has been demonstrated by an admixture of a fraction of oxygen comparable to the
natural oxygen content of the discharge (typically 0,4 % at <ng> & 7, iGM cm-a}. In
this case the B-decay was increased as expected.

A first improvement was obtained using a lower filling pressure { 2 mTorr instead of

5 mTorr D2). At average densities of abaut <h,>=3. IOM cn-|-3 but practically con-
stant impurity level the influence of the radiation was reduced and the ohmic heating
becomes more effective. First meosurements indicate a slower decay of the plasma dia-
magnetism at somewhat increased femperatures (40-60 eV). Now a further improvement
for the compressional heating is obtained using the fast high voltage system at these
low densities.

The technical concept is shown in Fig. 1. At the end of the preionization phase an
homogeneous plasma with(n,>x3-6. IOm cm-s is achieved, which corresponds to an
ionization degree of 50 to 60 %. In addition the transmission line is magnetized so

that the preionization bank is decoupled from the main bank . Furthermore the trans-

120kV; 19k3J
heating bank

iron transformer
core

40kV,760k]
main bank
+crowbar

|
|
|

Y

T |
(Il [1|3U 075 1.'16 153
RIm]

18kV,60kJ
preionization
bank

transmission line(iron core with.5Vs)

Fig. 1: Electrical Circuits

former core is saturated in such o way that a complete flux reversal by the heating bank
is possible. When the main bank and the heating bank are fired the sum of both voltages
appears af the coil . The energy content of the heating bank and the iron cross section
are chosen so that the first compression and the following ringing is in resonance withthe
bouncing plasma at a density range of about {ny) = 2.10M cm-g. After a final satura-
tion produced by the main bank the heating bank is decoupled from the main circuitThen
the toroidal magnetic field is kept constant by the crowbar system in the main bank

(see Fig. 2).

Tvariable

const, for~1ms

-
I/ i

ionizati [1. plasma
F—Ppreionization—— ¢\ ression

(250 ps,ng-3-6 '1013]I (t=125ps)

crowbar (after 5ps)

14
resonance for <ng>- 210

(two stage heating)
start of

main and heating
bank

Fig. 2; Toroidal Fields

Using this technique o temperature range above 100 eV (after therma lisation) should be
obtainable. Under these conditions the lower ionization stages of the impurities (i.s.
oxygen |-V} are burned out and the radiation losses are reduced by more than an order
of magnitude. As a consequence the ohmic heating due to the toroidal and peloidal
currents should overcome the radiation losses. Thus the stability behaviour in the Belt
Pinch can be investijated during longer confinement times.

Based on an earlier work of Duchs a diffusion code was developed including different
energy loss mechanisms,/1/ (radiation, effects of neutrals, heat conduction). This code
will be used to find in the experiments those plasma parameters which are compatible
with an approximately constant temperature during the unavoidable (i-decay at Bou >T,
and without particle injection. This would open to the Belt Pinch the range of lower
p-valves ( B & 10-20 %) amd Fr-' -values lower than the aspect ratio, but higherthan 1.

The results of these experiments will be reported at the conference.
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ENERGY AND B-EVOLUTION DURING THE INITIAL CONFINEMENT
PHASE IN THE TEE COMPACT TOROIDAL EXPERIMENT

p.G. Carolan, M. Dembinski+, M. Korten, F. Sand‘, F. Waelbroeck,
G. Waidmann

Institut fiir Plasmaphysik der Kernforschungsanlage Jilich GmbH
Association EURATOM-KFA

* Institute of Fundamental Technological Research/Warshaw
*® paboratori Gas Ionizzati, Frascati (Roma)

Abstract
e ;
The energy evolution and the behaviour of the plasma parameters

8, “q'Ti’ n, during the initial confinement phase of the TEE
experiment will be described. Several energy loss mechanisms
are discussed and their relative importance for the energy de-
cay in the TEE experiment is estimated.

In the TEE compact torus experiment (R = 25 cm, a = 9.5 cm) the
behaviour of a high-f tokamak-like plasma is investigated. The
yvacuum vessel cross section is circular. Fast magnetic compres-
sion generates a plasma with initial B-values higher than ob-
tained so far in tokamak experiments.._The main characteristics
of the experiment have been described earlier [1]. For the pre-
sent set of investigations a toroidal field maximum of By,= 4.5 kG
is chosen which is reached in 1,s/u5. The fast rising fields
limit the effect of an adiabatic compression which would in-
crease the R/a value. Moreover, small positive bias fields

{B; %100 G) and small filling pressures (1./.2 mTorr) were used
to restrict B to the maximum tolerable value expected from
equilibrium theory, B = _37. The energy and B-evolution is
studied in the quasi—staEQUnary phase after crowbar of the main
discharge.

The diagnostics used to study the evolution of plasma parame-
ters and energy losses are magnetic probes inserted into the
plasma to measure spatially resolved poloidal and toroidal mag-
netic fields [2], Doppler-broadening of impurity lines which
yield the ion temperature, magnetic coils on the outside of the
vacuum vessel which give the position of the toroidal current,

a 2-mm microwave interferometer to obtain the spatial resolved
electron density, and spectroscopic methods to determine the
impurity comncentration and the neutral particle density. A
laser-light Thomson scattering diagnostic to obtain the electron
temperature is in preparation.

The plasma behaviour and the energy evolution in the quasi-sta-
tionary phase after crowbar was investigated using ion-tempera-
ture measurements and magnetic probe measurements applying toka-
mak equilibrium theory [2]. At crowbar time, the main plasma
parameters can be characterized as follows: R=27 cm, a =7 cm,
ion temperature T; = 120./.150 eV, A =1, 10"%cn™3, toroidal
Plasma current I_ = 20./.25 kA, Bpﬁ 3, qa) = 2./.3, B = 3./.10%,
plasma energy £,~100 J, degree of ionisation . =50%. The plasma
toroidal current IP decays in ﬂ?cxﬁofus (e-folding time), but the
energy of the plasma is lost much faster.

Assuming equilibrium, the energy development can be derived from
poloidal field measurements which gives a decay time constant of
?;=ﬁ10lus (Fig. 1). A similar result is obtained for the poloi-
dal B which comes down to 1 in about 10,us and then remains
almost constant, 8_<£1. The temporal behaviour of the ion
temperature shows a similar dependence; Ti is less then 50 eV
after 6 to 10jus (Fig. 2). Measurements of the toroidal 4B
field [3] confirm the fact that the "diamagnetic" energy is lost
preferentially, whereas at the field maximum it contains about
50% of the total plasma energy.

Several loss mechanisms are suggested to explain the fast

energy decay. Centrifugal momentum to the outside during the
implosion phase could be a reason for wall contact in the
earlier confinement time which may cause plasma energy losses
that could be reduced only if field programming is improved to
Provide a better control of the plasma position. Moreover, after
crowbar, perturbations of the toroidal symmetry have been
observed which have approximately the length of the torus and
could be interpreted as kink modes which are predicted for

a8 high-f tokamak for an aspect ratio of A = 4 with a stability
mfrgin for the critical B-value between 3% and 6% [4}. Poloidal
field measurements, too, show strong plasma movements in the
first 15,us after crowbar, as can be seen in the plot of lines
With equal poloidal flux versus time (Fig. 3).

Radiation losses due to impurity lines were estimated not to

contribute dominantly to the energy decay. The most prominent im-
purity elements were found to be carbon with 0.3% and oxygen
with 0.75%. Considering oxygen to be here the most dangerous
impurity, radiation losses can be estimated according to [5]-

As an upper limit, energy loss of about 0.20 Jf/us could be
emitted as line radiation of oxygen ions.

However, energy loss due to charge exchange processes plays a
more dominant role. The total neutral particle density was
measured by the absolute determination of the D, -line radiation
to be n¢J= 2.5.1013cm-3 at crowbar time. Then, after a few Jus,
ny drops to a nearly constant value of ny = 1.103en”3,
be concluded that plasma-wall-interaction causes a continuous
influx of neutral particles which leads to an average charge
exchange energy loss of about 10 J/,us. According to [6] the
plasma should be in the diffusive regime with an outer layer of

It may

LL* 4 cm thickness, and a large plasma volume must be considered
to be in wall contact. Strong losses due to neutral particle
transport must be expected. This is corroborated by the observed
increase of the electron density after crowbar, because for
these temperatures the ionization rate is not very much lower
than the rate for charge exchange processes.
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Effects of Pulsed Vertical Field
on the Fast High Beta Tokamak Experiment
K. Hirano, 5, Kitagawa, M, Mimura and ¥, Kita
Institute of Plasma Physics, Nagoya University
Nagoya, JAPAN

Abstract: The pulsed vertical field, having the same rise time
as that of the plasma current, is applied to suppress violent
toroidal drift which appears at the beginning of the discharge.
It is found that proper value of the vertical field is effective

to improve plasma parameters.

The fast axisymmetric toroidal pinch-STP with small aspect
ratio is constructed to improve the limit of the density and
temperature which is observed in the present tokamak discharges.
Various scaling laws for tokamak show that high density is the
key point to obtain longer confinement time. Our present pur-

pose is to study the tokamak configuration around the density

15 3 "~ CURRENT PRE-HEATING BIAS TOROIDAL FIELD
y i CURREN =HE,
of 107" /cm™. The schematic 2 E 5 o
48 Wi 3kd 100 kJ 162 ki

drawing of our STP system is

shown in Fig.l. The major

and minor radius of the STP

is 25 cm and 10 cm respec-
tively. The coils to excite
the pulsed vertical field

are fixed inside the copper

shell. The maximum vertical VERTICAL
COIL RETURM

field strength is 500 G at

3 GLASS TORUS
—

Y3

| VERTICAL FIELD
= 50 »

the tube axis and ils irise 9w
time is equal to that of Fig.1l

A schematic drawing of the STP
the plasma current., Most apparatus

of the experiments reported here are carried out under the toro-
idal field of 8 to 10 kG with the plasma current from 60 to

100 kA, The usual operating D2 pressure is 1Dﬂ2 torr. A typ-
ical example of horizontal streak photographs, showing the

effect of pulsed vertical field, are given in Fig.2., It is seen
that the pulsed vertical field moves the plasma to the major axis.
The instantaneous poloidal field distribution just inside the
copper shell is measured by means of eight small pick-up loops.
The results are also shown in Fig.2: the correlations between
these two measurements are easily seen, In accordance with

the streak picture, poloidal field distribution is evidently
shifted to inner
side of the torus, -
In case of no
vertical field,
however, poloidal R

field distribu=-

tion suggests

that the plasma :
25 §
T

is rapidly split

r L i i
0 5 10 15 20 0 usec
T T T T T
into two parts
and that it per-
haps contacts the
wall, which is
presumable from
the strong light

emission observed

Fig.2
when the deforma- Streak photographs with and without the
. . vertical field. Plasma shapes measured by
tion reaches its 8 pick-up loops are also illustrated.

maximum, The surface g value at the instant of the maximum m=2
distortion happened to be 2, MNote that such a strong m=2 defor-
mation is not seen when the pulsed vertical field is applied,
The magnetic probes inserted into the plasma show diamagnetic
effect when the vertical field is applied, while, with no ver-
tical field, probe signals become paramagnetic. The local &
value proved to drop very quickly as soon as the strong m=2
distortion appears. The typical B value with the vertical

field ranges from 6 to 10 % and no catastrophic decay of B

is observed, Since obtaining the above encouraging results,

the following several modifications of our STP have been done:
(1) 1In order to obtain complete ionization, series capacitor
for power crowbar is inserted into the pre-heating circuit,
Consequently 10 kA pre-heating current, the rise time of which
is 3psec, is sustained for 30;sec without decay.

(2) A series inductance is inserted into the driving circuit

of the plasma current so that the decay of the current can be
moderated., As can be seen in Fig.3, the decay rate of the plasma
current is much decreased.

2)

(3) Freidberg predicted”’that the shape of the plasma cross-

section may change at every ( /_L Sec )
0 10203040

different toroidal position.

In order to check his pre-

diction small pick-up loops
inside the shell is increased (cj
from 8 to 60 for the purpose ( t))

of studying the accurate

Fig.3
Waveforms of plasma current: (a)
without series inductance b) with
streak photograph after this series inductance.

plasma shapes. A typical

modification is shown in Fig.4, Although the results are pre-
liminary and the parameters are not optimized yet, no sign of
violent instability nor toroidal drift is seen on the picture,
In accordance with this picture no violent behaviour appears
on the trace of the magnetic probe signal inserted into the
plasma.

The authors acknowledge Prof. K, Takayama and Prof, H,

Yoshimura for their continuous encouragement,
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Streak photograph of the plasma
after modification of the appa-
ratus, In this case maximum
plasma current and toroidal field
is 100 kA and 8 kG, respectively.
In order to take the bright photo-
graph 30 % Helium gas is introduced
into b, gas.




Z-PINCHVEXPERIMENTS WITH A NOVEL INDUCTIVE ENERGY STORAGE SYSTEM

1.R, Jones, E.L. Murray, M.G.R. Phillips, P.G. Weber

The Flinders University of South Australia

Bedford Park 5042 South Australia

ABSTRACT: A description is given of the generation of a Z-pinch using a
novel circuit which both produces large initial power inputs and inhibits
secondary wall breakdown.

S that

INTRODUCTION: The Los Alamos Z-pinch group observed in 1968
none of the Z-pinch experiments performed to that date had achieved the
initial power inputs realised in the larger B-pinches. A large power
input produces a high degree of shock heating and reduces the interval
when the plasma loses energy rapidly by bound state transitions.
Increasing the initial power input to a Z-pinch by increasing the

charging voltage on a conventional capacitor bank is ineffective since a
l,m:ge fraction of the initial voltage remains between the electrodes after
the pinched plasma has been formed. This causes a secondary breakdown
near the discharge tube wall which screens the central plasma column from
the compressing magnetic field (2}. The problem becomes more acute the
higher the initial bank voltage. The Los Alamos group avoided this
problem by using a magnetic energy storage circuit and an exploding foil

)

switch to transfer the current to the discharge tube This paper
describes the generation of a Z-pinch using a novel circuit ) which both
produces the desired fast initial current rise and inhibits secondary
breakdown. This circuit is much more convenient to use than the Los
Alamos circuit. Some preliminary measurements on the properties and
stability of the pinched discharge are presented.

APPARATUS: The discharge tube was 10 cm in diameter (i.d.) and had ring
electrodes at each end separated by 50 cm. The ring electrodes allowed

streak and framing pictures to be taken through end windows. The return
current conductor consisted of an aluminium mesh wrapped around the
exterior of the discharge vessel. Discharges were made in preionized
deuterium at filling pressures, PF’ of 12-35 mTorr, with quasi-steady
axial magnetic fields, Bu' of up to 4 KGauss. Fig. 1la shows an idealised
form of the circuit used to produce the Z-pinch, Lp is the load inductor
(discharge tube plus some transmission cables). The capacitor CF is
chosen to give the desired rise time, TR = (n/2) [LPCF]l’. The inductor Ls
and the capacitor CS serve for energy storage and are chosen such that

l.s > LP and CS > CF' At the beginning of the operating sequence, all
switches are open and the capacitors Cg and Cp are charged to the
voltages VS =+ IU..S,"CS]!'2 and Vp = - II(LP,"CF),i respectively, where I is
the desired current. At the time tA = «(n/2) (l.SCsJ!i the switch A is
closed and at the time = -[n/Z){LFCF]y the switch C is closed. Thus,
at t=0, the currents IS and IF have reached equal magnitude I, while the
voltages on both capacitors are zero. At this time the switch B is
closed thus linking the inductors
into a loop in which the current
I circulates indefinitely while

the capacitors remain uncharged

(See Fig. 1b), In our present

prototype apparatus Cp = 2.06 uF; ﬁ
Cs = 5400 yF; L

= 391 nH; J

P 120
‘o' CURRENTS N IDEAL CIRCUIT

LS = 1,84 H; Vg = 1400 V; and
Vp = 20000 V. In practice, stray

0
0
20
inductances modify the situation o

and the actual current pulse

PINCH CURRENT (kA)  TUBE VOLTAGE (k¥)
2psec]div
lc: NON-IDEAL CIRCUIT CURRENT AND VOLTAGE

through Lp has the form shown in

Fig. le. The voltage across the
Fig. 1.
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discharge tube is also shown in
Fig. lc; note that the veoltage
gradient does not exceed

+ 40 volts/cm after the initial
voltage pulse.

MEASUREMENTS: Fig. 2 shows a
streak photograph of the Z-pinch
and a series of framing pictures,
both taken with Pp = 35 mlorr D,

and Bo = 1.3 KGauss. The

photographs have been time-
correlated with the current

waveform. These pictures show

Fig. 2,

that the plasma pinches to the

axis of the discharge tube in about 1 psec and thereafter remains grossly
stable and cylindrical in shape for about 4-5 usec, The onset of
instabilities can then be seen. There is no evidence for secondary wall
breakdown. Magnetic field measurements have been made using a probe
which slides inside a ceramic tube (2mm o.d.) located across a discharge
tube diameter at the mid-plane. Fig. 3 shows the radial field profiles
at t = 2 us in a discharge having PP = 35 mTorr and Bu = 1,3 KGauss. Note
that these profiles were constructed from many experimental shots; the
smoothness of the data reflects the reproducibility of the discharges.
The jz radial profile, deduced from the BB profile, shows that the total
discharge current is nearly uniformly distributed over the cross section
of the plasma column at this time. Again, no evidence for seccndary

breakdown at the discharge tube wall is seen in the magnetic probe data.

kG
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Fig. 3.

l

. l .
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that the electron temperature in this discharge is approximately 10 ev. A
measure of the gross stability of the discharge was obtained by examining
the value of BB at r=0. Its value should remain zero until an instability
displaces the pinched current channel. Typical measurements are shown in
Fig. 4 for two different discharges conditions.

Further measurements will be made on the plasma using Thohson
scattering and holographic interferometry. A one-dimensional hydromagnetic
code ¢ is being used to interpret and predict the plasma characteristics
in the stable regime of the pinch.
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FAST THETA-PINCH PLASMA HEATING EXPERIMENTS
A.B.Andrezen, V.A.Burtsev, V.N.Litunovsky, V.G.Smirnov
D.V.Efremov Scientific Research Institute of

Electrophysical Apparatus,
Leningrad, USSR
Abstract: The main aspects of the experiments described below
are the following: shock plasma heating study, diagnostice
method development of fast plasma process investigation, as
well as the design of the electrotechnical apparatus for cre-

ation of high fast-rising magnetic fields.

Initially plasma heating investigation in a e-pinch di=
scharge was carried out in a general way with the direct con-
denser battery power supply of the coil. The main purpose of
this investigetion is not to obtain high plasma parameters,
but to work out the holographic plasma interferometry method
in the well~known physical conditions.

The three-turn coil has the inner diameter d=12 cm and
the length 1=35 cm. In the experiments the condenser battery
with the capacity C=8 AF and the voltage of 50 kV have been
used. The self period of the discharge loop is T=12usec. The
initial longitudinal magnetic field up to B=3 kgauss can be
created. In these investigations the preliminary gas ioniza-
tion has not been carried out. As is known, in these condi-
tions at the beginning of the first half-wave of the disch-
arge current in the chamber the cylindrical shock wave is ge-
nerated, providing the cylindrical shock wave is generated,
providing the sufficient gas preionization for the effective
plasma collapse in the second half-wave of the current [1]

In fact, the measurements, carried out by the magnetic
probing, fast photography end the holographic discharge in-
terferomatry [2] showed that at the end of the first half-
wave of the current the plasma laver is formed, which captu-
res the longitudinal megnetic field. The plasma cylindrical
layer pinching continues et the beginning of the second half-
wave of the current, but by the inverse aign field, the cap=
tured field value at the chamber axis being increased.

When the captured field is fully dissipated, the electron
density profile becomes single-hilled, and the pseudopressure
is changed into the proper plasma pressure (fig.1). At this
moment the plasma temperature estimati- :
on on the pressure balance condition
gives (Te+Ti)Z100 eV.

In fig.2 the typical interferogram
end the results of itstreatment are gi-

ven for the time of the captured field

disappearance. The figure shows the

plesma column decay with protuberance 5’»

forming.

To increase the effectiveness of the
shock plasmea heating it is neceassary,
that increasing time of the piston magnetic field be suffici-
ently smaller than that of the shock wave path to the chamber
axis. At the chamber radiud of some cm the field rieing time
should be of the order of microsecond fraction. The usual cir-
cuits of the direct coil supply from the condenser batteries
to carry out the similar experiments are not suitable.

The high voltage artificial lines are used to obtain

the fast riesing magnetic fields for the effective shock plas~
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ma heating in Los Alamos laboratory [3]. In the described ex-
periments the inductive energy storage method with the cur-
rent switching into
the coil by the fast-
acting folil breakers [4]
is developed.

As the experiments

carried out earlier

showed [‘5] s the fast-

acting breakers on the Fig.2

A Lur Lo do
LB,

{a63p5)

principle of the electrical foil

explosion in the arc-damping me-

dia allow to create the currents
in the inductive loads at the ri-

sing time much lower than the qu-

arter-period of the small induc- : S

tive condenser batteries. To this g r £
end a number of experimental in-

vestigations have been carried L

out in order to work out the foil

breaker design, to study their £
operating characteristics and {o
determine the optimum arc-demping be 7
media [6,']’] . F
The experimental installation i
"Utro" has been designed for in- Sz
vestigation of the shock plasma Fig.3
heating, that is, the plesma envelope implosion by the high
fast rising magnetic field. The equivalent electrical circuit
and the leyout of the instellation are presented in fig.3.
The one-turn coil has the inner diameter d=7 cm and the
length 1=50 cm. It has two longitudinal cuttings, to one of
which the "fast" part of the power supply system is connec-
ted, consisting of low inductive condenser battery C.I, capa-
citive inductance L.and foil breakera E.F. At the latter ex-
plosion the current is spread into the coil Lcn.{l after the
spark gap ,f4 triggering.

The initial longitudinel magnetic field Bzo is created !
by the "slow" battery C,. The discharge current I, flows thro-
ugh the foil breakers not yet exploded. To increase the ef-
fective capture of the initial field by plasma the longitudi-
nal electrical discharge system with the condenser battery
supply G3 is used.

In fig.4 the oscillograms of
the signals, taken at the discharge

absence from Rogowski belt, the ;;;’;

voltage divider on the foil 2l T r ]

breakers and the magnetic probe, qg

installed on the chamber axis. R ==Y, ifws]
Fig.4
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SCYLLAC "DERATED" FEEDBACK SECTOR EXPERTIMENTS*

E. L. Cantrell, W. R. Ellis, B, L, Freeman, K, B. Freese, R. F. Gribble,
W‘ D. Gutscher, F. C. Jahoda, K. J. Johmson, R. Kristal, K. J. Kutac,
: J. R, McConnell, G, Miller, W. E. Quinn, and R. E. Siemon

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico

Abstract: A 120° sector of the Scyllac torus has been "derated" for feed-
Abstract.

back stabilization experiments to reduce the m = 1 instability growth rates
to values which are compatible with the response time of the feedback sys-
tem. Initial plasma studies are given and compared with the predictions of
an MHD model, Plasma stabilization experiments will be reported.

1. INTRODUCTION. Scyllac experiments have been performed in toroidal sec-
tors [1], R = 2.4 and 4,0 m, and in a full torus [2] (R=4.0 m) to study the
high-f plasma equilibrium and stability and their scaling, These experi-
ments have demonstrated the existence of the high-beta, £ = 1,0 toroidal
equilibrium and have shown the following: (1) Theta-pinch plasma heating
mechanisms are unaffected by the torofdal curvature and the presence of %=1
and =0 equilibrium flelds during the implosion; (2) The plasma column

takes up a helical, bumpy toroidal shape and comes into an equilibrium posi-
tion as predicted by theory, and remains stably confined for 6 to 10 ps;

(3) The period of stable confinement is terminated by an m = 1 unstable mo-
tion of the plasma column, whose properties are those of the theoretically
prediected m = 1 instability; (4) Measurements of the magnetic Field, plasma
beta, radius, and relative density profile confirm in detail the theoretfcal
predictions of a high-f toroidal equilibrium and its scaling; (5) Measure-
ments of the toroidal mode structure of the m = 1 instability show the exis—
tence of at least five toroidal modes (theory predicts a maximum of six) and
confirm the theoretical fall-off of the unstable displacement amplitude

past n = 3; (6) No indication of higher order poloidal instability modes
than m = 1 has been seen, in agreement with FLR criteria; and (7) The major
divergence of the observed plasma behavior from theoretical predictions is
the initial period of quiescent equilibrium before m=1 instability onset.

Two methods for stabilizing the m = 1 instabiliry in Scyllac have been
proposed: feedback (FB) and wall stabilization. Since in the present Scyllac
experimente the ratie a/b of plasma tn wall radins is too small ( % 0.1) for
wall stabilization, feedback control has been chosen for plasma stabiliza-
tion. Computer studies indicate that ¥T < 0.5 (yT is the product of insta-
bility growth rate and FB delay-risetime) is required for comtrolling the
instability, while Scyllac, with improved FB modules, has yT y 0.8. In
order to reduce Y to a value which is compatible with the FB system
(YT " 0.4), the main Field has been reduced to ~ 17 kG and plasma parameters
derated accordingly. Initial feedback experiments [2] are being performed
in an 8-m sector, Following preliminary studies of the derated plasma.

II. EXPERIMENTAL ARRANGEMENTI. An "8-m sector" of the Scyllac torus, with

a major radius 4.0 m, subtended angle 120°, and coil arc length 8.38 m, has
been modified for the initial feedback stabilization experiments. The wave-
length (62.8 em) of the & = 1,0 equilibrium fields has been selected to mini-
mize the growth rate of the m = 1 instability and the required feedback
field. The =1 helical (By_,/B = 0.095) and £=0 bumpy (By_ /B = 0.147)
fields were produced by machining the inner surface of the compression coil
to coincide with the desired £=1,0 flux surface, We define a position of
maximum field stremgth as a "land" region (B\=Bn+Bl=n = 19.4 kG) and a posi-
tion of minimum field strength as a "groove" region (BBBG-BI-O = 14.4 kG).

A small reversed bias field (v 140 G) has been used in some experiments to
improve the plasma profiles for better equilibrium,

I11. RESULTS: A. Plasma Parameters. Plasma measurements with B, v 17 k6
give the following parameters: (1) plasma densities of 2 - 4 x 1016 |:||-J
from hoth side-on helographic and coupled—cavity interferometry; (2) plasma
radii of 0.9 - 1.1 cm from luminosity profiles and side-on holographic in-
terferometry; (3) plasma beta at the column center of 0.6 - 0.7 from com-
bined excluded flux and luminosity profiles; (4) plasma electron tempera-
tures of 130 - 150 eV from Thomson scattering ('1‘1 = TE in the derated col-
lisional plasma); (5) plasma confinement times of 15 - 25 us; (6) 2=0 plas-
ma distortion, ﬁ°=u.2; (7) %=1 plasma distortiom, 61= 1.0 - 1.4; and (8)
Browth rate of m = 1 instability, Yy ~0.2-03x 10° 5L,

B, Plasma Equilibrium Relations. The approach of the plasma column to MHD
equilibrium is shown in Fig. 1. The upper part of the figure shows the
time behavior of the average plasma radius, <a> = (;I. + ;G)IZ, where ;L is
the plasma radius in a land region averaged over four discharges, and simi-
larly for ;G in a groove region. The center part of the figure shows the
time variation of the average plasma beta in the center of the column, <f>=
(EL'FEG}IZ, where El. and EG refer to averages over four discharges. The
8olid line shows for comparison the theoretical beta value for toroidal
€quilibrium derived from sharp-boundary theory with the design values of

b, R, Byays and By, and the experimental curve for <a>. Agreement is

better than 5%,
The lower part of Fig. 1 shows the approach of the plasma column to

axlal pressure equilibrium (nkT = constant) using experimental curves for

{ELIEG) and (E'GJTL)Z. In pressure equilibrium these curves \{ill coincide, g

Also shown for comparison is the vacuum design ratio (B./B;)" = u—nhofnu)

.'(1+1%,l=u.n'zau.‘p2 = 0.553. The equilibration time is lengthened by the presence

of the £=0 bumps in the plasma column, and the MHD "sloshing" period is

" 5 ps, Error bars in each case refer to standard deviation from the mean

because of variations between discharges.

C. Transverse Plasma Motions. The streak photographs of Fig., 2 show the

plasma forming a well-defined column and taking up an equilibrium position

with initial 51 helleal oscillations, wy, = th(Z-—B)l 2, which damp in v 7

us. The column equilibrium position is helically shifted horizontally out-

ward in land regions, inward in groove regions and vertically halfway be-
tween land and groove regions. The helical shift suggested in Fig. 2(L) and

2(G) is exaggerated owing to different plasma motion at these widely separa-—

ted positions. Plasma confinement is terminated by an outward m=1 motion at

% 25 ps. The m=1 growth rate from the streak photographs is “0.2-0.3 x

106 5_]', in agreement with sharp-boundary theory.

Figure 3 compares the measured land and groove plasma trajectories with
the predictions of a sharp-boundary MHD model. The model consists of a set
of coupled differential equations for the plasma column displacement £ and
surface distortions So and Bﬂ as functions of time, assuming in this case
a=1 cm, 11:3::10]'6 m_s, Bu'” kG, and £=0,77. Damping of the oscillations,
which normally is not present in sharp~boundary MHD theory, has been inclu-
ded empirically to agree with experiment. The plasma column is assumed to
be cylindrical at t=0, when the Bl‘.al and BIFO filelds are applied instanta-
neously. At later times, not shown in Fig. 3, the calculated trajectories
£0 to the inner wall exponentially with a growth rate of '\-l.'}.:hv.lll)6 5"1. Two
possible explanations of the reversing plasma motion seen in the streaks are
(1) several toroidal n-modes (n=kR=2#R/A) are belng excited, which locally
carry the plasma first one way and then the other, The calculated motions
in Fig. 3 allow only for the longest wavelength (n=0) mode; and (2) the
plasma beta decreases at later times due to end effects. The MHD model has
also been used to simulate the feedback stabilization and indicates that a
helical #=2 feedback field is functionally superior to a bumpy =0 field due
to the formarive time of the plasma distortion in the latter case. Feedback
stabilization experiments including studies of che effectiveness of 1=0
and =2 feedback fields are being performed,
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STAGED THETA PINCH EXPERIMENTS

R. K. Linford, J. N. Downing, R. F. Gribble,
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Los Alamos, New Mexica, USA

Abstract: Two concepts are presented for producing theta pinch plasmas
with larger ratios of plasma radius to discharge tube radius than are pro-
duced in standard theta pinches. The experiments for testing these con-

cepts and preliminary results are described.

Previous theta pinches have performed initial implosion heating of the
ions and subsequent adiabatic compression with a single capacitor bank
power supply. Projected theta-pinch feasibility experiments and fusion

reactors, however, will require separation of the two functions to achieve

|

7 =

Na

greater efficiency and to allow for wall

stabilization of toroidal theta pinch

B

plasmas.[1] Wall stabilization re-—

+

quires that the ratio of plasma radius

MAGNETIC FIELD

to wall radius be larger than in con-

ventional theta pinches. The Staged

Theta Pinch program is desipgned to

study the technological and physics vn!'
problems associated with producing fat E F
plasmas and separating the implosion §
heating from the adiabatic compression. = Tg—
Several methods of implosion Fig. 1, Driving fields assumed by

Freidberg, Morse and Ribe
[1] for (a) simple implo-
sion heating, (b) free-
expansion hearing, and (c)
programmed E, heating of a
theta-pinch plasma.

heating have been proposed. Treidberg,
Morse and Ribe [l] presented three con-

cepts indicated in Fig. 1 which was

taken from their paper.[2] No specific circuits were proposed to produce
these waveforms, but the plasma dynamics were analyzed for each case,
Since the free expansion case appeared most promising, one of the authors
of this paper [3] designed a circuit which simulates the field behavior in
Fig. 2b. The resulting circuit, shown in Fig. 2a, is being used in the
Staged Theta Pinch (STP) experiment described later in the paper.
Recently, the resonant heating implosion process was proposed by one
of the authors (4] which theoretically produces plasma parameters very sim—
ilar to those resulting from the STP ecircuit. However, the advantage of
resonant heating is the efficiency and simplicity of the circuit shown in
Fig. 2b. The circuit is topologically the same as the circuits used in
present theta pinches such as Scyllac, but the component sizes are chosen
so that the natural resonance of the imploding and expanding plasma can be

used as the second "reson .t loop" thus necessitating only one properly

tuned implosion bamnk. : crowbarred field decays expomentially om a much
FLASMA PLASMA
MPLOSION COIL IMPLOSION COIL
CROWBAR
o 125k
STAGING  PULSE FORMING IMPLOSION
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STP
(a) Qtﬁ

Fig. 2. Circuit diagrams and theoretical magnetic field behavior for (a)
the STP experiment and (b) the RHX experiment.
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longer time scale than the implosion process, which would allow the slowly

rising compression field of future experiments to take over.

These two implosion heating circuits are being experimentally tested.

The principal experiment in the program is the 4.5-m-long linear Staged

Theta Pinch (STP). It uses a relarively low energy, high-voltage capacitor

bank to produce the theta-pinch plasma. A lower voltage, higher energy ca-

pacitor bank is used ro contain the plasma and provide a variable amount of
adiabatic compression. The experiment will be capable of producing high
temperature plasmas with a much larger ratio of plasma radius to discharge
tube radius than is possible in conventional theta pinches. Plasma experi-
ments will include a study of the effect of magnetic field amplitude and
time history on plasma formation, the properties of the plasma formed, and
later, studies of the effect of helical magnetie fields on plasma stability.

If the ratio of plasma radius to coll radius can be made large enough, the

effect of plasma stabilization by image currents in the coil walls will be

observable. The resonant heating concept is being rtested on the 0.9 m RHX

(Resonant Heating Experiment) which uses components similar to those in the

STP experiment,

Preliminary results obtained from the Staged Theta Pinch program are:

1. Plasmas have been successfully imploded using the STP form of the
implosion eircuit.

2. Holographic interferometric data indicate that the flutes seen during
the implosion phase in the Scylla 1B experiment are not present.[5]

3. Theta pinch preionization is used to produce 45% to 80% preionization
with only minor radial dependence from 3 mToerr to 11 mTorr. The high—
est percentage of ionization was observed at the lower pressures.

4. Field gradients similar to Scylla 1B [5] and the STP prototype [6]

were observed between the main plasma column and the discharge tube wall.
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On the Influence of the Walls in Theta Pinch Experiments with Low Filling Densities.

W. Engelhardt, W. Kippendsrfer, M. Munich, J. Sommer

Max-Planck=Institut fur Plasmophysik, Garching, Germany, EURATOM Association.

Abstract: The neutron emission from a theta pinch with series of discharges in hydro-
gen and deuterium shows a dominant role of the discharge vessel walls at low filling
pressure. At 4 mTorr about half of the filling gos enters the vessel directly whereas
the ather half is exchanged over the wolls. The gas absorbed at the walls amounts to
10'6 em™2,

1.) Introduction. Theta pinch discharges were carried through in @ 1 m leng and

20 cm diameter vessel ot 4 mTorr filling pressure. A specially shaped mognetic field
pulse allowed to produce plasmas with low compression ratics /1/. The decay and rise
of neutron emission in dependence on discharges in deuterium and hydro-

gen revealed the influence of the quartz vessel walls.

First the experimental procedure of producing the plasma is described. After this,
results from neutron measurements are presented. Finally, the cbservations are inter-

preted by means of a simple model.

2.) Plasma Preparation.
Two axial discharges with 80 ond 120 kV served for breakdown ond preheating. For

good reproducibility and for facilitating breakdown, the discharge tube was filled up
to 10 mTorr filling pressure and the gas then pumped off through a throttle valve with
an 1/e pressure decay time of 1.5 seconds. At the moment when 4 mTorr were reached,
breckdown, preheating and main discharge were successively triggered. For full
fonization, a ringing preheating discharge of 50 kA maximum current was necessary.

After 25 microseconds before the electron line density started fo fall below the filling
density value of 4 mTorr the theta pinch bank wos discharged.

3.) Neutron Measurements

Fig. 1 shows the neutrons emitted by the theta pinch plasmo as measured by o
scintillation counter for a number of successive discharges. In region |, volues for
discharges in hydrogen which followed a long operating period in deuterium are
plotted. Region || gives the rise of neutron emission if deuterium filling is used again

after 25 hydrogen fillings. Region Ill confirms the decay shown by region |.

Fig. 1:

naunons
(i
Neutron emission of a series of

mdrgen | destsian | hpdragen

discharges in hydrogen and

m‘l N \\\ deuterium

In order not te introduce errors by the filling system, the latter was carefully pumped
and flushed whenever the filling gas was changed,

Two features become evident from the data of Fig. 1:

1) The number of neutrons jumps when the filling gos is changed.

2) For a 1 /e decay of the neutron emission as shown by region | and IlI, typically

25 discharges are necessary. A similar number is needed for the rise in region I1.

4.) Discussion

The results can be interpreted quantitatively by means of a simple model. It assumes
that a fraction o of the filling gas enters the discharge volume directly. The other
fraction 1= o¢ enters a reservoir. The reservoir gives gas of a certain composition
determined by its momentary content to the discharge tube. The reservoir represents
the walls, The decay in region | and Illcan then be described as a function of the

discharge number z ;

2 "o .
Ni =N(z=_1} 1-e¢) exp{-(l-o{)? RG Zi

N(z -1 is the number of neutrons emitted by the last preceding deuterium dis-
charges, n, the filling density and g the number of particles absorbed by the quartz

walls per cmnz. Rg is the rodius of the discharge tube. o is determined by

L
Nz—+l =Q —D()z.
=-1
z
ne is obtained from the slope of the curves in region | and III.

For the conditions described above, ©{= 0,51 and n, =3 - 1016 t:m-2 were obtained.

Half of the filling gas is thereafter exchanged through walls which contain a large
amount of hydrogen and deuterium absorbed, One cause for the latter may be the
breakdown and preheating discharges which cause energetic particles to impinge on

the walls.

The model described assumes same ién temperatures for hydrogen and deuterium dis=
charges. |t assumes further stationarity, i.e. the amount of gas entering the vessel
before the discharge has to leave it again. The first ossumption has not been proved.
The second is essentially confirmed by pressure measurements. Interesting miner

deviations cannot be discussed here,
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Fast Plasma Compression in Slit Metal Vessels
A, Eberhagen, H. Herold, R. Wilhelm

Max-Planck~Institut fir Plasmaphysik, Garching, Germany, EURATOM Association.

Abstract: The applicability of slit metal vessels for fast magnetic plasma compression
is experimentally investigated. The scaling law for the limiting E-fields as function of
pressure, gap width ond moterial is  given and special problems associated with long

way arcing at lowpressures are discussed.

Fast magnetic plosma compression has commonly been conducted in discharge vessels
made of dielectrics such as quartz or ceramics. With increase in size and energy of

such experiments, however, severe difficulties are to be expected with such materials,
particularly when the plasma parameters approach fusion conditions. Investigations

have been taken up, therefore, to establish the limits of the applicability of properly
slit metal vessels in fast compression experiments.

The studies were started on a 15 kJoule thetapinch with Bmcrx (with crowbar) =2%Gauss,
(dB/dr)mux = 26 kGauss/psec, Ucuﬂ =19 kVolt, coil diameter = 10.5 em, coil length=
20 cm. With this equipment
plasma temperatures of
20-50 eV and densities inthe

0]5 16 -3

10°7-10 " cm ~ range were
produced depending on the

deuterium filling pressure

P, = 5-50 mTorr.

The discharge vessel was Fig. 1 Schematic of Slit Metal Vessels

constructed as follows: Inside a quartz tube, which serves as the vacuumchamber, bare
metal strips were fixed to the inner surface. These strips were arranged parallel to the
magnetic field. Their number (1-22), thickness (1.5- 5.0 mm) and the gops between
them (s= 1.5 - 8.5 mm) were varied in the course of the experiments.

The operational procedure in the experiments was as follows: The deuterium gas was pre-
ionized either by an rf-cable- ond o subsequent theta-discharge or, at lower filling
pressure, by a z=pinch. Then the main bank was fired. Its charging voltage - and the
corresponding voltage difference induced across the strip gaps - was  varied from

shot to shot to find the limiting voltage ot which arcing across the gaps was justavoided.
This critical voltage Uc could be identified rather clearly with help of a set of diag-
nostic methods consisting of side-on and end-on framing and smear pictures, diomag-
netic signals from two axial positions, photomultipliersignals from spectral lines charac-
teristic of the strip metal under investigation, etc.. Below the eritical figures the fast
thetapinch discharges in vessels with properly slit metal walls developed in essentially
the same way as in dielectric vessels. Typical values of the induced critical field
strength Ec = U /s were in the range of 1-10 kV/cm with the metal covering the inner
metal surface up to 99 %.

For the experimental conditions mentioned it turned out that all the individual results
obtained can be summarized by the simple empirical formula:

o

= K = const,

EE X (po . s)
This finding is demonstrated by Fig. 2, which, as an example, presents the experi-
mental results (indicated by crosses: + ) for slit stainless steel vessels (strip thickness:
3 mm, Pyt 5-50 mTorr). Obviously the exponential @ exhibits an additional slight
dependency on the filling pressure Por increasing with lower filling pressures from

Ol= 1/2 at the upper pressure range investigated (Poé 15 mTorr). For pmaﬁ-i() mlorr

©Oh= 1 was established
[W-""‘qT with the consequence
1 that the critical voltage
— difference Uc became
independent of slit width s.
The magnitude of the con-

stant K varied with the

metal chosen for the strips

(Rs)
10° o' 0% tmlorr-em]  and the radius of their sur-

4 face curvature at the gaps,
Fig. 2: E ~(p_.s) relationship for slit stainless steel vessels
€ e i.e. with the strip thick-
ness. In particular, with slit metal vessels of braoss or stainless stesl EC is about 50 %
higher than with aluminium.
Insertion of insulators into the gaps had little effect on U:: (glass, ceramics, protolin).
Only with some commercial materials'(e.g. plexiglass, trovidur) were partially reduced
critical figures E: found, possibly due fo the oceurrence of sliding sparks. Corresponding
results for plexiglass in the gaps are indicated in Fig. 2 by open circles: o .
A compact vessel with slit stainless steel walls (inner diameter: 7.5 cm, two slits with
glass as insulators) surreunded by protolin for mechanical rigidity and vacuum tightness
was finally constructed with the experience gained. With this prototype the applicabil ity
of slit metal vessels in fast thetopinch discharges was demonstrated at pQQSmTorr ac-
cording to expectation. A helically slit metal vessel (length: 100 e¢m, larger inner dia-
meter: 60 cm) was built for the current Garching beltpinch experiments. It is now being
praparad for testing.
At filling pressures p545 mTorr difficulties are envisaged for slit metal vessels in fast
compression experiments due fo the tendency of the exponent & to increase fowards
lower filling pressures. At given induced voltage differences arcing is then no longer ta

be expected on the "short way" across the slit gaps but rather on the "long way" be-
tween two more distant points of the inner metal surfaces on both sides of the slits. Due

to the potential distribution across each strip, however, the limiting voltage will now

depend not only en p_, but also on the strip width itself, as well as on the vessel radius.
o

These problems are presently being investigated in the pressure range 14 pa-l_'-_ﬁ mTorr
with an enlarged stainless steel vessel (inner diameter: 40 cm, length: 80 cm) of the

type described. First experiments with large strip widths (only two slits) indeed indicate
(Fe-lines and end-on framing pictures) that at the very beginning of the fast thetapinch
discharge the slit gaps are shortened on the "long way" by relatively broad and diffuse
plasma bridges. Shortly thereafter (abaut 1 psec), however, these concentrate in the slit
region, becoming bright, heavy arcs similar to those observed in the cases uf%szTorr.
A report on experiments to overcome these difficulties by varying the strip widths used

in the slit metal vessels will be given at the conference.
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STAIILITY OF THETA-PINCH PLASMA IN MULTIPLE MIRROR FIELD

§.Shiina, T.Itagaki, K.Saito, T.Karakizawa, Y.0Osanai,
J.Todoroki, I.Kawakami, H.Yoshimura

Department of Physics and Atomic Energy Research Institute,
College of Science and Engineering, Nihon University, Tokyo, Japan

Abstract: The stability of corrugated theta-pinch plasma in multiple mirror
ADSLIACT!

field is studied, It 18 found from the detailed measurement of plasma para-

meters and plasma dynamics that the plasma is stable against m=1 flute in-

stability for a longer time rhan the theoretical growth time, because of
sope stabilizing effects.

To confine a high-beta plasma a new toroidal magnetic configuration
with closed magnetic lines of force has been proposed[l]. The magnetic con-
figuration is conatructed by an appropriate superposition of =0, 2=fl,
g= 43, ++++++helical magnetic fields. The toroidal equilibrium condition
can be achieved, for example, by modifying the toroidal multiple mirror
field with a copper shell, which is rolled around the discharge tube and
has a longitudinal gap of an angle beyond a critical value. In this case we
expect that a copper shell plays a role of enhancing the wall stabilizing
effect[2,3], because of lowering the effective ratio of wall to plasma
radius. The studies of the stability in a periodic system are useful for
investigating the stability in toroidal system, since the two systems have
a common feature of altanative stabilizing and destabilizing regions. From
this point of view, we have studied the stability of corrugated theta-pinch
plasma confined in linear multiple mirror field, We had already reported
that the helium plasma was stable against m=1 flute mode during the confine-
ment, In this experiment, the plasma parameters and plasma dynamics are
measured for hydrogen plasma, in order to compare with the sharp boundary
M.H.D. model for m=l mode of corrugated theta-pinch plasma[4].

The linear multiple mirror field is produced by forty-two single turn

coils, total length and inner diameter of which are 1 m and 13 cm, respecti-

vely, The external magnetic field reaches the maximum value of 1.77 T with
a rise time of 19 ps, then is crowbarred with decay constant of 140 us. The
period and the mirror ratio of multiple mirror field are 28.8 cm and 1.52,
respectively. The f£illing gas pressure is 30 mTorr H,, preionized by Z-dis-
charge through 1.6 m between two electrodes. The ratio of plasma pressure. to
external magnetic pressure, 8, is measured by a diamagnetic probe placed on
magnetic axis. The electron temperature and density are measured by 90°
Thomson scattering of a ruby laser beam. The ion temperature is determened
from the measured values of g, Te and ng. The corrugation amplitude of
plasma is determined from both plasma radii at stabilizing(good) and
destabilizing[hnd} reglon, which are taken through side slits by S.T.L.
Streak camera. Alsmo, the time histories of the intensity of Bremsstrahlung
(visible 1ight) from plasma are observed at both regions in order to confirm
the Tmacroscopic plasma behavor along magnetic lines of force.

Fig. 1 shows the time histories of &, Te and Ty at the central part
of plasma column(corresponds to bad region), where two species of B values
are plotted, one from a diamagnetic probe, the other from laser scatterring
by assuming Ti=Te. The difference between two & values comes from assumption
Ti=Te, 50 that, Ty is higher by a few times than Te. The 8 ratio From a
dianagnetic probe has the maximum value of 0.64 at pinch time, then de-
Creases with increasing external magnetic field, while Tj, T, keep the
values nearly constant with time. The produced plasma is stable against m=1
Rode during observation(for 50 us). The higher m modes are weakly unstable
80 that the plasma is deformed not being in contact with discharge tube
wall, The theoretical growth time, which is based on the sharp boundary

M.H.p,
5 model for m=l mode, is expected to be about 3 ps for plasma para-

meter,

8 of Ty=7 ey, #=0.1, 84 (normalized corrugation amplitude)=0.25, in the
absenc

€ of wall stabilization effect. The diffuseness of plasma boundary

(radia
141 profile) leads to faster growth time. The corrugation amplitude is

determined from the maximum and minimum plasma radii taken by the streak
photographs, as shown in Fig, 2. The observed plasma stability can not be
explained by end effect only [5], because of two reasons that an arrival
time of Alfven wave to central region from end region is about B us after
pinch time and that the plasma is stable even in the case of removing the
end part, Because of interest in stabilizing effect, the plasma dynamics
along magnetic lines of force are investigated in both good and bad regioms.
Fig. 3 shows the time histories of Te and ng, and Fig. 4 of Bremsstrahlung
intensity (6940 A) from plasma, in both regions, The temporal behaivors of
ng, and Bremsstrahlung intensity have the same time correlation between

both regions. This rime correlation means the existence of axial plasma flow
that the plasma contracts to bad region after radial contraction, thereafter
expands to good region, and then contracts to bad reglon again. The flow
veloeity is nearly of 2.4 em/ps, smaller than the Alfven velocity. The ratio
of @ value in bad region to that in good region oseillates with time, as
showm in Fig. 5. This oscillation indicates that the plasma does not achieve
axial pressure equilibrium. Therefore, the observed plasma stability would
be, as one possible effect, due to the dynamical axial flow driven by the

lack of axial pressure equilibrium.
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Abstract: The temporal variation of Ngs Te, B, Ti and Ti have

4 ]
been measured to identify the relaxation processes and energy
loss mechanisms which lead to a plasma diameter and temperature

lower than expected from the usual adiabatic compression law.

Introduction: In a high-fi-stellarator a low compression ratio
of the plasma is needed to achieve wall stabilization, e.g. /1/.
The compression ratio depends on the time dependence of the
magnetic field pulse and the energy transfered to and lost by
the plasma. If the quarter cycle is short cnough, the energy

is supplied only during the fast compression. The main relaxa-
tion and loss processes which determine the plasma diameter
scem to be the relaxation of the initially anisotropic ion ve-
locity distribution, the electron thermal conduction to the
coil ends and cooling by charge exchange neutrals. Measurecments
which will indicate the relative significance of these proces-

ses will be presented here.

Experimental arrangement and diagnostics: For the investigation

of the thermalization phase following the fast compression, a
short 8-pinch /2/ has been used (electric field at the dis-
charge tube [ = 500 V/cm, tube diameter d = 40 cm, coil length

1 = 80 cm, Mgy = S.IO]Zcm-s), whereas the long time behaviour

of the plasma has been studied in a long 8-pinch /2/ (E=350 V/cm,

=% 13 3

d =30 em, p = 1077 Torr Dy, ngy = 1.5 or 3.10 “em ~, 1 = 7 m,

el
T/ = 1.3/u5, 1/e decay of the magnetic field ﬁUfus).

A laser was focussed to a point 170 cm away from the coil end
to determine ng and Te on the axis by Thomson scattering. The
observation was made at 90° to the beam through a slit of 1 cm
width. The ion temperatures Ti; and Tiu have been deduced from
D, profiles obtained with a multichannel spectrometer in axial
and radial direction. The radiation in the wing of this line

is emitted by charge exchange neutrals which reflect the velo-
city distribution of the ions. The centre of the line is partly
due to cold neutrals in the plasma boundary and is neglected in
the evaluation as usual in the interpretation of the charge ex-
change spectra (c.f. Fig. 2). TiJ determined from the pressure
balance and from D, agree within the error limits of about 30%

(c.f. Fig. 3).

Results: During the fast compression most of the plasma energy
is stored as flow energy of the ions., The thermal energy of
the ions (c.f. Fig. 1 at 300 nsec) kTiJ'as well as kTillis Te-
latively low, that of the electrons is much higher for a short
time, but it is lost very fast due to thermal conduction to

the ends. When the shock reaches the axis, the flow enerpy is
converted into thermal energy perpendicular to the magnetic
field. The maximum value of 2.4 keV expected from the piston
velocity of 4.107 cm/sec and ratio of 1:4 of the reflected
particles to the particles trapped in the piston is near to the
observed value of 2.0 keV, The energy parallel to B is consider=-
ably lower (Fig. 1). After the first compression Til_decreases

since the plasma loses energy due to expansion.

Fig. 2 shows the distribution function f(v) perpendicular to B

at 800 nsec derived from the blue wing of D, (the red one shows
some perturbation by other lines). It can be approximated by a
Maxwellian distribution. The peaks corresponding to the piston
velocity and twice this velocity have nearly disappeared, prob-

ably as a result of a diffuse reflection at the current sheath.

With the small experiment pressure isotropy is not reached.

The results of similar measurements in the 7 m experiment are
shown in Fig. 3. Here isotropy is reached after a time of about
Sfus which is much shorter than the calculated selfcollision
time. Little energy is transfered to the axial degree of free-
dom indicating that the relaxation of pressure anisotropy due

to mirror instabilities does not proceed as fast as predicted
by numerical computations /3/.

Most of the perpendicular ion energy is lost by other processes.
Energy transfer from the ions to the electrons is of minor
importance. The electron-ion equipartition times are longer

than 30jus (T,> 30 eV), so that less than 20% of the ion energy
is lost due to collisions with electrons.

Loss rates can be explained by charge exchange neutrals. This
hypothesis is strengthened by the observation that the plasma
cools much faster at lower initial degrees of ionization. For
St 19

the case n = 3.101 a flux density of less than 5.10

el
neutral utams[cmzs at the periphery would be sufficient to ex-

plain the observed cooling rate. This corresponds e.g. to
3

n, = 3.10%cn™® and o = 1.5-10%nm/s.
Conclusions: Plasma compression ratio and ion temperature secem
to be strongly influenced by energy losses due to charge ex-
change. If these could be avoided, the present compression ratio
of about 3 might be considerably decreased. The establishment

of an isotropic velocity distribution occurs faster than expec-
ted from binary collisisions but seems to be caused mainly by

energy losses.
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COLLISIONFREE SHEATH OF A 6-PINCH
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Abstract: Characteristic properties of the microturbulence in

the magnetic piston of a ®-pinch are measured and compared with
theory. Several instabilities may be excited in the sheath, All
experimental results can be explained by a theory on ion acoustic
turbulence. This theory predicts that the unstable ion acoustic
waves are saturated by quasilinear ion Landau damping.

I. Introduction! Previous experimental investigations at this
laboratory were concerned with the magnetic field diffusion and
the piston induced radial plasma flow in a collisionless B-pinch
of 40 cm diameter at densities between 10'% and !O”cm-:s Fa V% & 28
Laser scattering measurements showed for a magnetic-field-free
deuterium plasma with g = 5.10]zcn_3, Teq=T;{=2.5 eV that the
properties of the sheath are strongly time dependent. On the
first few cm of its way the piston reflects the plasma elasti-
cally, generating a plasma flow with twice the piston velocity.
The sheath properties then suddenly change, and for the rest of
the implosion the plasma is trapped in the sheath. The plasma
trapping by the piston and the observed anomalously fast diffu-
sion of the magnetic field is attributed to the excitation of
microturbulence in the sheath. The observed diffusion can be
described by an effective collision frequency ueff of the order
of the ion plasma frequencytapi. This value is an average across
the sheath and should give only the order of magnitude of

%ff. The experimental studies on which are reported here were
concerned with a more detailed investigation of the microturbu-
lence during the period, when the imploding magnetic piston
reflects the plasma inelastically.

II. Apparatus: The expermimental set up is described in /1/. The
magnetic field was measured along the radius by means of probes.
The electron density and temperature were determined by Thomson
scattering. The ion velocity distribution was measured by Dy
and D, spectroscopy. The amplitude and an upper bounds for the
frequency of the fluctuating electric fields were determined by
spectroscopy on forbidden Hel lines /3/,/4/.

III. Results: When the plasma is swept up by the piston, the
electrons are heated at a rate 10'° eV/s to about 1 keV. This
rate corresponds to an effective collision frequency veff-lﬂg Hz=
0.3 pi which is an avarage across the density pulse. This value
is 4 orders of magnitude larger than the binary collision frequen-
cy. This anomalous heating as well as the observed inelastic
reflection by the piston and the anomalous magnetic field diffu~-
sion indicate that suprathermal electric field fluctuations are
excited in the sheath. To measure the amplitude and frequency of
the fluctuating electric fields, a small amount of He was added
to the deuterium gas, and spectroscopy on forbidden HeI lines
have been performed. Fig. 1 shows the Hel 4922 (2'D-4'P, 4'F)
lines obtained from axial measurements, when the density pulse
passes the line of sight at R = 8 cm. Instead of two satellites
at a distance +w from the forbidden line which theory predicts
to be generated by electric fields of frequency w , we observe
one relatively weak-intensity peak at the position of the for-
bidden line. Because of the weak line intensity, it was not
possible to increase the resolution in order to detect satellites.
But the resolution was sufficient to state that the mean frequency
of the fluctuating electric fields is smaller than wpe' From the
relative intensity of the allowed and forbidden lines we get for
the mean amplitude of the electric fields J(E > = (5.5x1.1)kV/cm
which is an average across the trapped density pulse. The corres-
ponding turbulence level W has the value W = <E2)/87ndTe=2.lU_3.
Comparing this value of W with the W for a thermal plasma Wen
7/(n1D3), we get W/Nth-3.103 which means that indeed large
suprathermal electric field fluctuations are excited in the
sheath.
In order to examine from which type of unstable waves these
fluctuations develop and which saturation mechanism is respon-
sible for the observed level of turbulence, we have compared
Cs=¢;Tefmi with the azimuthal drift velocity vy of the electrons
which presumable drives the instability, Fig. 2. In the region of
turbulent electron heating vd.o’cs is roughly const = 2. This means
that Buneman instability should be unimportant which is consistent

with the reSUItM‘“Ee' To determine the ion velocity distribu-
tion fi(v), spectroscopic measurements on D, and DB have been
performed. These lines are predominantly Doppler broadened. Fig.
3 shows fi(v) from axial measurements on D, at R=8cm. Ei(v)

from the radial measurements is essentially the same. The distri-
bution is not a Maxwellian but has an enhanced tail at v =c_.

The ratio of the total number of ions to the number in this tail
is about 20. The "temperature" of the ions in this tail Ti,tail
is of the same order as Te' The mean electron energy is by a
factor of 5 targer than the mean ion energy in the piston frame
at R = 8 cm.

IV. Discussion: The plasma trapped in the magnetic piston is
dominated by turbulent electric field fluctuations of mean fre-
quency < W .. Anomalously fast electron heating is observed. The
observations on vd/c5 and Ej(v) are in good agreement with
theoretical results on ion acoustic turbulence /5/,/6/. This
theory predicts that vdfcS should tend to a value of the order of
(mijme)1/4=8, that fi(v) should have an enhanced high energy tail

at v=c,, that T. =T, and that the ratio of the total

i,tail
number of ions to the number of ions in this tail should be of
the order of {uifme)1f4. This agreement suggests that the
measured turbulent fields develop from unstable ion acoustic
waves which saturate by quasilinear ion Landau damping. A number
of other modes /7/,/8/,/%/ is, too, predicted to be unstable in
the sheath. Quasilinear ion Landau damping and ion trapping have
been proposed to act in the saturation phase of these modes, too,
and should therefore produce ion velocity distributions similar
to those observed. But since the predicted W for these modes are
at least one order of magnitude smaller than the measured W and
since the growth of these modes is essentially restricted to the
plane perpendicular to the magnetic field B, while the experi-
men:a; fi[v] is roughly the same perpendicular and parallel to

B, it seems that the turbulent electric field develop predomi-
nantly from unstable ion acoustic waves.

Fig. 1 Hel 4922 line at R = 8 cm, end-on
Fig. 2 v,/c_ as function of time at R = 8 cm
Fig. 3 Ion velocity distribution at R = 8 cm, end-on
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PLASMA CONFINEMENT IN A PULSED SYSTEM WITH A
COMPACT_TOROIDAL CONFIGURATION

A.G.Ba'kov, O.A.Zolotovsky, A.G.Kalygin, R.Kh.Kurtmullaev,
Ya.N,Laukhin, A4.L,Malyutin, A.I.Markin, A.P.Proshletsov,
V.. Semenov
Kurchatov Institute of Atomic Energy, Moscov,USSR

Some hopeful results of shock heating and stable confinement by
a purely poloidal field were obtained with times being substantially
longer than rise times of characteristic MHD-instabilities [1]
TFurther development of these experiments is prssented in this work.

The experiments were carried out with a O-pinch device (B =4,5%G,
D=19 ecm) with a reversed bias field B,=0,%#2kGa. It is wellknown,
that plasma expantion to walls at the initial stage of discharge
results in a number of unwanted effects [2] . Pulsed plasma press=
ing out from the wall by means of a barrier field during this stage
seems to be the most drastic way to remove this dlsadvantage. Such
barrier Tield is provided by longitudinal bars,placed on the sur-
face of the cylindrical plasma volime (Fig 1). In the same figure
an end coil is shown, designed for fluxes B, and B, recomnnection
contrelling and longitudinal plasma contraction programming(si-
milar to [3] ).

The same aims can be reached by use of a guasi-stationary (here
octupole) barrier field: on the first half-cycle of the main dischar-
g= plasma compression and heating take place at parallel fields B,
and By, while at the beginning of the second half-g¢ycle, at the
expansion stage, hot plasma is effectively retarded near the wall
by a stationary barrier field. A crowbar on the second halfeyecle
provides confinement of the toroidal plasma obtained.

In all cases studied it is possible to distinguish two main
stages of the process as follows:I-formation, heating and onset
of a toroidal equilibrium structure, and II-confinement, accou=
panied by longitudinal and radial plasma pulsations due to resi-
dual occilations in an external shock field (Fig 2,a,b,). Note
+that known limitations, associated with the use of probes at re-
latively large confinement times are likely to be reduced by the
large skin width (8 >1 cm) and permanent plasma motions, which are
typical for given experiments. At operating density nu~(1+5)-1e14cm_3
an elongated plasma toroid with peak pressure of nT~(2+3)-10173V/c3
and radius of 243 cm was formed at the first stage (<5 Fsec).
Measured ion temperature T, (atomic analyzer) is shawn in Fig 3.
Similar behavior shows the electron temperature Ty (X-ray measu-
rements), which at its maximum (at t=5 Fsec) amounts to 0,5+1 keV.
In framing pictures taken end on by electronic image converter, in
a relatively wide range of conditiona the formation of an azimuthally
symmetric plasma cylinder with an annular current sheath of reguler
form was observed (Fig 4,a).

In the presence of a barrier field framing photographs show
strong plaema column compression on the first half-cycle (043 PBEC)
and successive radially-divergent plasma retardation by the barrier
field (Fig 4,b). When the external field passes zero, the probes
on the axis show a relatively large trapped field (Fig 2,b).

The second stage is rather sensitive to initial conditions, plas-
ma configuration and size; this greatly affects the life-time of
the closed magnetic structure.

Intensive radial compression of plasma (as a rule at B.»B, or
at relatively high density n,=(0,5+1 )-1015cm"3) affects adversely,
leading to rapid disapearance of an antiparallel field geumetry-
(Ts10 }wec)

The confinement time of the closed magnetic structure (up to
t ~50 }mec) is observed when plasma column diameter is relatively
large (Dp/on,E-iU,B) and current sheath is greately diffused being

of the order of plasma radius. In conventional experimental scheme
these requirements led to the necessity of shifting the crowbar to
the point, lying subastantially below the maximum of the pulsed mag-
netic field B, . This resulted in a plasma pressure decrease by
an order of magnitude. Use of a passive (stationary) barrier field
didn't allow to avoid this difficulty, since the crowbar on the
second half-cycle reduced, to large extent, a confining field. A
pulsed barrier field (By~6 kG,T/2=3 Paec)is to solve the problem
of stable confinement simultaneously providing substantial increase
of energy content in a plasma.

Measurements of the azimuthal component By, indicates at the
absence of a force=free configuration, so that in current sheath §=1.
It should be noted, that the closed magnetic structure life-
time observed is rather hopeful for a "O-pinch with liner" applica-
tion in a quasi-spherical case (4] where required time is ~10"*gec.

The authors express their gratitude to E.P.Velikhov for fruit-

ful discussions."

References
1. A.G,Bs'kov et al. 6 Buropean Conf.on Controlled Fusion and
Plasma Phys.,Moscow, 1973,p.599. A.G.Es'kov et al.Y Intern.
Conf.on Plasma Phys.,Tokio,1974, CN-33/E5
2. M,A.B,Bodin,Nucl,Fusion,3,215, 1963
A,Eberhagen and W.Grossmann,Z2.Physik, 2487, 130, 1971

(%)
N

A,G.Es'kov et _al. 6 BEuropean Conf.on Controlled Fusion and

Plasma Phys., Moscow, 1973, p. 595

4, B.P.Velikhov. Commenis on Modern Phys., E,1, né, 171, 1972
R.Eh.Kurtmulleev and A.I.Malyutin. All-Union Symp.on
Engineering Probl.of CTR.,Leningrad, 1974, p. 48.

Figl. Schematic
diagram of installa-
tion

vat cuntroltizg _ separairix
Tror e

ULV
L —
i

il

miote for canstration
uf he barrier fisid

Fipg2, Hagnetic probes sig-—
nals; a) a.ntiparallelmfigada
B. and Bgs mng= 3,10 cm ~.
1 - probe is on the axis
outside the toroid, Z=20 cmj
2 - probe is on the axis
inside the toroid, ZZEQ em;
b)erowbar ia on the
halfcycle. 1,2 - magnetic
field at the wall and on
the axis with stationary
barrier field, 2Z=50 cm, 3 - magnetic field on the axis without
barrier field.

Fig3. Time variation of
ion tempqi'atu.‘gi,
L n,~2.10 cm ~,

|_—pluma widtn

Figd. a) End view of discharge,
e nterval between frames +=0,3us.

Antiparallel fields B, and B°=E1kﬂ'.
B) Radial plasme and current sheatb

position, obtained from end pictu-
halfecycle, Bg=1 kG, with stationary

res, Growbar is on the End

barrier field.




PINCHES 56

NONADIABATIC EFFECTS IN LOW PRESSURE THETA - PINCHES
K.B.Abramova, V.B.Boshnyak, V.P.Krivets, B.P.Peregood
A,FsIoffe Physico - Technical Institute, Leningrad,USSR.

Effects observed in low pressure theta-pinches
are considered. The effects can be explained by means of
nonadiabatic motion of particles analysis.General theoreti-
cal results and first experimental observations under pure
conditions of two main nonadiabatic effects, particles’ener-
gy square dependence on the magnetic field and particles!'

collapse, are adduced.

In experimental works on fast theta-pinches of
initial demsity ng € 10'Bm’3(colliaiunless and skinless re=
gime) there were observed phenomena [1-5] which would natu-
rally be associated with single-particle processes resulting
from a nonadiabatic part of magnetic field change [I-l «Some
of them remain inexplicable from other standpoints(see for
insts IE] Yo

Particles' motion in nonadiabatic conditions was
studied in some theoretical works [7 - 12] ,mostly on the ba=
sis of exact solution of motion equations for special laws
of a field change,or in a "top nonadiabatic case" {II, IE] »
i.e.when nonadiabeticity parameter & grows with the magne=-
tic field growth:

4 do __ —eb
E=IEI Tem ¥ W SEme

Most general conclusions can be made when the particle's or—
bit magnetic moment M= -\%& is analysed as a function of &£ .
Equations for the /M behaviour in the homogeneous axis—

symmetric magnetic field can be reduced to the form

a
da¥ _ 4 _ 2T + Py sty
. 1 62 I(I+Pw) j where
di=wdt, p‘P:mra(\}-{- %)= const, T= % M

Analysis of these equations shows that when the field increa=-
ses monotonously from zero(provided that d—a-% £ 0)all par-
ticles with the initial energies W« W*(where W*1is a par-
ticle's energy in the moment £ =1/2) move up to the moment
when E,=1/2 so,that [\ increases almost linearly with the
fieldj thus W is proportional to E)P‘ .

With further growth of the field and decrease of £
(adiabatic part of motion) magnetic moment temds quickly to
a constent value.The Larmor radius 8, calculated from this
value,equals to the distance A from the center of the Larmor
circle of each particle to the axis,besides the phases of
particles' Larmor rotation are synchronized during the non=
adiabatic part of motion,thus making the whole set of parti-
cles with the same e/m to constrict to the axis periodical=
ly,with the period of collapses T‘-"- %u—,s as in the "top non=-
adiebatic case" [II,IE] ybut now in the case of continuous
field growth as well.

From now on particles' energy increases from comp-
reasion to compression linearly with the field.The value of

3/e
total energy gained is proportional to Bmax «The contracti-

ons will last untill the motion is upset with collisions.
Phenomena observed in low pressure theta-pinches
correlate qualitatively with the given picture of particles’

motioen.Quantative estimations of permissible plasma density

and energy gain coincide well with experimental data.

In order to observe effects mentioned an experi-
ment was set [13] yin which E+!.ons moved in a homogeneous
axig-gymmetric magnetic field.Scheme of the experiment is

shown. K+ions were extracted from hot filament covered with

a potassium salt and | Nacuun thontyy

Sofencid

placed along the field

axis.Magnetic field rose
from zero up to 0.5t
during & psec providing

highly nonadiabatic re = Pufse cuttent

(magretic fieta)
gime for the ions' accele~ ey sl

e tlatcepe|

ration.Periodical compres—
sions of accelerated particles' set taking place after the
field growth had been stopped induced an oscillatory compos
nent of the external circuit current,which was oscillograp=
hed.Ions' energy dependence on the acquired magnetic field
strength had been measured by means of the retarding poten-
tial method,There was found out that I)Current oscillation
frequency(frequences of collapses) equals to the ions' cyce
lotron frequency in the acquired field. 2)Energy ions gained
depends on the field as Bz s 3)0scillations damping rate
coincides with an estimation proceeded from the effect of
the collisions with the residual gas molecules. N
Nonadisbatic effects in our opinion are interes=

ting themselves as a physical phenomena,Besides,collapse

can be utilized for the energy compression as high values

of power flux can be produced with its help:when R,= 3*10.1%.
r1°=5x10“ni? B=10%t0/sec , B =003tL ,the set of elecm .
trons will be compressed:the density will increase 5.6*10“
times,power flux will be 6.3x108 J/m?sec .

Described picture of nonadiabatic effects can ap—
parently be applied to some of the astrophysical phenomena
interpretation,
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Time and Space Resolved Measurements of Density and
X-Ray Emission of the NESSI Plasma Focus

H. Schmidt, 8. Nahrath and B. Riickle

Institut fir Plasmaforschung der Universitdt Stuttgart
Federal Republic of Germany

Abstract: Density profiles of the plasma focus with 450 psec time resolu-
tion were obtained by interferometry, the maximum electron density on the
focus axis by a beam deviation method. X-ray pinhole pictures were regis-
tered with a channel plate with 3 nsec exposure and the chronology of the
various plasma focus parameters was determined.

Introduction

Neutran spectra taken of the NESSI plasma focus (En = 30 to 60 kd,

U0 = 20 kV) indicate that different reaction mechanisms occur, depending
on the operating conditions of the plasma focus (high- or low-pressure
regime, hollow or solid inner electrode) resulting in different velocity
distribution functions for the accelerated deuterons. Therefore it was at-
tempted to correlate the macroscopic development of the plasma focus -
i.e. space and time behaviour of density, formation of instabilities - to the
observed emission of neutrons and X-radiation. To study the exact chrono-

logy of the very fast events in the plasma focus, diagnostics with time res-
olution of about and less than 1 nsec have to be appiied. Though the devel-
opment of the plasma focus is rather reproducible on a 10 nsec time scale

and 1 cm spatial scale, the events on shorter time and spatial scales may
develop differently from shot to shot for the same initial conditions. This
requires simultaneous measurements of the various parameters in order to
derive their correlations from these measurements.

Density measurements

Two methods were used to determine the density: interferometry and beam
deviation. The method of beam deviation is simple to arrange and yields
(by registration of the deviation angle of a laser beam with an electronic
streak camera) the time-dependent value of the maxinum electron density n,
with an accuracy of better than 30 %. Interferometric metheds require cx-
posure times in the subnanosecond regime. A nitrogen laser with a half-
width of 450 psec was used as 1ight source for the interferograms resulting

cm

Fig. 1

Interferograms of
the focussed plasma
during the compres-
sion and subsequent
break up phase
(exposure time

450 ps,

= 30 ki,

= 16 kV,

in sharp fringes in spite of the large plasma velocities at the end of the
compression phase and the subsequent break-up of the pinch. By incorperating
an optical delay line. two interferograms with a fixed time difference could
be taken for the same shot, thus allowing to observe the formation of insta-
bilities. A sequence of 4 interferograms is shown in Fig. 1. The time scale
is based on the onset of hard X-radiation X, (at t = 0; see also Fig. 4).

Fig. 2 shows the electron density pro-
»e-f!’"“r'r"!"'}' - o
files at a distance of z = 0.75 cm from
i
b} the hollow anode. Maximum electron den-
i p e 4Tare D, s 19 -3
i o sities of up to 3-10°° cm were meas-
1 E =30 ki .
! Ry= 3em ured locally on the axis.
i
". P X-radiation
| Ve fee 10503 ¥-ray diagnostics is important for the
; ' e chronology of the dense, hat focus plas-
i
! ma. The focus plasma was imaged onto a
i
1, channel plate by a pinhole camera. By
‘, pulsing the channel plate a time res-
"1 olution of about 3 nsec could be real-
i } V! " ized. In Fig. 3 two typical pinhole pic-
‘:L // \. ," “\ tures are shown. Comparison of the X-ray
. 1 R )
o [] e 5 rtmm Dictures with pictures taken in the vis-
Fig. 2 ible shows the spatial coincidence of
Electron density profiles during the X-ray and visible light emission as

the campression phase expected. It is not possible to deter-

t=-10 ns t=+15ns
X-ray structures of the
. dense plasma fuocus al
! rrrrrd Tem two differct-nt times;
Inner Elecirode exposure time 3 ns.

mine a temperature from measured space-integrated X-radiation with foil ab- %
sorption methods. A typical soft X-ray signal Xs is shown in Fig. 4. Evi-
dently there is no Bremsstrahlung originating only from electrons with a
Maxwellian velocity distribution.

Discussion

From the interferograms and pinhole pictures the following can be derived:
The current sheath, the thickness of which is about 0.2 em, is accelerated
towards the axis from a velocity of 5-1':]6 cm/sec at r = 1.2 cm to l.S-lﬂrcw‘s
at r = 0.5 cm and subsequently decelerated until the minimum plasma radius

of about 0.2 cm is reached. The dense pinch lasts less than 10 ns (see Fig. 1b
and Fig. 4) and is followed by m = 0 instabilities of the plasma column (see
Fig. lc and Fig. 3a). The line density of the dense column is only 15 to 20 %
of the line density corresponding to the number of particles within a cylinder
with the radius of the inner electrode, i.e. the compression efficiency is
Tess than 20 %. Sti11 Tower line densities occur at certain axial positions
because of the axial plasma motion caused by the m = 0 instabilities, whiche
initiate the breakup of the dense pinch (Fig. 1d, Fig. 3b). At this time the
neutron and hard X-ray emission begins (see Fig. 4).

| N )
E 15 "e""'%'ﬂ j.vo

20-
neulrans

0 Fig. 4

Chronology of characteristic
0o tmgy 200 plasma focus parameters

An important feature is the formation of a density wave, which can be seen
first at t = -10 ns and which then precedes the axial shock wave (Fig. 1d)
and is accelerated up tc 1.2-10a cm/sec. This wave is caused by fast deuterons
ionizing the filling gas on their path. The measured maximum velocity of this
ionization wave corresponds to deuteron energies of 14 keV.
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pIME AND SPACE RESOLVED STUDY OF X-RAY EMITTING ZONES IN A
24 kJ-MATHER TYPE PLASMA FOCUS
J.P. Rager
Associazione EURATOM-CNEN sulla Fusione, Centro Gas Ionizzati,
Frascati, Rome, Italy.

ABSTRACT

Using a 10 ns-gated soft X-ray image intensifier /1/, it is
observed that during the neutron production phase of a 24 kJ
Mather type plasma focus, there exists a well defined, statio-
nary, low density, high temperature plasma of = 1 cm overall
dimension.
1. PLASMA DYNAMICS AS DEDUCED FROM SOFT X RAY FRAMING PICTURES

The instrument used in this work is described in full tech-
nical details in /1/, and its performances have been reported
in /2/. Under this form, one 10 ns-soft X-ray frame per shot
is obtained, using a 200Mm diameter pinhole covered by a
15uM Be window. Praper’time marking allows the "a posteriori®
reconstruction of the sequence ( 10 ns due to non detailed shot
to shot reproducibility in voltage scope traces used as a moni-
tor). The plasma focus here investigated is a Mather type de-
vice, fully described in /3/. Working conditions are: V, = 32kv,
W = 24 k3, filling pressure is 6 torr, pure Dj;.

A. The soft X-ray pictures during the MHD governed radial
implosion (Fig. 1, part 1) show out striking similarities
in dynamics and shapes of plasma column to that revealed
using many different technigues of optical imaging /4/,
/5/, /6/. The first necking off of the plasma column,due
to strong m = O instabilities.coincides with the start
of the neutron and Y pulses (taken as t = 0). The im-
plosion phase and maximum compression is reproducible
and axisymmetric.

B. For 30 <.L & 130 nsec there exists a well defined plas-
ma structure of 0.5 to 1 cm overall dimensions, standing
underneath the z coordinate of previous necking off
and either inclined with respect to the anode axis or
off axis. This is the main neutron production phase. This
s0 to speak confined structure then degenerates into a
diffuse expanding sphere of plasma,marking the ends of
both the neutron and first soft x-ray bursts.

¢. From 150 =4 = 400 time resolved mica crystal spectro-
scopy (de Broglie geometry) shows out definite spectral
features in the vicinity of the kﬁ lines (strong
source braodening effect) of anode‘material, not obser-
ved during preceding phases. They correspond to a second
large soft X-ray burst. The use of a hollow electrode
delays the appearance of the burst and cancels the spec-
tral features which therefore trace an electron beam-
-anode interaction.

D. Time integrated soft x-ray pictures (Fig. 2) show a m=0
MHD instable filament-like structure bearing no relation-
ship with the filament phase reported in A because of
smaller overall dimensions, different m=0 wave length,
and probable relationship with the neutron production
phase because of systematic inclination with respect to
z axis. An artificially compounded picture is seen in
Fig. 3 in which a filament
imposed on the plasma bubble of Fig. 1 (t = 55 ns). The

is shown super-

differences in shape between time integrated and time
resolved pictures is to be attributed to the spectral
sensitivities of the respective detecting devices.
2. CONCLUSIONS
Plasma pictures obtained using a gated soft X-ray image
converters and that obtained using interferometry /5/ re-
veal similar dynamics up to the necking off of the plasma
column, The reason for which the former techniques does

not show "confined" plasma structures during the neutron

production phase while the latter d0©es, can be attri-
buted to strong plasma heating. The reconstructed plasma pic-
ture of Fig. 3 would support the idea of anomalous phencmena
triggered by the generation of unstable run-away electron
beam,eventually transferring their energy to the underlaying

whi':hagree with anomalous spectra of scattered laser

plasma,
light found in this region for t ~~ 50 ns /6/.

Any attempt to determine the neutron source distribution
in space has confirmea the existence of neutron emitting phe-
nomena in the vicinity of the anode /&/, /9/.

REFERENCES

/1/ L. Bettinali, F. Pecorella, J.P. Rager: Rev.Sci.Instr.

46, 322 (1975)

/2/ M.G. Hobby, J.P.Rager, W.J. Peacock: Culham Report,
CLM-R-138 (1974), unpublished.

/3/ €. Gourlan, J.P, Rager, M, Samuelli, C. Strangio: Report
LGI/R/PLAD/74 (1974), unpublished.

/4/ P.D. Morgan; PhD Thesis, University of London (1974)

/5/ A. Bernard, A. Coudeville, A. Jolas, J. Launspach, J. de
Mascureau: Phys.Fluids 18, 180 (1975)

/6/ A. Bernard, A. Coudeville, J.P. Gargonnet et al.: Proc.
5th Conf.Plasma Phys and Controlled Fusion Research, Tokyo
1974, Paper Cr-313/E6, IALA, Vienna.

/7/ C. Patou: Le Journal de Physigque 31, 339 (1970)

/8/ E.H. Beckner, E.J. Clothiaux, D.R. Smith: Phys.Fluids
12, 253 (1969)

/9/ M.J. Bernstein: Rev.Sci.Instr. 40, 1415 (1969).

+ 55 + 8O + 100 130

Fig. 1 Sequence of time resolved soft X-ray
framings.

|

Fig. 2 Time integrated Fig. 3 Artificially compound

X-ray framing X-ray framing




59 PLASMA FOCUS

CAICULATIONS OF THE ACCELERATOR AND MEASUREMENTS OF PARAME-
TERS OF THE DEUTERIUM PLASMA FLOW WITH STAGNATION TEMPERATU-
RE ABOUT 1 KeV AND TOTAL DIRECTED KINETIC ENERGY ABOUT 100K

Vasiljev V.J., Gavrilov V.V., Zhitlukhin A.M., Kiskin A.D.,
Lototsky A.P.,Skvortsov Yu.V., Sclovjova V.G.,Umrikhin H.u.,
Yaroslavsky A.J.

I.V.Eurchatov Institute of Atomic Energy, Moscow,USSR

Abstract.Using model of thin current sheet the configuration
of electrodes of coaxial plasma gun was calculated. The deute-
rium plasma clusters generated with this gun were investigat-
ed. It is found that the total amount of deuterium ions in the
cluster is ~ 5'/@20':11:5 mean velocity is ~ S/& ?(%Fd

To obtain thermonuclear temperature using ﬁ—pincb. the
preheating of plasma is necessary. The parameters of this plas-—
ma (density, temperature, total amount of particles) must be
varied widely. Some methods are considered now: the shock wa-
ve or laser heating of gas, f£illing g-pinch chamber volume,
and the external injection of plasma.

In this work the source for plasma injection in 5—pinch
is discussed. The pulse electrodynamic coaxial plasma gun was
used as the plasma source. An advantage of such a source was
experimentally shovm [_’1} and was due to its high efficiency
of transition of energy stored in capacitor bank to kinetic
energy of plasma flow, small contamination and possibility to
vary widely the plasma cluster parameters,

To obtain plasma clusters with total amount of particles
about /azzand kinetic energy of the order of hundreds kileojo-
ules the accelerator device has the capacity battery with
Cﬂ:if-/g'*"/_- , 54 <5y, %-’Ziy!ﬂg the peak current is~IMA.
The initial vacuum is about V0o 4. The device operates
with pulse inlet of hydrogen or deuterium.

The operation order is following: at first the pulse

electromagnet high pressure value/"/ﬁﬂ"”’”}is opened and in the
interelectrode gap the neutral gas cloud is formed. Then the
voltage of the capacitor battery is applied to electrodes.
Electrical breakdown and ionization of gas occurs and the
plasma is accelerated by electrodynamic forces along electro-
des. When the accelerated plasma reaches the tip of the inner
electrode, the formation of the plasma focus on the axis of
the accelerator takes place. Then current loops in the space
between the electrodes are formed. The plasma cluster brakes
away from electrodes. All experimental data previously achiev-
ed indicate that such process of acceleration is described
quite correctly by the current sheet model. In these initial
experiments the plasma clusters with total amount of particles
~f-/ﬂ‘y had the velocityA,?./ﬂ?“”Zfé'f . Thege clusters them—
selves are of considerable interest as a.hot plasma source.
However, it is clear that possibilities of this device were
not exhausted and it is interesting to obtain plasma flows
with considerable higher velocities without decreasing its to-
tal energy. For this purpose the calculation of accelerator
based on the model of electrodynamic acceleration of current
sheet was performed. Ohmic losses in electrical circuit,ioni-
zation losses and real gas distribution took inte account in
this caleulation., In Fig.1 the computer inductance and confi-
guration of electrodes corresponding to this inductance are
shown., In Fig.2 the computer efficiency versus the voltage of
the capacity bank for clusters with velocities 4—5/57‘-’%iand
total smount of particles ~ & /7 are shown.

Experimental verification of the computer results was
performed with copper electrodes. The external electrode is a
systvem of0dm digrods, arranged uniformly ondm dideircle.
The distance between neighbouring rods is 24w . Plasma cluster
parameters(density and velocity) were measured with Mach-Zen-
der interferometer. The shift of interference fringer was de=-
tected with the streak-camera. The typical interferogram is
shown in Fig.3. The cluster front velocity obtained from these
measurements is about &4 sec, its mean velocity isf'/ﬁ?ﬁ%ﬂ.
The main part of cluster kinetic energy is in its frontal

region. The density measured at the distance Jfmm from the

inner electrode end is in the range /ﬂ/",/&’/z”?fcr various
modes of acceleration. The total amount of particles én the
plasma cluster is approximately [/'jj'/ﬁeo , its directed ki-
netic energy at &2 FJkV is more than A/ xJ. This value is
in a good agreement with energy calculated from the current
and voltage oscillograms (see Fig.4). The impurity presence
in plasma was detected using the monochromator with photomul-
tiplier. The velocity of carpon impurity was measured with
two monochromators placed along the plasma flow. It is less
than 2-/577"”'/.5'("[. Therefore the impurities retard the plasma
front.

4s it is kmown from [ 2] the plasma focus is formed ab
the output of electrodynamic accelerators. In presented work
electron temperature of plasmp focus was measured using the
soft x-ray pinhole-camera with various filters. One of the
pinhole photograph is shown in Fig.5. The temperature of
plasma focus obtained from these measurements is not more
than 27J kv and i~ /P0#V as a rule. Measurements of integ-
ral neutron yield have shown that it depends considerably on
mass of accelerated gas and is about 4 “ neutrons per dis—
charge for the initial stored energy Wy ﬁ/jyﬁbf . Tt should
be noted that any special efforts were not made in order to
increase the neutron yield.

Thus, as result of these investigations the deuterium
plasma clusters with mean velocity ~.f~/6’7ﬁ%’£ , total kinetic
energy ~ /ﬂﬂﬁ% and length of 5/,, were obtained. A good agree-—
ment of computer and experimental data allows to hope for sub-

sequent progress in this field.
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MICROINSTABILITIES CONNECTED WITH NEUTRON EMISSION AND
ELECTROMAGNETIC RADIATION IN THE PLASMA FOCUS

A. BERNARD, A. COUDEVILLE, J.P. GARCONNET, P. GENTA, A. JOILAS
Y. IANDURE, J. de MASCUREAU, M. NAIL and R. VEZIN
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12 neutrons has been observed with a 340 kJ

bank, nnnfi!!iling the increase with energy of the turbulence efficiency.
Neutrons are emitted predominantly by bombardment but other mechanisms could

Abstract : Maximum yleld of 10

explain a smaller part of the neutrons, coming close from the ancde. Hard
x rays may have fast risetime and short duration.

Previous measurements /1,2/ have shown that microinstabilities
ocour at the end of the compression stage of the plasma and that high
energy deuterons are accelerated from 700 eV to tens of keV and cause ioni-
zation of the cold gas leading to the development of a bubble.

To know whether the neutrons alse could be ereated by bembardment
of high energy deuterons onto a target we have made a careful analysis of
their energy by the time-of-flight technique. Three detectors placed at
more than 200 meters measure the spectra simultaneously in 3 direotions
(energy resolution better than 50 keV). The photomultipliers have been
calibrated to know the neutron relative fluxes. It 15 necessary to account
for the variation with energy of the neutron mean free path in atmospheric
nitrogen. These corrected energy spectra are compared by a least square fit
with the spectra computed from the generalized beam target model presented
in /f2/. Figure 1 shows for the 3 directions, both the experimental oseillo-
gram (redrawn and enlarged) and the computed spectrum (dots) transformed
in time and corrected back for the air neutron attenuation (this time
scale 18 graduated in MeV). The deuteron distribution is chosen to be the
product : function (E;)X function ( 6,0, E, 1s the energy and Gd the
angle to the axis. In the discharge of Fig. 1 the incident deuteron energy
distribution is proportional to Ed‘j with 30 < E, < 350 keV and to the
angular distribution shown in Fig. 2. The target is at rest. The computation
that yields I‘l (Ed. ., B d) incorporates all experimental points of the
3 spectra with their relative calibration.

0 T ‘f_l T 2I,utu:.v;| = I,;,. To support these
lu‘ ‘ ‘.W"M' results we have studied the
T location of the neutron source
with the equipment described
5 in Ref. /2/. At every dis-
_E charge two photomultipliers

w N B0
't ’ measure the total neutron

L.258.2m

yield and that coming from
the part of the plasma 1limi-
3 - z5:u-v) 2 ted by a straight cylinder

H \l W}‘VJMMU whose section is a square

with a 24 mm side. In Fig.3
|upper) cne is interested in
the ratio of the collimated
» neutrons to the total neu-
1E trons during the first 100

nsec of the pulse, 50 % of
the neutrons are emitted in

L.2582m
fe 8n.45°

the bubble region (numbers

Jl A in the squares are averages

i 3 — 2.5(MeV) 2 for 10 shots, before the
T . collimator is moved to observe

another region of the plasma).
| The study, however,with a

. N' gsmaller collimator (Fig. 3,
.%':M_J‘, L.2102m lower) indicates that many

: -| neutrons come from the vici-

nity of the anode more than

6p: 90"

@ Theary
#-} Experiment 100 nsec after the beginning
TN O A O Y T A Y AN TN O of the neutron pulse at a
Fig. 1 - Comparison between computed time when the high density

and experimental spectra
(see also Fig, 2).

plasma is no longer present.
The relationship

observed between the instabilities and the x rays has induced us to develop

an experimental setup (Fig. %) in which the electromagnetic spectrum could

be analysed. By Ross filters 7 points (14 detectors), between 1.5 and

115 keV, can be measured at the same discharge and with a 2 nsec time

accuracy, The study is possible at 20°, 55° and 90" to the axis.

g

1 T o i T Preliminary results at 90° have shown
the x-ray emission (above 3 keV) to
be axisymmetric at high filling
pressures. In the low pressure régi-
me hard x-ray pulses (through 200 pm
_|® Uranium) have fast risetime and short
E duration width : lower than 1.5 nsec
and 2.5 nsec respectively in the
discharge of Fig. 5.

1'(E g, 8g)

The scaling of the neutron
yield with WY and « larger than 1
i (1.5 to 1.7) has been confirmed /3/
up to W = 340 kJ in a Mather-type

Fig. 2 - Deuteron angular 12
distribution ylelding configuration. Maximum yleld of 10

the 3 computed spectra neutrons has been measured. The data
of Pig. 1

are the following : bank voltage

40 kV, maximum current 2.7 MA reached
in 5.5 ps, inner electrode diameter
230 mm, length 350 mm, outer diameter
310 mm.

. Pig. 3 - Location of the neutron
100, "'\ 24mn source
Upper : numbers in sgquares are the

Shock front
percentage of the collimated

lacation neutrons to the total number
TN at 1,100 ns \ of neutrons between O and
\ 100 ns.
X Lower : study of the neutrons

coming from the vieinity
of the anode with greater
resolution between 100 and
200 ns.

43feplan]ss
120 [a7 [a8]ar

100 a 200 ns.

Fig. 4 - X-ray observation Fig. 5 - X-ray pulse behind 200 pm
chamber showing 1 out Uranium at low Hyfilling
of 14 ports in the pressure
3 directions
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INVESTIGATIONS OF THE F-20 PLASHA-FOCUS MACHINE
BY MEANS OF LASER INTERFEROMETRY

J.Appelt, J.Nowikowski, M.Sadowski, and S.Ugniewski
Institute of Nuclear Research,
05-400 Otwock-Swierk, Poland

Abstract: Electrical characteristics of the F-20 Mather-type
plasma-focus machine and the results of interferometric meas-
urements are presented. Particular attention is paid to the
effect of 2 hollow in the inner electrode. The results of
X-ray and neutron measurements are also given.

Some plasma-focus experiments are carried out with Mather-
type coaxial injectora having a cavity or a hole in the front
surface of the center electrode. Such a cavity enables the
distance between the electrode and the region occupied by a
high-temperature plasma to be increased. A hole in the center
electrode can also be used for diasgnostics or other purposes,
€.g., to lead a laser beam along the axis of symmetiry.

The main purpose of the studies presented in this paper
wasg to investigate the effect of a hollow in the center elec-
trode on the operating conditions and parameters of a plasma,
Experimental studies were performed with the F-20 machine [1,2]
equipped with a Mather-type injector having electrodes of 30
cm in length., The outer dia. of the interelectrode gap was 10
cem, and the inner dia. - 5 cm. The injector was supplied from
a 21-uf, 50-kV, current pulse generator charged to the voltage
Uo: 36 kV. When the initial de-
uterium pressure was changed
from 0.5 to 2.0 torr, the am-
plitude of the discharge cur-
rent varried from 330 to 360kA.
Appropriately, the time delay
from the beginning of discharge
to the current singularity var-

ried from 2.5 to 2.8 ps. Some

Fig.1,0scillogram of voltage current- and veltage-traces
and ecurrent tracea showing

the double singularity. have demuslraled double singu-

larities /Fig.1/. Contrary to
Ref.[3], such singularities have also been observed for hollow
inner electrodes. With an inerease in a hole dia. a percentage
of such discharges has however decreased. For the solid inmer
electrode it reached 15%, and for electrodes with a 2-, 8-,and
25-mm-dia. hole it was equal to 12%, 10%, and 4%,respectively.
To investigate dynamics of
discharges, especially during
the breakup of plasma-focus
[4-5], use was made of a Mach-

W wame s
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Zehnder interferometer equipp-
ed with a pulsed ruby laser[7].
Interferometric investigations
were performed for various in-
ner electrodes and at various
initial pressures. Interfero-
grams obtained showed that
with an increase in the hole
dia. the region occupied by a
high-density plasma ig shifted
towards the electrode surface,
and plasma fills up the hollow.
Differences in the interfero-  Fig.2. Interferograms of the

plasma-focus breakup for an
gramns taken during the breakup inner electrode with an.B-mm-
of plasma-focus, were however  Gia./A/ and 25-mm-dia./B/hole.
small /Fig.2/. This observation was consistent with the fact
that there was no difference in the average neutron yield for
the solid inner electrode /Fig.3/ and for the hollow electro-
5 ‘ ‘ des investigated. Those neutron

U 3649 measurements were performed with

a silver activation counter cali-
- brated with a Pu-Be source.
Independently on the type of

2 *{'?' \\ the electrode, the optimum oper-

Neutron yield (10°n/shot)
u
!

| ating pressure was found to be

| some 1 torr. The maximum neutron
o L yield amounted then to-2 x 102,
] 05 10 15 20

Deuterium pressure (mm Hg)
Fig.3. Average neutron yield situated somewhat above the neu-

ve. initial pressure. tron yield curve given in Ref.[6].

That value corresponded the point

In interferometric investigations performed particular at-
tention was paid to the late-time stages of plesma discharges.
During these late stages remarkable differences in the inter-
ference patterns were observed for various imner electrodes.
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Fig,4, Electron concentration diastributions as determined
for various inner electrodes.
For the solid inner electrode a broad radial density distribu-
tion, of 2.5 em in radius at the moment t = 3.7 ps /from the
beginning of current/
was found /Fig.4/.
For the hollow inner

a
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imh Eiecireze Wik @ cieien e G
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electrodes plasma
columns had smaller
dia. at that time,
The measuremenis per-
formed at various in-
itial pressures show-
ed that with an in-
crease in pressure
the dia, of the plas-
ma column decreases,

but the average elec-

A 3 n tio:

Fig.5. Electron concentration distribu- tron concentra o
%ions at various initial pressures. does not change very

much /Fig.5/.

The frame interferograms /Fig.2/, as well as those taken'by
a streak method[B8], demonstrated the disappearance of interfe-
rometric fringes in the vicinity of the inner electrode during
the later sitages of the discharge. This effect cannot be ex-
plained by refraction only, and it is probably connected with
light absorption by metal ions evaporated from the electrode.
This hypothesis has however to be verified.

The interferometric investigations described above were ac-
companied by Z-ray measurements performed by means of a pin-
hole camera equigged with 15=, 45-, and 90-u Al-filters. The
measurements
carried out
for various
inner elec-
trodes showed
that X-rays
were emitted

Fig.6. X-ray pinhole-camera photos taken along
the symmetry axis for a solid inner electrode
of ab, 1 em /A/, and for the electrodes with 8-mm /B/ and

from a2 zone
ir dinfPigdl 25-mm /C/ hole; p = 1 tDrr/DE/, 15-u Al-filter.
For the hollow inner electrodes the maximum X-rays inten-
sity, as registered with a standard lonization chamber, was
smaller than that for the solid electrode. Independently on
the type of the inner electrode, the average- and maximum-in-
tensity of X-rays increased with a decrease in the initial
pressure within the range investigated. Besides, some correla-
tions between hard X-reys yield and voltege spikes have been
often observed. These correlations are the object of further
investigations[9]. Alsoc investigated is neutron production,

1. World Survey of Major Fac. in CFR: Nucl.Fusion Suppl.1974.
2. J.Nowikowski: Nukleonika 19, 1081/1974/.
3. H.Rapp, M.Trunk: Proc. 6th European Conf./Moscow 1973/,371.
4. Ch,Maisonnier et al.: Proc. 5th European Conf. /1972/,183.
5, P.D.Morgan et al.: Proc. 6th European Conf. /1973/,359.

6. L.Michel et al.: Appl. Phys. Lett. 24, 57/1974/.

7. J.Appelt et al.: Nukleonika 19, 1/1974/.

8. W,.Sadowaki et al.: Proc. VI EKON Conf./1974/, Vol.B, p.28.
9, J.Nowikoveki: Ph.D, Thesis /to be published/.
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on D(d,n)BeJ and Secondary 'E(d,n)ﬂe4 Reactions in Focused Plasmas
* 3
W. H. Bostick*, V. Nardi +, w. Priur*T

#*Stevens Institute of Technology, Hoboken, N. J., U.S.A.
4Istituto Elettrotecnico Nazionale Galileo Ferraris, Torino, Italy

Abstract: We present evidence that secondary reactions T(d,nlﬂeq' ocour
in a plasma focus experiment where the reacting tritium is produced by
primary reactions only, Our data also show that the total D-D-neutron
yield is an increasing function of the maximum energy me we cbserve for
D-D neutrons.

1 We have observed in a plasma focus experiment - with pure-deuterium
-f_i_'l_]_i_rg of the plasma accelerator chanber - the typical 14.1 MeV neutrons
which are generated by secondary T(d,n]}[e" reactions. Wo tritium was
introduced with the initial filling so that the reacting tritium can only
be produced by primary reactions D(d,p)T. A description of the apparatus
and of the methods of chservation have been recently published ) with the
first group of data from these cbservations.

Additional data - from a 4.7 kJ (at 14.5 kV, 5.6 Torr of Dzl plasma
focus at Stevens - are presented here with an analysis of the total neutron
yield (n) from D-D reactions as a function of the maximum energy zrnax for
the D-D neutrons that we cbserve in each discharge, Our mean value n (by
several hundred discharges) of the neutron yield n in a discharge is
ﬁ«-leOB and the T-D neutron yield is n.l,_D'b.'I.O_q n a . A remarkable fact
that is consistently confirmed by our data is that T(d,n)He’ veactions
occur mainly within a ~ 10 ns time interval, even though several indepen-
dent diagnostic methods indicate that the time of strong activity in the
discharge (e.g. disruption of the focused plasma colum, emission intensity
of soft x-rays, etc.) is longer by at least an order of magnituds(z’a) A
Since according to our data the most favorable conditions for T-D neutrons
productions occur in the plasma within a short time interval (v 10 ns
width) , we intend to check whether or not the total D-D neutron yield in a
single discharge can be correlated with the conditions (specifically those
causing the hard x-ray emission) which characterize the plasma during this
time interval of T-D-neutron high vield.

2 DT neutrons are recognized by time-of-flight delay with respect to
a typical burst of hard x-ray Mithanaquc;lMeV) which is emitted
from the plasma at the onset of D-D neutron production. The scintillation
detector we use for these hard x-rays (HXR) and for neutrons is a NE-102
disc, 28 an dia., 5 cm thick, coupled with a 12 cm dia. photomiltiplier
(for a 6 input the width of the output signal - including oscilloscope -
is % 10 ns) and both are sealed inside a box with lead walls 6 am thick
o all sides. Scattered x-ray with relatively smaller energy are screened
out. We have cbserved this burst of HXR also by filling with hydrogen
instead of D, the accelerator chamber and it is typical of the focused dis-
charge in our operation regime, not depending on neutron-producing
reactions. The signal from HXR burst has a FWHM of 30 + 20 ns and it is
usually resolved in two typical peaks 30 + 10 ns apart on the scope trace
(Tektronix 7704 display). Frequently a third (smaller) peak can be
resolved within this burst. The position of the leading x-ray peak within
the BXR burst is used as a time mark for our time-of-flight measurements
because of peak sharpness and reproducibility in most of the d.isdng&s(“ .
In order to identify the nature of a radiation pulse giving a signal after
HR we have to disentangle signal delays due to a difference At in the
time of production (which is a priori not known) and delays 4t due to time-
of-flight on a chosen distance D between the source (focus) and detector
System. D cannot be sufficiently increased to make At >> At because the
radiation intensity (v 1/D2) on the detector can decrease below significant
values for cbservation. We can expect that only a few D-T neutrons for
each discharge (or none, in same discharges) can reach a detector at D &
10 @m. The correspanding signal can appear at some intermediate position
between the leading peak of the HMR burst (at At = 0, by definition; we
evaluate all delays with respect to this leading peak of HXR) and the
location 41, say, of the leading edge of the D-D neutron signal (we define
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208 (120 shots

n=2
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F%g. 1: Signal from discharge withda) low neutron yield nx0.5xn; (b)high yield
n¥4.2m. petector at 90° from electrode axis,D=1486 am,swesp speed 100 ns/am.
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Fig. 2: The nurber N of scope traces (among v 500 discharges) with only one
single intermediate peak (i.p.) at Ar is reported for each value of Ar.

The double-bordered data came from 120 discharges with detector at 90 from
electrode axis and D=1486 cm; other data all from 30" with different values
of D; i.p. of Fig. la (time increases at left) is at At (D')D/D" ~ 210 ns.
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8™ 1 ing a specific val \
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_| for dfferent val
+ 20xh] of Atg; er’x‘ug ar -
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+ | standard deviation 3
\ of the mean of each K
set (uncertainty ~ T i1 %'ﬂ
- | 10 ns on Atg); mit ) = Al
++ 10X & on yield Sxis is o 580 w30 580
the average on all sets Of
‘ . " | a series of shots. Three
S g L series of shots are report-
f ‘AT ed with a normalization of
\ & Afe | all Ar_'s to same time scale
0% 550 540 560 580 600 as for’D =1486 cm: (a)serjes
of 120 shots, detector at 909, D =1240 cn, 7=2.2x 10
neutrons. Two shots have 4t 3 590 ns and three (not
shom) have a different o1 '8 belov 500 ns,with a
decreasing yield. In thosé three shots - as well as in
the 16 shots with a very low neutron yield on the left |
axis (41 _=0) - the HXR burst does not reach_the detegtor.l’ -
) 42 , detector at 30°, D,=816 am, n=1.7x 1 |4 ey
neutrons; (e) 45 shots, 30 DJ= 40 cm, f=1.4 x 10 neu-
trons. Values of E which correspend to the leading edge of the D-D
neutrons signal are =4,1, 3.6, 3.1 MeV for Atg = 480, 520, 560 ns
respectively (D=1486 am).Nunber of shots, m, in each set is marked below n.
b7, as the time at which the amplitude of the D-D neutron signal reaches 1
volt before saturation; see Fig. 1). About 70% of our discharges show at
least one (or several, if n > n) of those intermediate peaks (i.p.).
Scattering of HXR, delayed emission of x-rays and, possibly, y from excited
nuclei by neutron bombardment can also contribute to i.p. in addition to
T-D neutrons. By using simultansously two detectors at two different values
of Dye haveverified that: (A) the time of production of both the IMR lead-
ing peak and of fast D-D neutrons is the same, i.e. 4t=0 (4t and the fast
D-D-nsutron velocity VY, are determined by At=D/v - D/c + 4t with two
values for both Aro, D; c.=3xlﬂm cm/s); (B) several discharges show one
single i.p. in both detector signals with the typical delay of a T™-D (14.1
MeV) neutron which is produced at the same time of the HXR leading peak;
(C) in some discharges one i.p., or a group of i.p.'s, is shown only by one
detector signal and not by the other. Our analysis on v 500 discharges
indicates an accumulation of i.p. on the value of At which is typical of a
T-D neutron (with a At=0). The result is shown quantitatively in the histo-
gram of Fig. 2 where all, and only the scope traces with one single i.p. are
reported, Data from seven different values of D (594, 711, 816, 1216, 1240,
1428, 1486 am) have been used with a telescopic normalization At (D') -+
A7(D') D/D' to the same time scale of the detector distanos D = 1240 am.
The accumilation of data points at Ar= 1240 x [1/5.2 - 1/30] ns 3 200 ns is
above statistical fluctuations. The use of different values of D rules out
the possibility of spurious effects due to, e.g., scattering or to an emis-
sion-delay At which might, accidentally, fit the time-of-flight delay of a
T-D neutron for one specific value of D. The two traces in Fig. 1 illus-
trate borderline cases of our analysis: the traces we have reported in Fig.
2 have an amplitude (of i.p.) larger, or at least not smaller than the
value 0.2 V of Fig. 1(a) and a definition of the i.p. position better than,
or at least as clear as in Fig. 1(b). Data which relate the total yield'ﬁ
of D-D neutrons with Mo are presented in Fig. 3. T is generally increas-
ing for smaller values of Atoandmamesamaxinmvalue"nl ¥2xn for
same At i which depends on the direction of cbservation and somewhat
by the performance of the focus as it is characterized by n during a series
of discharges [defin. of §,n in caption of Fig.3;note Em(ﬂ'fn)aﬂiﬁ‘fl‘i’i’.\’]v
3. The emission pulse of HXR,fast D-D neutrons and T-D neutron peak can be
consistently explained by electron and ion inductive aooej.eratimu'a} .
Work supported by AFOSR(U.S.);QNR(Italy);I.Avogadro Tec.c.p.10757,Foma(I).
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2) Bernard,Coudeville,Jolas,Launspach,deMascureau: Phys.Fl. 18,180(1975).
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A Theoretical Model for the Mather-iype Plasma Focus
by
H.J. Kaeppeler, N, Ruhs, M, Trunk and G. Decker

Institut fiir Plasmaforschung der Universitat Stuttgart
Federal Republic of Germany

Abstract: For developing a theoretical description of physical phenomena in
the plasma focus, MHD and PIC calculations and analytical solutions were
carried out. A comparison of these shows that m = 0 instabilities are the
macroscopic reason for electron and ion beams producing microinstabilities,
the ion beam-beam interaction also producing the majority of neutrons.

The purpose of this paper is an attempt at establishing a consistent mod-
el of the compressed phase in a Mather-type plasma focus device. According
to Bernard et al. /1/, the plasma sheath forming behind the anode collapses
into a very dense and quiescent column of about 1 mm minimum radius. The
plasma (ion) temperature in this very dense phase is approximately 500 to
700 e.¥. and agrees with the value calculated from a thermalisation of the
compression kinetic energy. From snow-plough theory and consideration of
diffusion of the magnetic field into the plasma, Kaeppeler [2, 3/ derived an
equation for the minimum plasma radius o

("n.) _ Vg ! Ll

R Lo cos(znby Yheom AL

) (1)
where R'J ist the anode radius, ID the maximum current, tu = vr/Ru the plasma
comprassion time (v, = compression velocity), t. ~ VL€, the "circuit
time" (CO = capacitance of the condensor bank), L the inductivity of the
circuit. Lm the total inductivity of the system at r = e and A L:meLﬂ
the gain in inductivity due to compression. o 1is the electrical conduc-
tivity, determined by the electron temperature which, from scattering exper-
iments, Bernard /1/ estimates at TE= 100 e.V.. From infrared measurements,
H. Schmidt /6/ also obtains values for TE lower than T].. Furthermore, soft
component x-ray measurements /7, 8/ indicate TE values between 200 and

400 e.V.. Using a value of Te=}00 to 300 e.V., Eq. (1) for LS and

2
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cf. /4/., the maximum average field strength ({E| ) on the axis of the fo-

max
cus can be calculated. For a current of 1 MA, anode radius R'J = 5 cm, plasma

(e = | I (2

Lt Imax

radius 0.1 cm, there result fields in the order of 20 kV/cm, in agreement with
MHD-calculations /5/, used with PIC-calculations /9/ of the compressed stage
of the plasma focus. According to Bernard /1/, this very dense and quiescent
stage lasts for approximately 8-10_9 sec.

One of the mechanisms, disrupting the very dense phase, arem = 0 insta-
bilities, experimentally abserved by H. Schmidt /10/ among others. Analyt-
ical theory shows /4/ that ion viscosity does not essentially damp the growth
of the instabilities but acts selectively on the wavelength for which maximum
growth rate occurs. It turns out that ?lmz o if the m = 0 instabilities
set in when the minimum plasma radius is reached. Recent MHD calculations
/8/ also show the appearance of m = 0 instabilities, though with an inappro-
priate time scale due to a too high von Meumann viscosity in the calculation.
It can be shown /4/ that due to these m = 0 instabilities, the local electric
field strengthJE| , can rise from the average 20 kV/em to 200 kV/cm in ap-
proximately IDME sec or slightly less.

As the critical field for electron runaway under plasma focus conditions
(T = 700eV.,n= 3-1[!]'9 3) is approximately 30 k¥/cm /4/, the m = 0
instabilities cause a local breakup of the dense column and simultaneously

em’

cause the onset of electron runaway. This results in beam-plasma instabili-
ties (cf. Fig. 1) of the Bunemann type with a growth rate of &; =10 Psec™t.
Fig. 1 shows that because of Ti/TE> 1 in the dense phase of plasma focus,
also kinetic instabilities due to hot ions may occur.

From his PIC calculations, Ruhs /9/ has established a beam-beam collision
mode] for the neutron production. It turns out that the deuterium ions accel-
erated by the electric field of Eq. (2) and crossing the focus axis repeately
form beams |_'cf< also Fig. 2] which upon collision whith each other produce
more neutrons then those from beam-target interaction. The total of the ac-
celerated ions form a disperging beam observed by Bernard /1/ and by Schmidt
/10/. This ion beam also gives rise to kinetic instability /12 - 15/.

in order to determine the regime for the appearance of these kinetic fon
instabilities, the values of ny/n , AVAL and v were determined from the
PIC calculations /9/. The subscript 1 denotes beam values, 0 plasma values,
Vi is the beam velocity, Avh the beam velocity spread. It is seen from Fig.3
that, locally, nl,fnu can exceed unity and, taken over the entire p]asma_ col-
umn, n],'nﬂ is relatively large. Figs. 4 and 5 showligat the ion beam ha% tc-»
be considered as "hot". The condition vy > (Te”'"w‘) prevails, as Yy s in
the order of 10° cm/sec and (Te/mi)uz in the order of 107 cm/sec. For waves
propagating parallel to the electric field (EL B), the cold-plasma condition
prevails bacause Avb/vb-( (nl..'nn)l"‘3 and the growth rate of the instability
s, because of wg s o, near the axis,

B |
| Range of ¢ Range of £y

£l Bunemann instability hal ian kinelic nstobility

e T
Fig. 1: Ranges of stability and insta- Fig. 2: Typical ion velocity
bility of hot electron-ion plasma with distribution in plasma focus
electron and jon beam formation from PIC calculations
Fig. 3 Fig. 4
gt )
Vo Fig. 3: Ratio of ion beam and plasma den-

sities nl,fnﬂ for various radii along z-axis

Fig. 4: Velocity spread Avy and velocity Vf,
of ion beam in plasma focus from PIC calcula
tions

Fig. 5: Avbfvb — ratio for various radii
and axial positions z from PIC calculations

A #
— N,y 2
w o= () e 1 (3)

is the hybrid frequency. In the range of highest Vi

1/2

where fuwjw.g |
nl,‘n(3 is practically unity, so that the hybrid frequency actually determines
the growth rate of the kinetic instability. In this same range, the magnetic
field is of the order of 141]5 Gauss according to PIC calculations, so that
the hybrid frequency and with it the growth rate is of the order of 10105—1,
just as in the case of the electron runaway instability.

It is thus shown that a theoretical model for the Mather-type plasma
focus will have to incorporate electron runaway as well as a kinetic insta-
bility due to the ion beam which is responsible for neutron production. Both
fast components, electrons and ions, result from acceleration in Tocally
enhanced fields produced by m = 0 instabilities.
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ANALYTIC SOLUTIONS FOR THE MOTION OF THE AXIAL SYMMETRIC
CURRENT SHEATH IN A PLASMA FOCUS
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Abstract: The motion of the current sheath ( s ) is approximated by a par-
rial differential equation whose solutions are given by simple analytic for-
mulae. The shape of the CS can be obtained graphically for gemeral initial
and boundary conditions by means of a nomograph. An example shows the '"roll-
ing-off" and the formation of the "bubble" in the plasma focus.

The motion of the €S in the plasma focus has been thoroughly stud-
jed numerically by Potter . However,considering the complexities of the com-
putation and its results,we felt that there is still a need for a simpler,
albeit only approximate, way to describe the CS evolution which can provide
apalytic formulae. For many purposes like project design or estimations of
self induciance variations our graphical construction of the solution may be
useful. We have been precsded by Basque, Jolas and Watteau in the attempt
te obtain the CS motion from simple "snow-plow" models ; however they could
only study the coaxial stage. Differing from them,our treatment starts answ
from a partial differential equation for the CS surface and allows for a
large set of initial and boundary conditions which include the ordinary
plasma focus dispesition of electrodes and alsc many other variations around
this theme.

Assuming axial symmetry and cylindrical coordinates (z along the ax-
is of the apparatus) the magnetic field between the electrodes and the CS is
39 = 2I(t)}/cr . Neglecting the acceleration effeects and the width of the CS,
the linear momentum balance equation along the normal to the CS is given by
povy = aa/nn (pg: initial density of gas in front of CS). Let z = f(r,t) be
the equation for the CS surface. The normal velocity of advancement is given

2. 1y2
by vn < f[/(li'f!_) / . Hence we obtain the following non linear partial

2 alt)
%= B/ G

where a(t) = I(t)/v2upge (here I(t) is the total current in CS; c: veloecity

differential equation for f

of light, cgs units throughout} Equation L can be transformed in a guasili-
near one introducing the new variable N = rcos$ , where ¢ is the angle be-

tween the normal to CS and the z axis. We have then

H=amwN , 2£-s /¥ N

2t J (2}
and IV say Q:VVl
NV _ray _NE 2N
2F 7;’ WeNR gzt Bl (3)

where s = sign( fr‘ ¥ s'2 = 1 ). Equation 3 can be solved by the method of

the characteristies3. The'characteristic base curves' C.(r,t) of eq.3 in the

r,t plane are given b V
>t p -4 ¥ .;‘L’.’= s aw) Vri-w?

ot “rt ! ()
and along each one of them N is a constant (N = Ni say, where the i means
initial value). The Cj(r,t) determines cylinders in the z,r,t space that in-
tersect the z = f surface along the true characteristic lines which gene-
rate the solution. It is found more convenient to work with the projections
Ci(z,r) of the z,r,t characteristic lines on the z,r plane, instead of eq.k.
From the previous equations one can easily find that

a2

=T AN (5)

holds for the Ci(z,r) s which gives
x/iN:l = Chg 3 = A Chfwl- T@2)/N;
Furthermore, along the Ci(r,(] we have dz/dt = a(r)Ni/rz and substituting
eq.6 in here we can integrate to obtain the relationship between z and t:
Shy &?-:{ﬂu g=-f7,T= _’_szu')dt'_ )
M v

If we know the initial shape z; = zi(riJ and consequently "i = "i[ri)’ then

we can eliminate Ty between eq.6 and eq.7 and cbtain the seclutien z = f(r,t)
vhich satisfies the initial data.

From eqs. 2 and 5 it follows that the Ci(r,:.) are always orthogonal
to the pro jection of the solution on the r,z plane. Hence from a practical
point of view it is convenient to draw s nomograph with the Ci curves which
start at a single point for all values of cosd ( see fig.l where cosg;= 1,
ry = 1 at z; = 0 ). For Ty = 1 we have curves for all possible values of
cosd ; for ey # 1 making shifts in the z direction ( shape of Ci is invari-
ant for z translation ) we have at our disposition a fairly large choice of
curves with different values of !ii. It is not necessary to compute z = z(1)

for all the ri values., It is sufficient to consider the case !:iz 1, ri: £

2,= 0 which corresponds to t = 2 + Shz Chz and » = Chz. Then we can mark

tli:e time scale on this particular Ci easily. After completing the orthogonal
lines of the z = f solution we will assign the correspending v value which
follows from their intersection with r = Chz . An example of the application
of this procedure to the plasma focus with hollow center electrode is shown
in fig.2 ( which was obtained graphically by working with transparent paper
on the nomograph ), Clearly this method is also applicable to a variety of
similar problems with different elecirode shapes and diffevent Initial con-
ditions for CS giving the solutions in a very short time.

We will clarify some aspects of this method, referring to fig.2 as
an illustration, The c; given by eq.6 have & minimun for r = p_= Ni which
happens when ri/‘r_ = chl(z_- zi)/x'_] . This faet allows us to know the sign
s; for instance if z> z_ then r> r_ and (dz."dr]cl> 0, that is 3z/dr< 0 for
the solution. The line which joins the Boa2 points separates the CS in two
parts with different s sign ( this is the dotted line in fig.l ). We can al-
so impose boundary conditicns to extend the solution beyond the domain of
dependence of the initial data. We can give a condition on the central elec-
trode like asking that ¢= jpe(r) at z = ze(r). In particular we imposed that
€S is normal to the upper face of the central electrode in fig? because
this condition seems to fit the available evidence from photographs of CS.
The CS prefile in the domain of dependence of the electrode is given by
z-2,=- %[ r - ¥re= 1 - ArgChr ] (taking r; = 1) and does not change du-
ring the motion along = . We call this soclution the "traveling wave". At
the electrode edges we assumed that the C5 immediately gives rise to a set
of "i wvalues,much like a point source of characteristics. It is apparent
from figs.1 and 2 that an envelope of the Ci forms as the C§ rolls-off to-
ward the axis. The CS is normal to the envelope which has a finite angle
at the point of contact with the axis. We can extend the solution beyond the
envelope \{singular soluiion of eq.5) assuming that alomg the axis, at r=0,
the new characteristics are given by the envelope itself, The "singular
profile” which is so determined Is also a 'traveling profile' which has the
form of a'bubble'(see fig2?). This is & well know feature of the later stages
of the focus (see fig.3). 4

We. are grateful to the Stevens group for the photograph fig.3. This
work have been supported in part by the Argentine CNEGH (Comisidn Nacional
de Estudios Geo-Helio-Fisicos) and the CONICET (Consejo Macional de Investi-
gaciones Cientlficas y Técnicas),

Fig.l: Nomograph from eq.6
Fig.2: Example of CS mo-
tion for a plasma focus
{hollow central elect.;
external elect. not shown}
Initial CS is assumed to
follow the insulator shape
(arbitrary scales for r
and 1). 1 insulator; 2
elect.; domain of depen-
dence of: 3 insulator, 4
borders of elect.; sxter-
nal 5 and internal 6 domalns
of dep. of elect; 7 singu-
lar sclution (bubble).
Fig.3: Image converter
photograph of the later
stage in the plasma focus
(side view; deuterium, 11
Kv, 5.6 torr).
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DEPENDENCE OF FOCUS INTEHSITY ON MASS AND FIELD DISTRIBUTIOH

8. Lee', T.H. Tan.
Physiecs Department, Universiti Malaya, K.L.,Malaysia.
*Presently: Institut flr Plasmaphysik, KFA, Jiilich, BRD.

Abstract: Using piezoelectric probes we estimate that at the
end of the axial run-down region 4-7% of the ambient mass en-
countered arrive in time to participate in the focusing action.
Focusing intensity appears to depend more on the magnetic field
distribution than on the mass distribution.

In theoretical computations of focus trajectories it is neces-
sary to include in the radial equation of motion a quantity (mo)
representing the amount of mass that is swept from the axial run
down region into the radial focusing region. In the present work
measurements are made at the end of the axial run-down region
which enable an upper limit to be placed on this m,.The measure-
ments also throw light on an important associated problem; name=-
ly the dependence of focusing intensity on the mass and magnetic
field distributions. A knowledge of this dependence could be use-
ful in the design of a fusion machine based on the focus prin-
ciple.

We use a calibrated PZT piezoelectric probe (1) and a magnetic
field coil for these measurements. The calibration pressure sig-
nals were carefully studied so that the probe response time and
inherent noise harmonics were known. In the actual measurements
the pressure signals were processed to eliminate thése noise har
monies.

The focus device in which these measurements were made (2,3) was
operated with deuterium at 0.2 torr with 8 kJ. For these opera-
ting conditions it was noticed that the focusing intensity was
not reproducible as judged from voltapge and current oscillopgrams.
Indeed for some shots, the characteristic focusing voltape spile
and current dip were absent.

A comparison is made of the pressure (P) and magnetic field (B
oseillograms for focusing (F) and non-focusing (NF) shots. In
Fig. 1 the B oscillograms have been transformed into B as dis-
tance coordinates. A distinct diffe-
rence (very reproducible) can be ob-
served between the B distributions

of a F and a NF shot. The F shot has

a high current density in the first1
to 2 cm of the current sheet with B
rising typically to 0.8 T in the first
1 1/2 ecm., The NF shot has a much lowr
current density with B rising to only
o.4 T over 7 cm. For the P pulses, a

& 8 0zieml
e A somewhat typical distribution (for
example Fig.2) for the F shot shows
a sharp narrow pulse in

the first part of the P

signal. For the NF shot, 72
this frontal pulse is not 153
so sharp or distinct. 20%
In order to quantify the 8 &
P measurements, an empi- W0
rical model is used in 0.5

which the frontal part of °

05 10 15 20 25 30 35 40 45 50 55 Mps)
Fig.2 Comparalive pressure pulses

the P pulse is taken to be
a shock in which there is
a post shock magnetic field,

This is to conform with experimental observations , and has the
correct effect of lowering the post shock kinetic pressure (v
compared to a gas shock model) for each given shock speed, By
empirically taking the ratio of specific heats to be x = 2 the
pressure measured at the probe face could be related fto the free-
stream Newtonian pressure (4). The density ratio r'ist?ggputed
from the measured pressure.

The P pulse is divided into 2 regions for study namely (i) the
first o.05ms and (1i) the first o.3mus. The mass arriving in
the first o0.05 sms is here called the"initial"mass. The mass
arriving after this 0.05 gis could not participate in the focus

since the focus action oeccurs in 0.05 5. The time of o.3ms
corresponds to the e‘l diffusion time of the probe. Beyond

this time the diffusion of the B field behind the probe face
would make the eshimateqf'and hence of mass an underestimate.

The results show that the "initial mass" is 4-7% of the am-
bient mass with F shots having a slightly greater initial

mass than NF shots. Due to the continual axial motion of the
impleding plasma, it is expected that "mo" is only a smdll frac-
tion of this initial mass, This is in agreement with a recent
radial trajectory computation (5). Also F shots have a slight-
ly greater quantity of mass (30 % of ambient mass) in the first
a.3msbthan NF shots,

The most important factor in deciding the intensity of a focus
appears to be the mapgnetic field distribution associated with
the current sheet; although it is also observed that the struc-
ture of the current sheet has some points of correlation with
the structure of the pressure pulse,
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4. Lee 5., Sandeman R.J., J. App. Phys. i3 (1972) 398o.

5. Lee 3., Chen Y.H., XII ICPIG Eindhoven (1975) submitted.
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KMS FUSTON HIGH POWERED LASER FOR FUSION EXPERIMENTS,
TT5 PERFCRMARCE AND EXPERIMENTAL APPLICATION %)
B. R. Guscott, G. Charatis, J. 5. Hildum, R. R. Johnson,
F. J. Mayer, N. K. Moncur, D. E. Solomon, C. E. Thomas

K8 Fusion, Inc., Ann Arbor, Michigan, United Staetes of America

Abstract: The performance of & high power Nd:glass laser system for

1aser fusion experiments will be discussed. A series of well characterized
target shots will be presented, showing the effects of laser power on
peutron scaling. The microsphere targets used in these experiments will

be discussed, along with technigues for their characterization.

In the KMS Fusion laser system the laser pulse originates in a
mode locked Nd:YAG oscillator and is then shaped temporally by a KMSF
designed and constructed pulse stacker. Laser pulse shaping is essential
to successful experiment performance. It has been found both experi-
mentally and theoretically that the laser pulse shape has a great in-
fluence on compression and on the symmetry of an implosion.

The pulse stacker acts upon a single selected laser pulse from the
oscillator by means of reflections and optical delays to generate a
shaped pulse. As meny as 22 individual reflection pulses have been used
to form the stacked pulse train, with & minimum seperation of LO psecs
between adjacent reflected pulses. The width of the stacked pulse is
adjustable from 30 psecs to greater than 1 nsec with a rise and fall
time of 15 to 20 psecs.

After the stacked pulse is formed it is amplified by = series of
conventionsl Nd:glass rod amplifiers (fabricated by CILAS). The output
of this rod amplifier train is 20 joules in 250 psecs with a beam
diameter of almost 8 em. The laser energy is further increased by a
series of slab emplifiers (fabricated by General Electric) each with a
10 em elear aperture. The KMSF laser system configuration used for the
experiments to be detailed later is shown in Figure 1.
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Figure 1

Control of the laser beam's spatial intensity variations is para-
mount to the successful repetitive operation of a large high power laser
syatem. To achieve this KMSF designed and constructed a series of apodised
apertures and a high power spatial filter. The apodisers use a unique
absorbing fluid that is index matched to the gless windows by careful
thermal control of the unit. The liquid glass combinetion presents
2 pre-caleulated absorption profile to the incident 1.06 U laser beam,
resulting in a reshaping of the beam's spatial profile without the sddition
of further noise components. The high powered spatial filters currently
placed between the BO mm rod amplifier and the first disc amplifier serve
to reduce congiderably the beam's high frequency spatial noise, thus

Spatially preparing the beam for amplification by the disc amplifiers.

The KMSF laser system has been used to produce implosions in DT gas-
Tilled glass micro-spheres. There have been approximately 500 experiments
verformed during the past year which have resulted in neutron preduction
from the compressed deuterium-tritium fuel. Neutron yields of the order
of 107 have been measured as well as volumeiric reductions of the order
of 1000.

A series of well-characterized target shots were performed to
study the effect of laser power on
neutron scaling. The targets were
approximately 55 U in diameter with
aspect ratios (R/AR) of 20:1 and
40:1, and with gas Fill pressures of
10 or 100 atmospheres. It was found
from the four different target char-
acterisites that the neutron produc-
tion increased as the pulse length was
decreased from L80 psec to 240 psec
maintaining 60 joules on target. The
largeat neutron yields were achisved

at the lower pressure and 40:1 aspect

ratio. The diagnostics used for 10

these meagsurements consisted of X-ray

. " FILM
pinhole cameras to determine the vol- DENSITY

umetric conpression, neutron and X-ray
detectors to determine the yields and
spectral distribution. The results
from a typical X-ray pinhole camera

photograph including the micro- 22pm—m»|

0.0

densitometer trace are given in Figure 2

Figure 2. The energy balance of the laser-plasma interaction was made
using photodiodes, charge collectors, time-of flight mass spectrometer,
X-ray thermo-luminescent dosimeters (TID'as) and calorimeters.

During these experiments the fluorescent and prepulse energies were
monitored and it was observed experimentally that prepulse energies in
excess of 0.17 millijoules degraded the implosion characteristics. The
fluorescence measurements indicated that energies in excess of 20 milli-
Joules were sufficient to significantly alter the target plasms properites.

The neutron yields of the order to 106 were achieved in these experi-
ments with 0.2L W of laser energy on target and are expected to increase

rapidly as the KMSF laser output energy is expanded.

(1)
A portion of this work was supported by a contract with the Energy

Research and Development Administration.
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*
LASER FUSION, THEORY, EXPERIMENTS AND LASERS AT LLL

J. L. Emmett, J. H. Nuckolls, H. G. Ahlstrom, C. D. Hendricks,
L. W. Coleman, J. A. Glaze, J. H. Holzrichter, G. H. Dahlbacka

University of California/Lawrence Livermore Laboratory
Livermore, California 94550

ABSTRACT

The realization of laser fusion requires advanced develop-
ments of many disciplines: high power lasers, optics, 2-D
magneto fluid dynamic codes, microscopic fast time diagnostics
and target fabrication. The laser fusion program at LLL which
involves 230 scientists, engineers and technicians has made
significant advances in all of the above areas. Nd glass lasers
are now irradiating targets with Taser powers of 0.4 - 1.0 terra-
watts. Laser fusion targets of the exploding pusher genre have
produced up to 107 14.1 MeV neutrons from the D + T reaction.

By measuring the energy spreading of the 3.5 MeV Hel reaction ;
product it has been demonstrated that the results are consistent

with an ion temperature of 1.7 - 1.9 KeV. The 2-D code calcula-

tions are in good agreement with the experimental results which

increases the confidence in extrapolations to break even and net |
gain targets. Significant advances are also described in the
fabrication of the microscopic targets and in picosecond, micron
scale diagnostics.

*
Work performed under the auspices of the U.S. Energy Research
and Development Administration.
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EXPERIMENTAL STUDY OF THE LASER DRIVEN SHOCK WAVE
PROPAGATION INTO SOLID TARGETS

p. BILION, D. COGNARD, J. LAUNSPACH, C. PATOU, D. SCHIRMANN

Commissariat & 1'Energie Atomique, Centre d'Etudes de Limeil
B.P. n°® 27, 94190-VILLENEUVE-SAINT-GEORGES, FRANCE

Abstract : Plane and cylindrical shock wave propagation through solid
Abstrac:

targets is studied in one beam and four beam experiments. Density and
pressure pehind the shock as functions of the absorbed laser flux are
deduced from the shock veloeity using the state equation of the material,

The illumination of a solid target by the focussed beam of a power-
ful pulsed laser leads to the formation of a dense and hot plasma, Under
the considerable pressure exerted on the solid material, this one is set
in motion and may be compressed to densities well above solid state density
according to theoretical models /1,2,3/. The first experimental observation
of this prediction is relatively recent and was made in Garching /4,5/.

In this paper, we present experimental results concerning the propagation
of a laser driven shock wave firstly in plane geometry where a single
laser beam is focussed onto a plane target and secondly in cylindrical
geometry where four coplanar and orthogonal laser beams are focussed onto
a hollow cylindrical target.

In plane geometry, the experiments are performed with one of the four
beams emitted by our neodymium glass laser Cﬁ device. The maximum energy
which can fall on the target is 30 J. The rise time and the half width of
the laser pulse are respectively 1 ns and 3 ns. The contrast ratio between
the maximum power and the power before the laser pulse is greater than
600. The laser light is Focussed by a —f—s (£ = 117 me) asphericsl lans
down to a spot size of GOFm. For the experiments described here the
target consists of a thin polyethylene foll of 30 tim thickness A X

The dense and hot plasma created on the front surface of the target
and the emergence of the shock front from the free surface of the foil is
observed with a JAMIN interferometer illuminated by a diagnostic laser
beam at O.53,um. The direction of analysis is perpendicular to the target
normal. The interferograms are photographed by three framing cameras
which ean be opened during cne nancsecond at different times during the
shock wave propagation and by an ultra fast streak camera TSN 504 /6/.
Transit time At of the shock front through the foil is deduced from the
instant at which the free surface 15 set in motion. The mean velocity D
of the shock front is calculated by the relation :

aX
At

The value of D allows us to determine the pressure P and the density
— behind the shock front by using Hugoniot's equation :

D =

° o p -
= p Du and —_—- —
a [X D-u

where p and P, represent the density behind the shock and the initial
solid density, Moreover we assume that the material veloeity u is
related to D by the empirical relation

D= ¢, + Au

where C, and A are constants which we taken respectively equal to
2.9 105 om/s and 1.48 according to /7/.

Tne shock area Sg 1s deduced from the dimension of the shock at the
time of its emergence. The compariscn of the value of 5, to the area 8p
of the laser energy deposition shows an effective enlargement of the shock

wave due to lateral heat conduction according to /5/.

For this reason the absorbed laser filux ﬁ is evaluated by the.
relation

ga e —
where E, 1s the absorbed laser energy at the emergence time of the shock
wave and 8, 15 the effective area of the shock front at the time of its
fergence in order to take into account the two dimensional effect due
to lateral heat conduction, The value of E is obtained by subtracting
the reflected energy measured by calorimeters into the half space from
the incident energy,

5 1}“ inoreasing absorbed laser fluxes G from 5. lO w/cm to
10 W/or?, we have measured decreasing transit times from 5ns to 1,5ns.
mﬂuupamg_na pressure P and density -ﬂ increase respectively from

%

90 kbar to 2 Mbar and from 1.4 to 2,3 as we can see in figure 1,
| P(Mbar)
Measurements made with a thicker
foil A X = 100 Mm in this laser flux
range show that the transit time is
greater than the laser pulse duration.

In eylindrical geometry the 04 ; P10
experiments are performed with the 5
four beams emitted by our necdymium [
glass laser CG device, The beams are +:HH
focussed with similar l 5 (117 mm)
focal lens length, The focusing condi-

10 10" 10" gwem?)

tions are chosen to favour the unifor- figure 1

mity of the laser energy deposition on

the outer surface of the target, i.e., according to /B,9/. The fcecal spot
of each lens is placed at a distance d beyond the axis of the target equal
to about % Ele where RE is the outer radius of the target, The target is a
hollow cylinder made of aluminium. The first purpose of these studies is
to explore the effects of asymmetry of the laser light deposition on the
structure of the convergent laser driven shock wave. The second purpose #
is to measure its transit time through the target wall thickness and its

convergence time,

The emergence of the shock front at the inner surface of the target
is detected by observing the intensity of a probe laser beam transmitted
along the axis of the target with a high veloclty streak camera TSN 504 /6/.
When the wave front emerges from the inner surface, the probe laser light
is absorbed and/or refracted by the slightly lonized dense matter which is
moving in towards the axis of the target, Typical results were obtained
with an aluminium tarzet of 245 um outside diameter 2 R, and of 67 iem wall
thickness AR 1lluminated by an absorbed laser flux ﬂ (e g ].OJ'3 '.vl/nm
A transit time At of 5.1 ns 1s measured, The pressure P and the density

behind the shock evaluated as in plane geometry are estimated respec-
tivoely at 1,9 Mbar and 1.75. The light transmitted disappears entirely
at the time tg'
time of the shock wave on the axis of the target. The symmetrical disap-

= 6.3 ns which can be considered as the convergence

pearance of the laser light transmitted allows us to assume that the shock
wave is moving symmetrically in towards the axis of the target in spite
of residual asymmetries in the laser energy deposition, This fact can be
explained by the effect of lateral thermal conduction which smoothes the

peaks of laser [lux,

In conclusion, these measurements confirm that a high power laser
beam focussed onto a solid target is able to drive a strong shock wave
inside it. Discrepancies exist, however, between the experimental values
of the pressure and the values predicted by numerical calculations in
agreement with /5/. These discrepancies can be interpreted first by the two
dimensional aspect of the plasma expansion due to the lateral thermal
conduction and second by the fact that the velocity D is not constant, as
we assume it to be during the shoeck front propagation. Tt varies with the
time as ﬂalb (t). In eylindrical geometry, the measurements show that
several beams focussed onto a target are able to drive a convergent shock
wave, Residual asymmetries in laser llght energy deposition are smoothed
by thermal conduction.
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LASER INTERACTION WITH ALUMINTIUM TARGET
J.C. COUTURAUD, C. FAURE, J. MARTINEAU

Commissariat & 1'Energie Atomigue, Centre d'Etudes de Limeil
B.P. n® 27, 94190-VILLENEUVE-SAINT -GEORGES, FRANCE

Abstract : A study coneerning the interaction of laser beam with Al target
is presented. Investigations were made of charge state of ions, reflecti-
vity and X-line emission, Experimental results were compared with a

theoretical model.

INTRODUCTTON

In the context of laser driven fusion, most of the works concern
interaction studies of a laser beam with hydrogen or deuterium targets,
i.e, with light elements. For the last three years many experiments have
been carried out using multibeam laser systems to compress small spheriecal
pellets, In the future these targets more complex may consist of thermo-

nuelear fuel surrocunded with high Z materials.

In order to understand and improve the laser coupling effieciency
some single beam experiments involving interactlon with high Z targets
are required. In this paper we present some results concernlng the inter-
action of a neodymium glass laser with an aluminium target.

EXPERIMENTAL SET UP

A Na”* glass laser with a pawer of about 1 OW was used. The pulse

duration was 30 ns half width. The laser radiation was vertically polarized.

The laser beam was focussed in vacuum onto a plane massive aluminium
target with a lens of 5 om foeal length and £/1 aperture. The flux density
on the target reacned 5.1012 N/cmg. The focus size was determined from

X-ray pinhole pictures. The experimental set up is represented in fig. 1.

An electrostatic analyzer and a Faraday cup were placed perpendicu-

lary to the target surface. The analyzer gave energy spectrum and charge
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i
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8 10 % torr
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Figure 1
EXPERIMENTAL SET UP
1-6 : Laser system 14 : Electrostatic analyzer
7-8-9 : Glass plate 15-16 : Absorbing foils
10 : Calorimeter 17 : Soller slliis
11-12-13 : Cells 18-19 : X-rays detectors

state of the ions, The Faraday cup allowed to measure the total number of

charges.

Fast cells measured the specular reflected at 90° and the backscat-
tered laser radiation through the angular aperture of the lenses (I‘ig. 1).

A flat crystal spectrometer with a proporticnnal flux gaseous counter
was used to identify X-ray lines from highly stripped ions and measure the
intensity of these lines.

EXPERIMENTAL RESULTS

In figure 2 is represented the average charge state of the lons in
the plasma versus the ineldent laser flux, These values were deduced from
experimental results obtained E
with the electrostatic analyzer,
taking into account recombi- 1o
nation phenomena which play
an important role during
plasma expansion 1/, 5

The reflectivity in the
backscattered direction and Q

in the 90° direction is represented in figure 3 as a function of laser
flux @ / B, (wnere § = 5.10"%/er’).

The variaticn of the reflectivity REPLEGTIVELY:

during the laser pulse is shown
in figure 4, We can see that the

10 1-
Theor:
reflection at 90° is more important
s
than the backscattered reflection, e o0
but its value is relatively low

=2
1 .
(207 BACKSCATTERED

With a spectrometer we have ]
identified Al XII X-ray line at u‘
107

o o

)\1 =7.75 A and >\2 = 6.63 A. No R

lines from A1 XIII were observed. The o e A0 £ _ﬁ_g
o

energy in the Al XTI X-ray line has been Figure

evaluated to 2,10'5 Joule in 47T steradians. REFLECTTVITY

The ions mean kinetic energy ls rela-

ted with the electron temperature by /5/ : -

1574
DISCUSSION
Electron temperature can be determined 2
from the charge state of the plasma (fig, 2) 107
assuming coronal equilibrium /3,4/. Values b
are shown in figure 5a. ==
YY—rr T

E;:—;ya’_ﬂ__(f_'_nﬂ'@ Z0 -0 16

i, Time ns
¥nowing the mean kinetic energy and the me(ev) Figure 4

mean state charge from analyzer and 133_

b
Paraday cups measurements, we can &
deduce T_ (figure 5b). These values 5 7] ©
€ 107
are larger than these shown in Tigu- a

re 5a, This disagreement probably comes 4

from the fact that in addition to free 15 |

adiabatic expansion, ions are accelera- Figure 5

ted by a self-consistent electric ; ,E!(w/cma)

field /6/. - (7o YRR R o -
£/ w? 10 e 10t

In the thin target medel /7/ giving scaling laws, the temperature

can be deduced by the relation :

N boo1/2 s U5 ,-1/3 U5
T = 28100 ¢, A m A N
ﬂa in 'ﬂ/x:mg, A in pm, m in kg, Te In eV. The temperature is represented

in figure Se.

As we see In figure 5, the three different methods of deducing Te
give a dependance Te o¢ E*/B. This result is in good agreement with the

thin target medel and with results of reference /8/.

An absorption model of laser energy by electron-ion inverse brems-
strahlung has been carried out, which takes into account an absorption
coefficient with a finite value at the critical density, Numerical results

in Flgure 3 {Th) agree with the experimental results.

At the maximum flux density it is possible to present an energy
balance : reflected energy laser 2 % ; kinetic energy of the ions 70-90% ;
tonization energy of the ions 7-10 % ; X-ray energy (X > 1 keV) 0,1 &.

We thank B, AVENEAU, M, BRUEZIERE and J.L. IARCADE for their

technical assistance.

/1/ Afanas'ev, ¥,U,, Rozanov, V.B., J.E.T.P. 35 (1972) 133

/2/ Me Wnirter, R.W.P., Plasma Diagnostic technigues, Acad. Press (1965)

/3/ House, L.L., Astrop. Journal 8 (1964) 307

/4/ 'Mosher, D., Report N.R.L. 2563 (1973)

[5/ Dick, K., Pepin, H., Martineau, J., Parbhakar, K., Thlbaudeau, A.,
J. of Appl. Phys. 44 (1973) 3284

/6/ Bykovskii, Y.A,, Sov. Phys. Tech. Phys. 18 (1974) 1597

/7/ Bonnier, A., Martineau, J., J. Appl. Phys. 44 (1973) 3626

/B/ Donalson, T.P., Hutcheon, R.J., Key, M.H., J. Phys, B, Atom.
Phys. 6 {1973) 1525




LASER PRODUCED PLASMAS

ION TAIL FILLING IN LASER-FUSION TARGETS

Dale B. Henderson
Theoretical Division, Los Alamos Scientific Laboratory
Los Alamos, New Mexico B7544, U.S.A.

Abstract: Thermonuclear burn begins in laser-fusion targets with the
collapse of the imploding fuel shell. At this instant the ion velocity
distribution is non-Maxwellian, requiring correction to the commonly used
computer simulation codes. This correction is computed and compared with
that arising from the loss of fast ions.

Thermonuclear burn of laser-fusion targets is generally thought of
as commencing when a shell of DT (deuterium-tritium) fuel collapses at the
central point. This shell may either be present initially or it may be
formed through accumulation and compression of an initially homogeneous
fuel,l At the Instant of collapse the velocity distribution of fuel ions
may be thought of as a delta-function in speed: ions moving in all direc-
tions but with a common speed equal to that at which the shell moved inward.

In computer ecalculations of the implosion and burn!z':]]howevgt, the
velocity distribution is not taken into proper account. Instead the ion
fluid is taken to always have a Maxwellian distribution with the correspond-
ing fusion reactivity <UV>H. Because the fusion target may disassemble on
a time scale comparable to that on which the ion distribution relaxes, it
is important to study the relaxation and the corresponding values of fusion
reactivity <ov>. In this paper we describe a multi-species “okker-Planck
computer code developed for this purpose. We present calculations of the
magnitude of the result which may be used to post-correct the usual com—
puter simulations. We also compare this effect with another related
correction: the loss of {ons from the tail of the cl1.e:rj.hu|:i.m:1[Al

The relaxation of <ov> toward its asymptotic value <gv>

M
ponding to a Maxwellian ion distribution, is shown in Figure 1 for a

, corres=-

number of cases. In each case the temperature T is that of the Maxwellianj
the initial beam speed is v = (3k.‘l‘fw)=1'f2
From the figure we see that the relaxation

The horizontal lines are the
asymptotic values C:rv>“.
requires more collision times at the lower energies, because of the steep-
ness of the cross section 0 at lower energies. The T = 20 keV case is
interesting in that it shows a small (5%) overshoot with the relaxation

to the asymptotic value coming from above,

In figure 2 we plot the distribution function g(v) as it relaxes
toward the Maxwellian. The plot is for the T = 6 keV case, but is really
self-similar if scaled for different energies. We see that even after
nearly 100 mean collision times the deviation from Maxwellian is appreci-
able at 10 times the thermal energy., Overlaid on the plot is a plot of the
DT eross section o, scaled in the energy coordinate as is appropriate.

Also plotted in figure 2 is the distribution for the T = 20 keV
case initially, asymptotically, and at vt = 12,38 which corresponds to the
maximum value of <ov>, From this figure it is clear that the relative
over-population of g(v) adjacent to the initial delta-function is more
important than the relative under-population in the far tail which lies
largely beyond the maximum in 0. This explains the interesting overshoot.

The rlatali]
results which assume Maxwellian distributions. As an interesting applica-

are intended to allow the post-correction of computed

tion we apply these tail-filling corrections to the results of the initial
condition bum-sl:uﬂy[” which we have also modified to estimate the effects
of fast ion 1Dsses!4] The two corrections overlaid on the (Maxwellian)
computer simulations are shown in figure 3. We see that there is a linear
region separating the bootstrap heating and central ignition regime at high
pR > 1, gm n—2 from the region of important corrections at low pR < 0.01
gm cn~2. This separation justifies the neglect of non—linear processes in
the present analysis. The values of f << 1 justify the neglect of fuel
depletion.

From inspection of the two results it is clear that in most cases
the fast ion loss is the more important effect. In those cases in which
the finite tail-filling is more important it 1s only a 20 to 30% effect.

In the spirit of post-corrections to hydrodynamics calculations
which assume Mazwellian distributions, we have performed some combined-ion
loss and ion evolution-calculations. For the loss term we consider the
loss of particles by diffusion from a uniform sphere, using well-known
results from reactor :hal:n'y.[SI The fractional burn-up values for the
1 keV case are shown in figure 4. For the very thin pR = 107 case,
the fractional burn-up becomes nearly constant as the <ov> value
drops. Such data may be used to post—correct hydrodynamics-burn calcu-
lations. Simple bare pellets are known to effectively disassemble in an
2]

expansion time

Tl RMCB, G, = sound speed.

¥
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For 1.0 pg DT spheres at 3 keV, this works out to approximately

In the pR = 107 and 107

n'rB = 1.4 X 1015 (pR)

3

(cgs units)

B cm"z cases the disassembly is so rapid as to

occur before the fractional burn-up deviates significantly from the thick

(pR =10~

2

gm cm_z) result. That is, in these problems the truncation of

the distribution loss by ion loss will have no effect. In structured

systems, however, the confinement times may be considerably longer and the

deviations from the thick-case results may be important.

Having explored the ion loss effec

4

the time evolution of the

distributions, and the combined problem, we feel that we understand the

[6]

observed ylelds which are below a priori (Maxwellian) estimates: = It is

possible to construct hydrodynamics-burn computer codes which take proper

account of these effects using the methods outlined here. However, in

2

view of these effects becoming unimportant above pR = 0.0l gm em -, the

effort does not appear justified.

It is important, however, to have

resolved the question of why the initial experimental yields lie below

the Maxwellian results.

*
This work was performed under the auspices of the United States Energy

Research and Development Administration.
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K-RAY EMISSION FROHM LASER-PRODUCED PLASHAS

J P Christiansen, K J Peacock and M Galanti

Culham Laboratory, Abingdon, Oxfordshire, England
(Euratom/UKAEA Fusion Association)

Abstract: Comparisons are made between experimental spectroscoplc measure-
ments and computer calculations of the soft X-ray spectrum emitted by a

polyethylene target irradiated by an Nd laser. A 2-D MHD model depicts the
behaviour of the plasma which is assumed optiecally thin in the X-ray regime.

Effects from self-generated wagnetic fields are discussed,

1. Introduction, There is considerable interest in the behaviour of
plasmas produced by irradiation of solid targets with high intensity laser
beams, e.g. laser fusion [1], X-ray sources [2], X-ray spectroscopy [31.
In this paper we study the production of X-rays from polyethylene targets
irradiaced by a 1,06 micron neodymium laser. We present results from cal-
culations with a 2-D MHD model "CASTOR" [4] and compare our results with
the measurements of Galanti, Peacock, Norton and Puric [5]. First we
briefly describe the model CASTOR and che assumptions made to calculate the
X-ray spectrum. The parameters of the experiments-caleulations are given
separately. The results from our calculations and the spectroscopic
measurements [5] are in reasonable agrecment and this is discussed at the

end of the paper along with the validity of the assumptions made.

2. The Physical Model. Cylindrical geometry with rotational symmetry is
assumed, i.e. only (r,z) dependence of any quantity is allowed. The laser
light pulse travelling in the z-direction and characterized by an illumina-
tion profile PL(r,l:) hits a cylindrical plasma targec of dimensions R by Z..
The target is assumed to comsist of a moderate Z element, e.g. carbon,
aluminium, iron etc. or a compound like polyethylene or nylon. The state
of the target is described by a coronal steady-state model [6]. The model
assumes equal ion and electron temperatures (Tn:Ti) and from '1'e and the
ion number density n all thermodynamic quantities of interest are cal-
culated. The total power loss Erom continuum radiation (bremsstrahlung

and recombination radiation) is [6]

i VK
(57 Z-1
roengn, 13 "T) - o

where the bars denote a summation over different lonization stages and E, )

is the ionization energy at level Z, Similarly the power loss due to line
radiation is [6] (g% oscillator scrength).
577 z )
Bpmmgm, To 8o ~By il T, . (z)

F.s 41 being the energy difference for the transition N~Nil and the bar

indicating & summation. The total radiation loss PC+PL is black-body limited.

The plasma is described by a set of MHD equations as given by
Braginskii [7]. The equation for the magnetic field includes the source
term YV x ﬁ responsible for the generation of the azimuthal component

By (Winsor i Tidman [8]), which affects the transport coefficients.

3. The Spectrum. The calculation of the spectrum of the emitted radiation

is based on the following two simplifications:

(i) spatial transport of radiation and frequency diffusion are neglected;

(11) only the continuum spectrum (Eq.l) is studied. However, line radiation
(Eq.2) still counts as a loss to the plasma.

In terms of the radiation temperature ‘l‘l_=hv the spectral intensity dis-

tribution is given as

L
BT )} &7 = ¥ = m dT (3}
r T c Te r
The total spectral energy distribution is
ED
spar, = [ [ser 21 avac )

e v

where dv = 2nrdrdz, e hu:p is a cut-off at the plasma Erequency wp,
and t, is the time taken for the plasma to cool down. The calculation (&)
predicts only that part of the spectrum originating from the thermal elec-
tron distribution and cannot accurately deal with the high-energy tail of

the spectrum arising from supra-thermal electrons.

4, Laser-Target Parameters. A polyethylene target with Ro = 250 jm ,

L, = 400um, is given an initial temperature of 1 eV and an initial exponen-

tial density distribution in z with ny varying from solid density n, to

l.l:l-snn over a distance d. The laser pulse [5] is assumed Gaussian in
time, half-width 2.25 nsec, peak power 5x 10°Watts, energy ~ 18 Joule, The
fllumination intensity has a Gaussian variation in r and the half-width

ER is varied from 75¢m to 150 pm.

S Results. In Figure 1 we show the calculated energy spectra E(Tr)
(Eq.4) for ER=75|-WI and 150 ym corresponding to average illumination

-z

intensities of 2.8 x 10°“Watts cm ® and 7 x 10**Wates cm™® respectively. The

experimentally-measured values [5] also shown in Figure 1 have been obtained
at an illumination intensity of 7x10*% Watrs cm_a, and we observe a reason-
able agreement between calculations and experiments. In our calculations we
have varied the value of d from 30um to 375um and found little change in
E(Tr), although at a given instant in time S(Tr) changes substantially.

We have also studied the effects from the self-generated magnetic fields by
performing calculations with and without Ba. 1t is found that at ER-150 Bm
Be has little influence on the spectrum. However at ERS 75 im the spectrum
of Figure 1 changes from a two-temperature spectrum (with BB) towards a one-
temperature spectrum (no Ba) like the one shown For ERWISUB;? . With
increasing illumination intensity (ER decreasing) a higher _: is estab~
lished and this gives rise to a faster growth of b, [8]. The main Lnfluence
from He on a nanosecond timescale is cthe reduction in the electron thermal
heat transfer across the field. At densities near the critical density

0, (~10"" en™), where most of the laser light is absorbed, the emitted
radiation will hence be characterized by a temperature higher than those
which characterize other emitting regions of the plasma, Our results indi-
cate that a4 two-temperature spectrum as shown in Figure | results Erom
illumination intensities above lGLJWatts r:m_z, when the generated Bﬂ is

sufficiently strong to prevent isothermalizarion on a nanosecond timescale,

To reproduce the experimental values shown, it has been found necessary
te increase the intensity by a factor 3-4 and even then the second tempera-
ture of 680 eV is still below the experimentally determined value of 1300eV.
This discrepancy is caused by the simplifications to the model: trapping of
line and continuum radiation would give rise to higher energy densities;

a finite ion-electron emergy equipartition rate ('Ie # Ti) would produce a

higher T, particularly in the corona.
In conclusion our results demonstrate that the model used in the cal-

culations is sufficiently realistic to reproduce experimental laser-target

situations and explain the behaviour of the produced plasmas.

LoglE) [ TouLe/*% ]
B

Fig.l. X-ray spectra

v 150 pm
= D5 s caleculated at two values
-9 /
} » Exp. values of the laser beam radius
J fR(x and o). The experi-
mental values shown are
7”}1 TRy those obtained by
.o .

| o "-,\' . Galanti et al. [51.
|
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MAGNETIC FIELDS IN A LASER-PLASMA INTERACTION
R.S. Craxton and M.G. Haines

Imperial College, London

: netic fields can
Abstract: Spontaneously generated mag s

substantially reduce the thermal conductivity in pellet
atmospheres and give rise to localized hot-spots, which may

ljead to the ablation of anomalously fast ions.

Origin and role of magnetic fields: Magnetic fields have

been observed in laser-target experiments and are believed

to be thermo-electrically generated as a result of non-parallel
density and temperature gradients in the absorption region(l).

In laser-fusion experiments they may grow through non-uniformities
in the laser beam or from instabilltlﬂs‘z).

The electron thermal conductivity, essential for
the efficient transfer of heat into the compression region, may
be drastically reduced by the large value of %t generated; a
related effect is the production of "hot-spots" - regions where
heat is deposited by the laser but prevented from escaping by
large confining magnetic fields. These hot-spots may be the
origin of the suprathermal fast ions observed to carry away an
anomalous proportion of the absorbed energy in ablative kinetic
Enerqy(3,.

Alternatively, J.B forces in the low density
atmosphere may be a source of acceleration, although according

to our computations this is a less important effect.

DIAGRAM 1

Al

Computer Model: These phenomena have been studied

computationally using a 2-D cylindrically-symmetric Eulerian
code. Fluid equations describe the density (p), radial and
axial velocities (V. ,V ), azimuthal magnetic field (B,) and

electron and ion temperatures (Te,Ti). The equation for BB

is 3B, 1
== v,\[— VaB -2 VnkTe]a
aT
sy Jn 0L BR + smaller terms,
ne ar z

the source term largely determined by ETE/EI.

In Diag. 1 the (l1.06um) laser impinges on a
deuterium plasma along the z-axis from the low density region
on the right, and dumps its energy at the critical density.
The beam has a Gaussian radial profile. of half-width 75um, one

quarter  the width of the simulation region, and its intensity

12

increases linearly with time to a peak of 2 x 107" Watts at 40ps,

and thereafter remains constant. Typically, at about 100ps,
10-20% of the energy is transferred to ion thermal energy via
equipartition and 5-15% to kinetic energy via the electric field.

Diag. 1 shows TE at successive times. The diagrams
are scaled to the maxima (respectively 1.6, 4.5, 9.4 and 29KeV)
and illustrate the thermal front advancing towards the solid (on
the left) and the development of the hot-spot.

Diag. 2 (A,B) shows the maximum B and 2t as functions
of time, attaining the typical values of 1MG and 600 respectively.
Diag. 2(C) shows the distribution of T, with a peak of only 420eV,

compared with ablative velocities (Diag.2D) of 3n10%

cm/s.
References: l. J.A.Stamper et.al.,Phys.Rev.Lett.26,1012 (1971).
2. D.A.Tidman and R.A.Shanny, Phys.Fluids 17,1207 (1974).

3. R.C.Malone et.al., Phys.Rev.Lett.34,721 (1875).
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HARMONIC STUDIES IN A NEODYMIUM LASER CREATED PLASMA
A. SALERES, M. DECROISETTE

Commissariat & 1'Energie Atomique, Centre d'Etudes de Limeil
B.P. n® 27, 94190-VILLENEUVE-SAINT-GEORGES, FRANCE

Abstract : New experiments concerning Uy, 2y, 3-2£"" backscattered
radiations, from a Nd* laser created D, plasm, have been performed. The
2 (e and Mharmonina afford the laser radiation flux in the critical

2
absorbing region, and the density scale length of the expanding plasma,

When focusing a powerful neodymium laser beam onto a solid deuterium
stiek, a hot plasma is continuously created on the surface of the ice.
Moreover, according as heating of the plasma is dominated by hydredynamic
or thermal conduction /1/, the critical density may be located inside or
outside the target, Harmonic and subharmonic cceuring during the interac-
tion have been previously reported /2,3/. They provide emissions increa-
sing with radiation flux inside the plasma.

We present here an experiment where spatial investigations on 2 UJo
3%" generation leads to the location of the plasma density where
ng = n, and n, == nc/!!.

Two main mechanisms give well account for second harmonic generation

in an inhomogeneous plasma in the viecinity of n,.

First, the component of the electric field along the density gradient
can drive electronic plasua waves at LU o= W ; (t.!.Jp‘2 = e .: ). Coupling
between longitudinal waves and transverse ones leads to the 2 UJ),generation.
For a one dimensional plane plasma expansion, the second harmonic field
components propagating backward, outside the plasma, are symmetrical of
the incident ones, For experiments of interest, a plane expansion is
expected for a spot diameter greater than 120 pm, obtained by slightly
moving the target with respect to the focal point of the lens /3/.

The angle @, between the incident wave vector and the density gra-
dient along the axis of the lens increases from 3 degrees to 16 degrees,
the focal distance of the lens being 75 or 95 mm, and beam diameter
about 50 ma, The radiatien flux in vacuum being less than 7.10% W/or’,
the structure of the fleld near n is determined by weak spatial disper-
sion /5/. The density scale length “Lam = H is greater than 100 Um and
implies Wolt, sin® &, 2 1. Then 1? : %5 the ineident rediation flux,
power emitted at 2 (U is of the form :

Ruw. = AL"J&T- z?(@l—i 7)d4

The second convenient mechanism involves the plasmon phonon decay
instability, which causes the ion density to oscillate at /L ; the

BJU-LHS‘J'PG

non linear response of the plasma lead to light emission with frequencies
2 Wy~ S or 2 (LU Jls) This pr‘ocess takes place near (U r\-UJ and
the emitted 1ntensity is a function of Ii . Such a mechanism th_rs.-shuld is
ranging about 10 N/crn A

Plane aspherical focusing lenses are not achromatic and their focal

distances increase with uavelength (for instanr.-a}, = 10 600 ;,

B 75,20 mm ; for )\ =5 300 A, £ = 73,18 mm). But the dense point
of the plasma and its critinnl density lie in the vicinity of the focus
of the lens for 10 600 i Thus the 2UJ° beckscatiered beam will converge ;
a prismatic beam splitter, inserted on the laser beam, allows us to obtain
a 2(_% plcture of the critical density region on a photographic plate and
the 2, time evolution by means of a photocell, According to the focusing
conditions, the zwo pulse half width varies from 0.8 ns to 1.5 ns ; these
values are the exposure time of the plates from which location and size
of the critical density region are inferred. This exposure time was
reduced down to 0.4 ns by using a 400 ps opening framing IEP camera, It
was shown that the interaction spot dimension is constant during the top
of the incident pulse, Keeping incident power fixed at 16 GW, we have
performed a study of size and location of the cut off region, the surface
of the target being moved with respect to the focus of the lens (see fig. 1)
The radiation intensity ranged from 10'2 W/or2 to 5.101% w/en® 1n the
critical spot,

For a constant value of d (aceuracy = 10 flm) the radiatien flux
is varied with neutral filters, For d > 100 Am we have shown that the

2
reflected energy at wo increases with Ii. the law P2 w I, is well

d =320pm 160 8

ﬁ\/

o

laser

o
— d FIG N°1 d

accounted and the 2 UJ emitting zone 1s slightly inside the target. Fur
= 0, u}ﬂ rEflectiun increases up to laser radiation fluxes of 3. lD
lw,{z:m2 and then decreases. Tt seems well accounted by stimulated Brillouin
backscattering. The square law for second harmonic backscattering 1s well
verified up to B GW. Above this value, P,

2ub
Moreover the 2 wy emitting zone is located inside the stick, Parametric

increases more quickly.

effects arise correlated with hard X ray emission with energy up to
300 keV, and with shift and broadening for the second harmonic line,

At right angle the 2W° pulses have the same duration as the back-
scattered ones and the photographs of the plasma give the same results
as in axial experiments. Moreover, it is observed that the plasma expansion
becomes more and more plane with increasing defocusing.

As the 2 w, beam, the )w" backscattered beam converges (focal dis-
tance = T,25mm n.t 7060 A) ancl gives a picture of its emitting region as

can be seen on fig. 2. It

3
appears that the ~—° line
is generated in a region ‘
eloser to the lens than the
So

2 W, one. For d =0, = dOym
is issued from a region

located slightly inside the F,G N“ 2

target, and for :l7/ 80 lum, outside of it, This result agrees with theore-
tleal and computer works /B,9/ where the 2 line is produced in the
underdense region of the plasma. Tt probably arises from ncﬂl and may be

due to a parametric plasmon-phonon or stimulated Raman instability.

]
The reflected light at (O, and the intensity of -c—éu“ line peaks at
the same point for d = O and decreases when d increases. At right angle
?.L'U_’-‘ line intensity increases with d and peaks for d zlﬁopm. inside or

outside the target ; this seems to be due_to a partial reabsorption by the

target itself, These results agrees with
Fig. 3 shows the relative position of n, and nc/ﬂ in the plasma ; the

perpendicular photographs.

S:2 5 So

FIG N3

d(umy 0 80 160
S5, 60 | 70 | 14040
290/ ss, ? 60 | 120

insert gives the averaged plasma density scale length (in 'p',m) measured
(S'l ) 5'2) and corrected taking into account plasma refraction (Sl N SE)'

Such pictures provide an easy method to measure spot irradiation of
the stationnary plasma, It will be useful to compare it with X ray photo-
graph /10/ giving the spot diameter of the energy distribution due to
thermal conduction. Such experiments allow us to classify absorption
phenomena according to radiation flux inside the plasma and to measure
threshold for instabilities occuring at n, and nc/'t.

The authors are indebted to J.P. BABUEL-PEYRISSAC, P. GUILLANEUX and
C. PATOU for useful discussions and to H, CROSO and A, QUEFFELEC for
technical assistance,
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[3/ saleres, A, et al., Phys. Lett. 454, n° 6 (1973) 451
L4/ Vinogradev, A.V, et al,, Soviet JETP 36 (1973) 492
/5/ Piliya, A.D., Sov. Phys, Tech, Phys, 11 (1966) 609
/6/ Erokhin, N.S. et al., Nucl. Fusion 14 (1974) 333
/7/ Saldres, A. et al., Opties Communications, to be published
/[8/ Martineau, J, et al., Phys. Lett. A7A, n® 1 (1974) 43
/9/ Biskamp, A. et al., P.R.L. 34 n® 6 (1975) 312

10/ Key, M.H. et al., Phys. Lett. 48a (1974) 121
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*
HARMONIC GENERATION BY A FOUR-WAVE PROCESS
Nguyen Duc Long, K.J. Parbhakar and T.W. Johnston
Centre de 1'Energie, Institut National de la Recherche Scientifique

Université du Québec, Varennes, Canada

Abstract: The superelastic scattering of the incident radiation from decay
Abstract:

instability plasmons or from two plasmon instability plasmons is considered
as a possible mechanism for the emission of the second and three-half
harmonics. The instability thresholds and the growth rates are given for

the harmonics.

Several laboratories have reported emission of the second and
three-half harmonic of powerful lasers due to the interaction of laser
light with the plasma created by the laser pulse using various targets.
Attempts to explain these emissions have been made by Bobin et al [1],
Mascheroni [2] and Chambers and Bers [3]. Whereas any non-linear mechanism
can produce second harmonic the theoretical explanations for the three-half
harmonic are rather limited. The authors [3] consider the two plasmon
ingtability followed by three wave Raman up conversion while the mechanism
discussed in [1] is rather obscure. We consider here another possibility
for the emission of second and three half harmonics, namely the superelas-
tic scattering from the decay instability plasmons and from two-plasmon
instability plasmons respectively, (see Fig. 1). The typical plasmon has
a wave number ﬁL which is too large for three wave Raman up conversion, the
introduction of the decay phonon § makes the momentum conservation condi-
tion easy to satisfy and since a large range of initial plasmon wave numbers
are possible one can nearly use all plasmons.

Evidently one muslL welgh the lower cross section for this four

wave process which uses most plasmons against the larger cross section for

Tz

T
Fig. 1 Four wave superelastic scattering VY.

3

three wave Raman up conversion which can use only those plasmons with
electromagnetically small wave numbers. The simple plasma model used here
is characterized by the fluid equations for electrons and ions with adiaba-
tic state law. The equilibrium state in the presence of an ensemble of

waves in a plasma is then described by

E=IE
A A
n, = inA+1!2 ABB " (1)
- - -
v £VA+1IIEVAB

* k _k x
where A,B E{Tl. 72' Ly S5 Tl' 1'2, L, S} and the * indicates the complex

conjugate. Here n, and ;A are the first order induced density and velocity

A
by a wave. Similarly LI and .;AB are the second order induced quantities.
Both L and ;A.B can be easily expressed [4] in terms of the first order
quantities n‘\ and VA.

Combining the fluid equations with Maxwell's equation we get

d 3 2 2 2 = 2 2 >
7 2+= VxVx+mpe thhW. E.-thhmpiw.inr (2)
at at
where the second order non-linear source term F is given by
- +
¥ e pe[ 3 K‘u ¥ KABC
LR I i, — f +3 + Z iw = f
5 2 ALB AB i.uu A,B A,B A,3,C ABC mABC AB,C
+
+ ju.c] 3)
where KABC_KA+KB+KC' w.\]lc-m +u.|n+wc and
g - -+

L -+

A 3 e
Ie™ W Yt W m

%)
N being the equilibrium density in the absence of waves
To derive the coupled mode equations 3/3t in Eq.(2) is repla—
ced by (—iw + %) where 3/0t acts on the amplitude only [5]. Substitu-
ting in Eq. (2) and using linear dispersion relation for mode A we get to
first order in 3/3t 5
dEA
A dt

Y

L a
A

where 8, = 21&: if A is a plasmon or a photon and a

)

o —21u:amA for a
phonon. By identifying terms satisfying the resonant condition [(Lq,n +up,
T‘Tl + i._.) = (ug, +u, il‘l + ﬁg)} Eq. (5) reduce to a system of equations
describing coupling between '1'2 and § in the presence of Tl. and L. The

coupled equations are

dEry

*
a t o Vmafrz = 10pPnfifs

axg i A
dt ¥ UEEE - i[:sili:”[].E'l.]?“].'E

where we have phenomenologically introduced the damping of Ey, and E_ by

®)

the appropriate collision frequencies. The coupling coefficients are

given by
g oma & (f‘.&) 1Y Y Yy tudEy - BIE, . B
= 2A\m,/ B of, gy Mg oy = wdlugy +up)
th “pi

(qej 1 % (w'[. & ms)lé'l'i i E[.“:Es = E‘I'Z)
el vy Gy ey )

where ﬁ refer to a unit vector. In what follows we assume that E‘I‘Z = —]-Lu
(i.e. back scattering). The instability threshold is given by

Vr2%s

e | (5] =
o LS €,

and the growth is

1 a2 2 2.1/2
Y=g gy +v) + [y = V7 €GB BT
Far above the instability threshold we have for

a) Second harmonic (wp,= !uLJ

q2 2 1/2
1 e 1 1 5 s
A Rl S i (mT 2 ) Py 1B,
m v 1 1 w
e th pi

b) Three-half harmonic (u,,= 2w, )

,
Ve Tl T1

2 1/2
w
1 Y 1 1 s ] . .
Yo~ "m% 2 2 (w 2 ) Py 1|
m w
pi

These are the maximum growth rates which occur when the incident radiation
and the emitted light have the same polarisation. Hote that the second
harmonic is produced at critical demsity while the 3/2 harmonic at the

1/4 critical density.
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ENHANCED REFLECTION DUE TO BRILLOUIN SCATTERING FROM AN EXPANDING PLASMA
I. M. BEGG and R. A. CAIRNS

University of St. Andrews, St. Andrews, Scotland.

Abstract: Tf the expansion velocity of & laser-produced plasme is eround the
ion-sound speed then in the laboratory frame we can have standing ion-sound
waves with pump and backscattered weves of equal freguency. Partiel

reflection of the pump wave from the high-density regions of the plasma cen

then lead, via Stimulated Brillouin Scattering, to enhanced reflection.

Consider three waves (mi,ki), with subseript

0 denoting the pump wave, subscript | the backscattered wave and subscript 2

the ion-sound wave. For strong interaction to occur these waves must
satisfy the resonance conditions wy =0, +w,, ky =k + 3_2. In the rest
frame of the plesma l.::2 = chs, where gy is the ion-sound speed, and

w =w, -k If, however, the plesma is, in the leboratory frame,

1T e
expanding with speed ~Cgs the frequency of the ion sound wave is Dippler-
shifted to around zero, the pump and backscattered waves then having equal
frequencies. So, consider & laser beam incident upon & pellet surrounded
by & spherically expanding plasma. Tris beam travels through an underdense
region before reeching the critical surface (where @y = mpe) and there being
strongly absorbed. In general, absorbtion at this surface is expected to
be incomplete and partial reflection will then occur. If the expansion
valocity is around e then the incident and reflected waves (which, of
course, have the same frequency) can interact resonantly with ion-sound
waves vie Brillouin Secattering, as described above. This behaviour is
analysed below and it is shown that it may lesd to strong enhancement of
reflection and reduction of the energy reaching the critical surface.

Consider, now, these idees in 1-D, representing the plasma by a
sleb 0 € x € L with linear density profile nu(xl = nux.n'L, onto which the
pump impinges for x < 0. We use the equations of Forslund et at, [1], but

transforming to e freme moving with veloeity u. In the stationary case,

these are, 5
2 = ol -
PO 2 |A =0 — A (1)
I:(uz-:: Jax_z + ml“] 0,1 Pemy 1,0
i . i o Bne ¥ elno 3?
GRS T T )
1
ani
u? )=0 (3)

+win -n,
pi'e i

where Yp is a collisional demping coefficient for ion-sound waves. We now

carry out & standard enalysis with small amplitude veriations over a

wavelength to obtein

(&)
(5)
eA[l 1
where “D 1 = ——’T;, and we have neglected u with respect to ¢ in (1).
¥ {m M.c*)
ei

There is no derivative in eqn (S) because the group velocity of the ion-
sound wave is zero. These non-propagating ion-sound waves are assumed to be
driven until they reach & level at whith damping prevents further growth.
This saturetion is assumed to take place in an initial period short compared
with the duration of the laser pulse, after which time the amplitudes are
stationary. If we measure distance in units of K:, where Ko = n:—o. then

equations (k) have the solutions

2 2 x . 2
: ~ au(o) i ) =1
(kouu)‘ = KD[::{! - W— exp | - Ec: ﬁ dx

)

(k

1 .2 2
mO) K,

2
;) 0

where c:: = u‘;(u) - u:(ﬂ) is a constant. In the case of 10.6um o, laser

radiation with the following paremeter values: u = = 'Il]8 em/s, L = 300

[ corresponding to = plasma of depth 0*5 mm [2]] and YD,’MD=O'|00’1‘5 [ collision
frequency due to demping at wave number KQ [3]] and incorporating & linear

density profile, these solutions are shown in Figure 1.

o
PN 4
&
X
=
kS
% O ]
1
ok . s
o K/‘_ I-o

Fiq. | WAYE AMPLITUDES

We note the relatively lerge velue of the backscattered wave at x=1L.
This is due mainly to the partial reflection of the pump et the critieal
surface, which, as we said before, arises becasuse the pump and backseattered
waves have the same frequency. Thus, the pump and reflected waves can
interect resonantly with a stationery ion-sound wave to increase the amount
of backscatter. In other words, we can get & strong enhancement of
reflection due fo this intersction. Note thet if the plasma is at rest the
pump and backscettered waves do not have the same frequency and this

mechanism is not feasible - the level of backscatter st the critical surface

is then the thermal level of wave 1, We now define the reflection
(i) ®
coefficient et x = 0 to be RO = 20 YT end that et the eritical

2
™ (kgeg)® L g
(xle,)

surface to be RC = . They are related by

R Ll
(k) I x=L
2

L
no—nceu-p{ac’ I ld.x} .
Tl kgt p
In Figure 2 the extent of the backscatter, i.e. RO, is shown as a function of

inecident power, for the cases RC = 0+1 and RC = 0-2.
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Fi9. 2 BACKSCATTER Fig.3 PoweR AT %=L

For low pump powers, there is little effect and the backscatter is
merely due to the partial reflection of the pump at the critical surface.
However, around 10" w cm_z, the resonant interaction already described
becomes dominent end the reflection is strongly enhanced. This reduces,
considersbly, the power reaching the critical surface as shown in Figure 3.

% ant 1070 e, e craet de veryimarkets

For pump powers between m1
increasing rapidly in this range. This is the sort of range menticned in
laser fusion situstions, These results are for the case u = es. However,
ealculations indicate thet this effect is feirly insensitive to an off-
resonance situation where u § egr  We would like to add that this
backscatter is dependent on L and so, for larger values of L, the effect will
be somewvhat greater.

Thus, when we include the partial reflection at the critical surface
of a pump wave into & backscattered wave of the same frequency, the subsequent
resonant interaction with an ion-sound wave leads to enhancement of the
backscatter. Beceuse of the high pump powers involved, the reduction of
energy reaching the critical surface can be quite considerable and thus

provide a possible berrier to laser fusion applications.

References

[1])D. W. Forslund, J. M. Kindel & E. L. Lindman;

Pnys. Rev. Lett. 30, 739.

[2] K. A, Bruekner snd S. Jorna;
{3] B. D. Fried and R. W. Gould;

Rev. Mod. Phys. L6, 325.
Phys. Fluids L, 139,




LASER PLASMA INTERACTION 75

TWO-DIMENSIONAL INTERFEROMETRIC MEASUREMENTS
OF A LASER-PRODUCED PLASMA IN A STRONG MAGNETIC FIELD T
L.C. Johnson and T.K., Chu
plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08540, USA
Abstract. Interferometric measurements on Gﬂz-laser-pmﬂuced plasmas in a
Abstract.

250 kilogauss magnetic field show the development of a slender, well-behaved

plasma column with an on-axis minimum, suitable for refractive trapping of

the laser beam.

High resolution interferometric techniques have been used to observe

1aser-induced gas breakdown plasmas immersed in a strong magmetic field. The
object of the experiment was to investigate self=trapping of a laser beam in
a magnetically confined plasma, with possible application to the development
of a fusion reactor of the type proposed by Dawson, et al. [1].

The magnetic field was provided by a twelve turn, helical, beryllium-
copper coil, emergized by a 260 kilojoule capacitor bank. The magnet had a
bore of 5 cm diameter and a lemgth of 20 cm. The field stremgth was variable
up to 270 kilogauss.

Plasmas were produced by gas breakdown at the focal spot of a 11102 laser
beam. Pulse energy was 30 joules, with a half-intensity pulse duration of
150 nsec.

The coz laser beam was focused onto a free-expansion gas jet in the bore
of the magnet. The jet was arranged to exhaust toward the incident laser
beam so that gas pressure on the laser side of the focal plane could be kept
low while the initial pressure on the other side of the focal plane was set
at some pre-selected value.

By this means it was possible to eliminate the laser-driven shock wave
which otherwise would propagate backward, toward the laser, and shield the
plasma from the incident beam. [2])

Two types of laser interferometry were used to observe the evolution of
plasma density in space and time. A Mach-Zehnder interferometer, illuminated
by a focused He-Ne laser beam and detected with a photomultiplier tube [3],
viewed the plasma side-on through small holes drilled in the magnet coil.
This gave a continuous measurement of fringe shift along a pre-selected chord
through the plasma with spatial resolution of about 50 ym and temporal reso-
lution of less than 5 nsec. The same interferometer measured initial gas
pressure on the high pressure side of the gas jet by the phase shift caused
by neutral gas along the line of sight.

Conventional two-dimensional interferograms were made at pre-selected
times after gas breakdown, using a ruby laser with a 3 nsec pulse durationm.
Mirrors in the bore of the magnet allowed the plasma to be viewed side-on
with a field of view about 1.5 em in diameter.

Figure 1 shows side-on interferograms

He AT 50 torr, B250KG

of the plasma produced in helium at an imi-

tial pressure of 50 Torr, and with an ap- T
lem 1245 nsec

plied field of 50 kilogauss. The plane of L

the jet orifice is at the left edge in
each picture. The laser is incident from
the left, with the focal plane coincident 1280 nssc

with the plane of the jet. The interfero-

grams show that the plasma grows in time,
both along the beam (and magnetic field)

and in the transverse direction. 12120 nsac

Fig. 1

Figure 2 is an
analysis of the first
interferogram of Fig.
1, at 45 nsec after
gas breakdown. Clear—
ly, there is a build-
up of electron densi-
ty at the periphery

of the expanding

plasma, pazrticularly <0

Fig, 2

in the direction of
beam propogation, where the density rises to more than half the critical
density for 10.6 um radiation (].UH cm_z). We note that refraction of the
incident beam, caused by such density profiles, was also directly observed,
as in Ref. [3].

Figure 3 shows interferograms at seven times after gas breakdown, with
an applied field of 250 kilogauss. The focal plane was moved 7.5 mm into the
high pressure side of the chamber to illustrate the beam-shielding effect of
the backward-going laser-driven shock wave. After gas breakdown, the plasma
grows rapidly in the backward direction (toward the laser) but slowly in the
forward and transverse directions. Only after the backward expansion reaches
the low pressure gas on laser side of the jet does the plasma become suffi-
ciently transparent to drive plasma expansion in the opposite direction.

Figure 4 is an analysis of the last interferogram of Fig. 3. Again there
is a pronounced density minimum on the plasma axis. Radial expansion is con-
siderably reduced by the strong magnetic field. At this high field, the on-
axis density minimum was clearly observable for at least half a microsecond.

In conclusion, our results show that (1) the on-axis density minimum,
required for laser beam self-focusing, is preserved in the presence of a
strong magnetic field, (2) the expected beam self-focusing is also observed,
(3) the lateral expansion of plasma boundary into the ambient gas is slowed
down as the magnetic field is increased, and (4) the higher the magnetic
field, the longer the on-axis density minimum persists after the termination
of the laser pulse, demonstrating the stronger confining effect of the mag-

netic field on both particles and (particle) energy.

22250 KILOGAUSS

14250 psec
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250 16
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SCATTERING MEASUREMENTS ON THE HEATIRG OF AN UNDERDENSE PLASMA BY AN
INTENSE CG2 LASER BEAM.

M.S. White, J.D. Kilkenny and A.E. Dangor
Imperial College, London, England.

Abstract: Using ruby laser scattering we have measured the heating of a

plasma at density 8.1016

m-3 by CGE laser radiation at 101014,"1:111_2.
Comparison with a numerical simulation yielded a thermal conductivity
about half the theoretical value. An extension of the experiment to

the flux-limited regime is proposed.

We report an experiment in which a plasma of sub-critical density
was heated by *30:3 laser radiation under conditions where classical
thermal conduction theory should apply. Ruby laser scatiering was used
to measure the heating and rarefaction. The observed time histories
(at various positions) of perturbed density and temperature were fitted
to the results of a numerical simulation of the experiment, using the
absorption and conduction coefficients as parsmeters.

The plasma wes & Z-pinch discharge in 200mTorr of hydrogen, giving
an electron density n, & 5.10160111-3 and an electron temperature, Ta = 5ev.
This was heated by & T.E.A. (!02 laser, which gave & 20MW, TOns pulse.

Both the COE laser and the disgnostie ruby laser were incident radially
on the pinch column centre, the radii being hSu apart. Light scattered
at QOD from the ruby laser beam was imaged onto the polychromator entrance
slit. The relative displacement & of the two lasers was adjusted along
the pinch axis by & tilting KC1 plate in the 002 laser beam.

On the length scale (lmm) and timescale (100ns) of the heating
experiment, the Z-pinch was essentially homogeneous, ccnstant and unmagnetised.

Results were teken for four relative displacements between the laser
beams; & = 0, TOOum, 2.4mm and lmm. There was no change observed at
6 = 2.4mm and bmm. The results at & = 0 and TOOum, which are om Fig. 1,
show conduction and a rarefaction.

A one dimensional cylindrical two fluid simulation was performed to
compare with the ciperiment. The sbsorption of 00, radistion was taken
as being by inverse bremsstrahlung, end Spitzer's thermal conductivity
vas used. The multiples k (absorption) and s (conductivity) were
introduced to allow computationsl variation. Thus s =1, k¥ =1 is the
purely classical situaticn. The effect of photoionisation should be
less than 4%, and that of stimulated Compton scattering less than 2%.

As shown in Fig. 1(a) the values of 8 = 1, k = 1 do not give good
sgreement. But excellent fits can be produced by varietion of s and k,
as shown in Fig. 1(b-d).

The fact that these results show roughly classical heating end
conduction is expected. At e density of 101T cm73 the only paremetric
instabilities with a threshold less than 1010 WCm_E are the backscatter
iusta.bilitiesz. A negligible mmount of rediation would be absorbed.
Langmuir waves excited would have a wave number k o l-aum_l, and so would
not be detected by the ruby scattering where k = lE.Qum_l. The heat
flux in the experiment should be much less than the flux limited value.
From the simulation 0.06 < R < 0.1 where R is the ratio of the heat Plux
to the free streaming limit. The further possibility of heat flux
limitation by an ion acoustie instability can be ruled out beceuse of the
low value of i‘e/Ti ~ 1.2 hsrea.

However, the simulation does show that a shert (2ns) intense (10W)
COE laser pulse will both drive the heat flux up to its flux limited value
and produce ion acoustic instability limited flow.

The question arises as to whether the theoretical ebsorption, or
theoretical conduction, or both are incorrect; our data alone cannot

entirely discriminate. A measurement of the amount of 10.6um rediation

transmitted did not give accurate information on the absorptivity because

of the variation of plasma properties along the beam. However, good
theoretical agreement (e.g. 1,4) and an accurate quez':'unentiJ establish the
absorption at k = 1.0 + .15. In contrast there is little experimental
work on thermal conduction, and a variety of theoretical values of the
conductivity. We therefore regard the theoretical absorption as

correct at k = 1.0 and use our results to deduce the thermal conductivity,

giving 5 = 0. # .2 or LOF % 20% of Spitzer’s theoretical value.
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Fig.l. Examples of experimental data (X) and some numerical fits. The band
represents the simulated variation across the spatial resolution. 1(a)
shows & coarse it to the observed temperature history at zero displacement,
to illustrate the sensitivity of the method. 1(b to d) show good fits for
the temperature histories at O and 0.Tmm, and density histrry at Omm. The
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LASER-PLASMA INTERACTIONS IN INTENSE MAGNETIC FIELDS*
W. Halverson, D. R, Cohn and B, Laxt
Francis Bitter National Magnet Laboratorys

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 USA

Abstract: Interactions of high-power COy laser radiation with magnetically con-
ittt

fined plasma are characterized by strong beam-channeling, a "bleaching wave" in
the plasma, and an undercompressed detonation wave in the unionized gas. Power-
ful submillimeter lasers are being developed to study laser-plasma interactions

and for diagnostics of Tokamak plasmas.

E CO, Laser Heating of Magnetoplasmas

In order for a laser to heat efficiently a plasma column of length much
greater than its dlameter, the plasma must stably trap the beam by the formation
of an effective dielectric waveguide throughout its length. We have shown experi-
mentally and theoretically that beam-trapping can be produced in plasmas created
by laser-induced breakdown of low pressure gases in a strong longitudinal magnetic
field.

1,2 we used a pulsed COq laser which was operated with

In our experiments
an unstable resonator cavity and produced an annular beam with about 15 joules in
a 75 nsec pulse. The beam was focused by a 40 em FL germanium lens into a low
pressure gas-filled cell located in the bore of a Bitter solenoid capable of producing
axial magnetic fields up to 110 kG, The transmitted laser radiation passed through
a NaCl window mounted at the opposite end of the cell and was monitored with
small moveable germanium photon-drag detectors.

The temporal and spatial evolution of laser-heated helium plasmas was deter-
mined using an optical detection system which measures locally the optical
emission from the 4686 § He II line and uearby continuum at 5210 §. Abcl-inverted
radial scans of the plasma were used to calculate the radial distribution of plasma
density and temperature. Soft X-ray diagnostics using gas x-ray absorbers instead
of metallic foils were used to check the optical temperature measurements above
~35 eV,

We found for plasmas formed by laser-induced breakdown of hydrogen and
helium from 5 to 40 torr, that a longitudinal magnetic field caused a strong con-
centration of the transmitted laser beam along the axis of the plasma region.

Figure 1 shows the transmitted laser intensity at various times after the beginning
of the laser pulse for (a) no plasma and (b, c) breakdowns in 20 torr of helium. The
intensity of the central peak increased at higher magnetic field and lower initial gas
pressure. The transmitted central peak was quite narrow; its FWHM divergence
angle was 0.9°.

Channeling of the transmitted beam is caused by the formation of a plasma
density minimum on the column axis due to plasma expansion during the laser
hea.ting. The radial decrease of the index of refraction can cause total internal
reflection of the laser radiation. Figure 2 shows radial density profiles in helium
Plasma In a field of 19.4 kG. The ~ 30% axial density minimum s much more than
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necessary to trap the incident laser beam, For this case, n, ~ 5x 10 7 m"3 and
Te = 25 eV so that 8 ~ 3. As the magnetic field was increased, the radial dimen-
sions of the plasma were reduced to about 0.5 mm at a magnetic field of 88 kG and
the plasma g decreased to about 0,3, For cases where § = 0.3 to ~ 1, no clear
density minimum was observed, although the collimated transmitted beam intensity
increased with magnetic field, For these cases the radial dimensions of the plasma
were of the same order as the resolution of the optical diagnostics.

The presence of a beam-trapping minimum has been predicted for plasmas
with 8 < 1 using a quasi-static (QS) model of the radial flow. The total magnetic
and kinetic pressure is equated to the initial magnetic field pressure and the field
is assumed to be "frozen" into the plasma, 3 Using Snell's law, the density mini-

"mum required for total internal reflection is then calculated in terms of the plasma
temperature, angle of incidence of the laser beam, and initial plasma conditions.
The temperature required for total internal reflection of an incident laser beam of

convergence half-angle g can be expressed approximately by

2 2
B o N 2 N
KT =2 [—“ #L BNy (1)
8N, [Neo % (Neu)
In Eq. (I) we have assumed that 500
the plasma density for cutoff, Nc, is
much greater than the initial electron 3 2
density Ng; o << 1; and that T, = T, = 'E‘
100
i =
&
The termperature required for § 50
beam-trapping was calculated from the £
QS model for the conditions of our § 20
=
experiment, Fig. 3. It can be seen that
electron temperatures of only 20-30 eV~ 10 ;I
are required to trap the incident laser 0 4 8 12x10
INITIAL ELECTRON DENSITY (em=)
beam. Electron temperatures in the Figure 3

range of 20-35 eV were measured for the 20 torr He plasmas by the optical and
x-ray diagnostics,

We have also studied the axial propagation of the laser-driven plasma fronts
both toward and away from the laser. Observations of the front velocities and
measurements of the plasma density and temperature indicate that the fronts pro-
pagate as under -compressed detonation waves.

In theoretical studies of CD?. lager heating of a long plasma column, we have
included the effects of electron-ion energy transfer and radial plasma expansion
in the propagation of the longitudinal "bleaching wave" of laser radiation. [on
heating rates are increased when radial plasma expansion {8 included in the model
and when the C()2 laser power Is p].'ng'mmmed4 as P r%.

II.  Submillimeter Laser-Plasma Interactions

Powerful sources of submillimeter laser radiation have been developed
recently which are being used for studies of laser-plasma interactions. A 496 um
CHSF laser, which is optically pumped with CQ, laser radiation, is now operating
as a dominant single mode oscillator with rather high efficiency. This laser
appears to be scalable to the 1 MW level required for ion temperature measure-
ments by Thomson scattering and other diagnostics of Tokamak plasmas. i

Using lower power CHHF lasers we are presently studying cyclotron reson-
ance breakdown of gases in a DC magnetic field of 216 kG and plasma heating at
harmonics of the cyclotron frequency. The laser will also be used to study para-
metric decay instabilities in arc plasmas,

*Work supported in part by U.S. Air Force Office of Scientific Research

tAlso Physics Department, Massachusetts Institute of Technology
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Experimental Investigation of Laser Heated Plasma

in a Selenoidal Magnetic Field
Z.A. Pietrzyk, H. Rutkowski, G.C, Vlases

University of Washington, Seattle, Washington USA

Abstract: Plasma columns 20 cm x 6 mm have been produced in a 100 kG steady
solenoidal field by CO, laser irradiation. Measured densities and tempera-
tures are ng = 5 x 10'7 and T, = 150 eV, for filling pressures of 19 torr

and laser energies of about 250 joules.

Following a suggestion by Dawson, Et.al.,l that CO, lasers could be
used to heat long, magnetically confined plasma columns to thermonuclear
temperatures, an experimental program to explore this concept was initiated
ar the University of Washington. This paper presents our most Tecent re-
sults on the "laser heated solenoid," one of several experiments in progress.
An e-beam stabilized CO, laser is used to irradiate a plasma tube 20 cm long
% 1.7 cm in diameter, which is immersed in a quasi-steady field of up to 100
kG. The tube was puff-filled with neutral hydrogen from one end. An ori-
fice plate with a 5 mm hole was placed at the other end, nearest the incoming
laser beam. A pressure ratio of greater than 10 was measured across the ori-
fice, with good uniformity along the tube. The laser beam was focused at the
orifice location, producing a wave propagating along the tube (away from the
laser), and eliminating the backward-going wave normally present in break-
down experiments.z

Tt was previously reportedz that, with this arrangement, a density mini-
mum is ereated on axis by the heating action of the laser beam, and that the
"heating wave" propagates along the axis, creating a long, slender plasma.
Most data were taken at fields of 0 or 100 kG, filling pressures on the order
of 20 torr, and laser energies up to 300 joules in a 1 psec pulse,

In more recent work, the evolution of the plasma column has been more
thoroughly studied by streak photography and interferometry. Streak pictures
with the slit parallel to the axis were taken through plexiglass spacers
between the turns of the solenoid, and through holes in the turns. For B=0
the breakdown front velocity is about twice that for B = 100 kG, and is near-
ly constant along the 20 cm of tube length., For 100 kG magnetic field and
low laser energies (50-150 joules), the breakdown velocity is constant for
8-12 cm and then decays quickly, as the laser pulse has terminated by then.
When the laser energy is increased the constant velocity segment increases,
and for enerpies of about 240 joules the front accelerates for some distance
and then travels at constant speed to the end of the tube (Figure 1). The
length of the column in our experiments is limited by the magnet length,

The shape of the propagating front has also been examined. Streak pic-
tures with the slit perpendicular to the axis were taken at several locations,
using an HB filter to accentuate the (cooler) interface between the plasma

and the neutral gas. When observed in this manner, the advancing front is

not flat, as is usually assumed in theoretical models, but rather is pointed.

2

The full angle of the front
220 cm , 20 em,
is approximately 20°, and
the length of the conical
section is about 3 cm, after
which the diameter is nearly
constant. This observation

suggests that the presence

of a strong field is impor-

tant not only for radial

containment, but alse, due B=0 B=100 KG

to refraction, in deter— Fig. 1. Streak pictures of breakdown front

mining the properties of the propagation. Laser energy = 240 J.

advancing front. It appears that this effect is advantageous for beam trap-
ping near the front and deepens the laser induced density minima reported
enrlier.z

Particle loss rates were estimated from measurements of radially aver-
aged densities as a function of time at a given axial location. A single-ray
Mach-Zehnder interferometer, illuminated by an argon ion laser was used,
which provided spatial resolution of approximately 1 mm. Figure 2 shows com—
parison of these data with a simple one-dimensional rarefaction wave model,
with detonation wave at the front, shows fair agreement except for later
times for B = 100 kG. The lack of agreement for later times may be due ei-
ther to the neglect of the effect of laser heating on the expanding gas, or
to the failure to undergo transition from a bleaching waveJ to a detonation
wa\led within the duration of the experiment. More complete models of the
laser-plasma interﬂttiunk'5 cannot be compared quantitatively due to their
failure to incorporate end effects, but qualitative agreement is good, Tor
B=0, the measured densities are much lower and the one-dimensional model with
the rarefactlon wave does not agree well with the data due to radial motion

and heat conduction.
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Fig,?. Densities versus time for various position in the tube,

Laser energy = 150 J.

The electron temperature was measured, at several axial lecations, by
using the carbon V method of Kunze, et.al.6 to be in the range of 130-150 eV.

Finally, measurements were made of the radiation backscattered from the
underdense 1'11:::511:La7 by the use of time resolved infrared spectroscopy. The
backscatter, which appears to saturate at about 5% of the initial laser
energy, was identified as stimulated Brillouin scattering.

This work was supported by the U.S5. Energy Resource Development Agency
and the National Science Foundation. The authors wish to thank K. Berggren,

R. Massey, and D. Scudder for their help in performing the experiments.
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NANOSECOND COE IASER INTERACTION WITH SOLID TARCET

J. MARTINEAU, P, PARANTHOEN and M. RABEAU

Commissariat & 1'Energie Atomique, Centre d'Etudes de Limeil
B.P, n® 27, 9¥190-VILIENEUVE-SAINT-CEORGES, FRANCE

Abstract : At fluxes of 1012 w/cmg, the nanosecond €0, laser interaction
with a solid deuterium target has been studied, Reflection, X ray and ion
measurements were performed. Energy balance led to a total reflectance of
60 to 90 #. Fast p* lons with kinetic energy of 40 keV were detected,

X rays were observed up to 10 keV,

The interest in lasers as a possible source of energy has been
growing considerably for the last three years. New experiments based on
the concept of compression /1/ have been carried out using neodymium glass
1asers ( A= 1,06m) as well as carbon dioxyde lasers (A = 10,6 pem).

Thus single beam experiments contribute to a better knowledge of the pheno-
mena involved In the interaction. The coupling efficiency of the laser
radiation with the plasma which remains one of the most important problems,
can be improved, On the other hand, as predicted by theory, most of the
parametric Instabilities, can be observed and studied at lower incident
laser fluxes using a 002 laser /2,3,4/.

The purpose of this paper 1s to describe the interaction of a
nanosecond 002 laser with a solid deuterium target. With incident fluxes
of about 1012 w,’cmz, the interaction makes the observation of fast lons
and hard X rays possible.

The nanosecond 1 GW 002 TEA laser consisted of an oscillator delive-
ring 200-300 mJ in 40 ns. This pulse was preamplified up to 600 to 800 mJ.
Then the 1,5 nas short pulse was cut out of the 40 ns pulse. For this pur-
pose we used a double pockells cell composed by two As-Ga placed between
crossed polarizers. After amplification through a double discharge C.G.E.
system the laser output energy was about 2 to 3 J. The beam was focussed
onto a solid deuterium target using a 20 e¢m foecal length Na Cl lens which
corresponded to an aperture of f/3, Maximum inoident flux in a vacuum did
not exceed several times lolzw/cma. The target was a solid deuterium prism
with a one millimeter square section.

Energy and pulse shape measurements were recorded at 0°, 45° and
90°, In any direction of observation the reflectance presents an important
soatter (fig, 1). On the other hand a
plot of the measured reflectance vs the
fooal position indicates that the

¥ T T 1 1 1 T
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reflectance does not correlate with
the focus, At 0° the reflection
coefficient ranges from 1 to 10 &,
while at 45° and 90° from 0.5 to 2 %
and 0.1 to 1 % respectively, This
behavior shows a directional reflec-
tance which can reach 42 % per stera-
dian. On integrating the reflectance
over the relevant half space about 60
to 90 % of the incident laser energy
1s lost out to reflection (fig. 2).
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nuum bremsstrahlung emission 1s analyzed
at 45° by using absorbing beryllium
foils of different thicknesses (6.05,
30, 52,2 and 105 mg.em™), combined

with two X ray secintillator detectors,
For focusing on the surface or slightly
inside X ray emission is maximum,

The transmitted X ray signal
deoreases slowly when increasing the
thickness of the absorber (fig. 3}
This is characteristic of the presence

of hard X ray emission which corresponds
%0 a non maxwellian electron distribution
function. X rays with high energy up to
10 keV were observed,
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Ion collectors (at 45° and 25°) and an electrostatic charged
particle analyzer (at 45°) were used to measure ion kinetic energy and
identify ion species. The results show clearly the presence of high
energy ions belonging to a hot plasma (0.5 to lkeV) followed by ions
corresponding to a cold plasma {100 eV). In mddition from time to time
some fast ions are evidenced before the ion current corresponding to the
main plasma described previously., Then the ion energy spectrum expands
continuously from high energy (up to 40 keV) to low energy (down to 0.1
keV). The number of high energy ions (r\.s.lﬂlz/atarad at 45°) is less
important than the one of lons coming from the main plasma (~101u/5terad
at 45°), With an electrostatic charged particles analyzer p* ions wers
observed with energies as high as 40 keV, Typically most of the fast ions
are with energles between 10 to 25 keV, They can take out up to 40 % of
the total absorbed energy. Comparable results presented in table I have
been obtained at Los Alamos /5,6/ and Osaka /7/ in similar nanosecond
experiments using polyethylene and aluminium targets.

The hard X rays and the fast ions are probably significant of
non linear phenomena present during the interaction. If it is difficult
at present to give a certain interpretation, nevertheless it appears that
too much energy taken out by the fast ions is a problem for laser driven
shocks,

We thank G. NIERAT, E. GOESTCHY, M. ROSTAING for their technical

assistance.
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Experiments on Cﬂz laser interaction with polyethylene slabs
E. FABRE - C. POPOVICS - C. STENZ

Erole Polytechnique
Lahoratoire P.M.I. = 91120 Palaiseau France

Abgtract : In I:ﬂZ Laser produced plasma, we study the dependancy with light
intensity of electron lemperatumsr;iun velocity, plasma reflectivity and
spectrum of back reflected light =t 10.59 u and 2nd harmonic. Results show

some evidence for anomelous processes of interaction.

Several publications have reperted experimental results cbtained on
plasmas produced by IZIJ2 laser irradiation of plane targets. In order to have
a better understanding of the processes involved in the interaction of CEFZ
laser radiation with a target, we have made an extensive study of the depen-
dancy of some of the plasma parameters with the laser fluxes. This uhnwsq’a
that, at moderate light intensities, anomalous processes of absorption occur,
which can be sttributed to the onset of parametric instabilities. We have
also analysed the spectrum of backscattered light at 10.59 microns and at
5.3. microns.

The experimental set up is the following : we focus, onto & polyethylene
slab, with a spherical mirror of 30 cm of focal length and & f : 2.5 aper-
ture, the output beam of a Lumonics TEA laser. The pulse duration is 40 ns
FWHM and the peak power on the target 1 Gigawatt. The resulting maximum ine
tensity on the focal region is 2 10121'!/(-:!55. Varistions of light Fluxes on
the target are cbiained by beam attenuation with thin film. The electron
temperature Te is determined by the asbsorber foil method using five diffe-
rent thickness of Aluminium foils. Charge collectors located at 40 and 90cm
from the plasma provide the ion energy by time of flight method. The incident
pulse and the back reflected pulse in the aperture of the collimating opti=-
cal system are monitored by photon drag detectors and give the reflection
coefficient of the plasma. Finally the back reflected light at 10.59 micron,
the emission at 5.3 micron and the reflection at 10.57 micron, which is an
auxiliary line emitted by the laser, are monitored in relative intensity
and in spectral shape with a 2 meter focal length monocromator. The resolu-
tion of the spectrograph is of the order of 2.010% at 10.6 micron. The mea-
sured spectral width of the incident laser lines is 3.8 ; which corresponds
to the instrumental width.

The experimental results are the following

- The reflection coefficient of the plasma R {figure 1), at 10.59 y increa—
ses with laser intensity I at low fluxes, saturates at a value of 9 to 13 %
for intensities in the range of 4 102%/en? and decreases to a value of 4 to
6% from 5 10* ta 2 lﬂlzwfcm:" laser intensity.

= The second harmonic emission zlready observed in previous uurkﬂrd,g,jn—
crenens: Tapidly et Liw Flixes’ snd shows o depandency ss T “For high dntens
sities (fig.1}.

-~ The electron temperature Te measured by the absorber foil method has two
features (fig.2) : a thermal component which varies as ~ ik and & supra=
thermal companent which varies as ~ 1'6 and which is detectable only for in-
tensities sbove 10M1W/ca?.

= The ion emergy (fig.2) in the leading edge of the expanding plasma depends
upen intensity as 12 3; a small pumber of ions with energy up to 15 kev are
detected.

These results show that for laser intensities in the range of 4 1IJ]'1:":|',"|:|||E
interaction processes involve the onset of parametric instability mechanism
which can explain the saturation of plasma reflectivity, and the occurance of
suprathermal electrons, which determine then the energy of the ion at the
frontier of the expanding plasma plume. These results are also consistent
with previous experiments (10) that we have done on light absorption by a
dense plasma which had shown the occurance of anomalous absorption at laser
intensities of the order of 2 to 4 1|I|]'Dl'\l';"5l|aa in agreement with the computed
thresheld for parametric decay instability. The dependancy of ion energy

with flux is in agreement with the results at higher intensities (11=12).

Asecond set of experiments deals with spectroscopic studi The spectrum

of the back reflected light (fig.3) at 10.59y shows a large broadening of the
line which presents also a strong sssymetry toward the red at high laser in-
tensities, At lower intensities there is still a broadening of the line but
then line profile is symmetric around the origin },. The emission of the se=
cond harmonic (fig.4) st 5.3 micron present a contribution at the origin A,/2
and a strong satellite in the red wing with a shift of the order of 20 to ZEA..

The spectrum of backscattered auxiliary line (fig.4) 10.5Tu which intensity

is 5 to B % of the main laser line at 10.59, presents also iwo components i

a narrow line at the origin 10.57 and a compenent with a red shift of 20 R.
This corresponds in frequency to half of the frequency shift of the satellite
of the 10.59 second harmonic. The interpretation of thése results is not came
plete at present time. However some of these results agree with observations
mede in experiments with Neodymium laser for light intensities two order of,
magnitude higher. (1315

The red shifted contribution of the main laser line at 10.39 may be interpree
ted as brillouin back scattering, the frequency shift being clese to the ion
acoustic frequency. It has to be mentionned that in the case of short pulse
experiments similar results has been observed with a red shifted cDmDﬂnEﬂt.lﬁ
However other uxperimantsl? show a blue shifted satellite which is explained
as reflection on the critical density surface moving away from the target.
The second harmonic generation has two contributions : the line centered a=
round the origine As/2 is probably generated by non linear interaction at
ablique incidence in the density gradient near critical density. The red
shifted satellite can be interpreted as being generated in a four wave me-
chanism as suggested by Yamanakau. The observation of a red satellite with
the probe beam at 10.57, which has a frequency shift half of the shift of

the second harmonic can be a confirmation of this interpretation.
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ECXPERIMENTAL STUDIES OF CO, LASER PRODUCED PLASMAS which is somewhat higher than the value found here. This discrepancy may

by be a result of the plasma refractive index which has been neglected in the

T.A. Hall and Y.Z. Negm abovacatilations:

University of Essex, Colchester, England . .
Above threshold the plasma reflectivity falls rapidly and at the same

Abstract Experimental results of ¥-ray temperatures, ien energies and
pbSTEE—-

lasma reflectivities are presented for a CO, laser produced plasma. A
P 2

time a chapge in the temperature scaling law is observed. In this region

however there seems some evidence that the plasma electron distribution

s . malous absorption is shown with a threshold ; 3
clear indication al-ians 2 function has become non-Maxwellian and conmsequently the results must be
10 =~3 s : : 7 "
F 0 0" Wem and at high irradiances a discrepancy in ) 2
jrradiance of 4 x 1 interpreted with care.

the energy balance is reported.
[1] (1] [ [ . A retarding potential probe has been used to measure ion fluxes and
tntroduction Several papers have recently .reported reflect~
== estimates have been obtained for the total energy emitted by the plasma
jvity and other diagnostics on €O, laser produced plasmas. The results to
) in the form of ions. These are shown in Fig. 2.together with the ratic of
some extent have been conflicting. In [2] no obvious threshold for
) — 3 total ion energy to incident laser energy. Below the threshold for anomal-
anomalous absorption is observed whereas in [1] 3] and[4] clear indications
ous absorption we can see that the energy which is not reflected is carried

of this are shown, but with different degrees of agreement between theory

away in the form of ion motion. Above the threshold however both the
and experiment.

reflectivity and the relative energy carried away by the ions fall, The

Experiment The CO, TEA laser used in these experiments gave peak power

. . increased X-ray emission at these high irradiances does not nearly compens te
outputs ~ 200MW in a pulse of FWHM ~ 40-50nsec, The laser is described )

for this.
wore fully in [1] . Light from the laser is focussed onto targets of carbon
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: 3 pin, Hp ’
aluminium foil absorbers to measure X-ray temperatures and a retarding

2 . [5] J.W. Shearer, J.J. Duderstadt. Nuclear Fusion, 13, 401, 1973.
potential probe to measure ion fluxes.

. . L [6) A. Caruso, B. Bertotti, P. Guipponi, Nuovo Cimento 458, 176, 1966. '
Results and Discussions The open circles in Fig. 1 show plasma reflectivi- =

N L. [7] T.P. Donaldson, R.J. Hutcheon, M.H. Key. J. Phys. B. 6, 1525, 1973,
ties as a function of irradiance. As the irradiance is increased from the -

lowest detectable levels, the reflectivity increases up to a maximum of about

23% at an irradiance of 4 x 1010 W Cm_z. Above this value the reflectivity
falls steadily with increasing irradiance to about 5% at 2 x 10 W l:rn-2
30 0 — Reflectivity
1f we assume inverse bremsstrahlung absorption and a linear density % — Temperature
) ) 0co
profile then an expression for the plasma reflectivity, R, can be obtained !
[s] o 2.3/2
R=exp (-aZ lamt, /A°T7'5) 1) 1 T
Where Z is the mean ion charge and HL is the density scale length, T is -’ﬁao =
= 3
the electron temperature and a is a constant. B o
: ‘g i
‘The broken line plotted in Fig. 1 obeys the relation ° ?,‘
o o
-1 [
R a exp(-bp *) (2) ’E B
£ s o 10 B
where ¢ is the flux, Tig. 1 also shows X-ray témperatures plotted against e &
‘ P
incident flux and we see that at the lover powers the experimental values l
I
fit the relation 8
T o ¢t @ i
¥iich is in agreement with the model of Caruso et al. [6] . 6
) -l P TIrradiance (Wem® x 1070) —»
ubstituting expressions (2) and (3) into (1) we find that: < T8
— 3.0 '
y i, o T @ /
e T B o a
fmperature dependence of 7 is difficult to determine since neither
LTE nor the coronal model o

are strictly applicable under the conditions

deseribed ;
here, However, for the purposes of obtaining simple scaling laws

—

the cor
onal model more nearly describes the plasma conditions here and we

0.6
find i :
that in the region of T = 100~200eV, for carbon, the relation Eion
i
it : Z a7 (5)
PProximately [7] . Thus this implies that the scale length has a T
temperature dependence of the form
H
Boa ot () ke
Above 4 x 1010 it

the reflectivity falls with increasing

irradi
ance and it §
18 assumed that some non-collisional absorption mechanism

18 re i

. :‘:Qf::r A possible mechanism is the parametric instability which Fig.2 Irradiance: (W uﬁe xm"ac]) —
5 € of 300eV observed in these experiments, predicts a thres-

ald irurliam:e, Biven by [3] of:

11 2

Loy = 107 4w

¥
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CO., LASER-HEATING EXPERIMENTS 3.2 Holographic Interferometry

3 t bt : ensi 1oa

T.P. Donaldson, J.W. van Dijki A.C. Elkerbout| and I.J. Spalding Fig.% illustrates density profiles
. . Lt B i

Queen's University, Belfast, Hogere Technische School? Rijewijk, auteiaeg L abel Tnvdrsioncel & holographic

The Netherlands, and UKAEA Culham Laboratory| United Kingdom. Tecanntruckion,. Nokertbol e francyerse

dimensions of the plasma are ~ 1 mm, i.e.
comparable to the diameter of the X-ray

region, and very much greater than the focal

Abstract: The interaction of 75dJ CDE

laser pulses with plane S:‘.DE and C
targets at intensities ~ 9 x 101E W/em™ is described. The resulting flow

cpot diameter of the incident laser beam.

2.3 TPime-resolved X-ray Measurements, and Tig.3 X-ray pinhole pictures

has been measured with framing phetography, holographic interferometry and at distances (a) 0.33 (b) 0.7
X-ray techniques (using a fast photodiode, a 13 um resolution pinhole camera Bupportiie Dipgiosttte (Fi_l'ot(d) 2'17 mm above a
and 2-channel absorption spectrometers); finite lee should be included in X-ray signals detected by the fast photo- SESRERS

MHD models of such interactions. diode followed, within the experimental errors,

the incident CO2 laser pulse - which was

1. INTRODUCTION measured with a 2 ns response-time photon drag

Subkilojoule CO, laser-produced plasmas are of potential interest for detector. The foil-absorption spectrometers
% {
filling present-generation magnetic-confinement deviccs.‘l) As part of a had a response of 4 ns, and indicated a
4l
cooperative Euratom programme, a 160 litre-atmosphere clectron-beam pre- 'temperature' of 400 (;ég) eV for S:'.C"2 and
5
ionized €O, laser is now being commissioned for laser-heating experiments 1:% (igé\:;) keV for carbon targets at the time ¥ig.b Density profiles ab (a) 0,

at Culham; this device has an active volume of 200 x 20 x 20 cm, and will of maximum emission (i.e. 25 ns after initi- (b) 200 and (¢) 500 pm above a

be described elsewhere. However, laser-plasma interaction measurements ation of the heating pulse). As has been pre- carbon target, 30 ns after
firing CO, laser (exposure 20ns)

have already been made with a 75J driving oscillator stage for the system viously noted in B-pinch and laser-plasma =

and some of these preliminary measurements form the basis of the present spectroscopy, the apparent temperature of the

paper. Experimental and diagnostic techniques are outlined in para.2; X-ray source is a function of foil-absorber thiclmess, indicating a non-

the experimental results are summarised in para.?’ and discussed in para.b. Maxwellian electron distribution. We used sufficiently thin foils to weight

2. EXPERIMENTAL AWD DIAGNOSTIC TECHNIQUES the measurements towards the (low energy) bulk of the velocity distribution,

and checked for self-consistency against the absolute intensity of the X-ray
e EEpRTiEnea], acfandanantils SUIRRERL AR  ALEIotgh el signals. Visible streak and framing photographs suggest that the target is

low =, targets will be used in later (con- heated very rapidly in the radial direction, far beyond the 150 pm (FWHM)

finement) experiments, it proved more conveni- diameter of thel.5GW (50ns) focused beam. Ruby laser shadowgrams also

ent to use carbon or fused silica rods of 5 mm qualitatively confirm the wide radial extent of the plasma.
diameter for these initial diagnostic tests.

. ] 4,  DISCUSSION
The output from a gain-switched double- -

discharge TBA laser of cross section 5 x 10 cm Some measurements of density scale length (L) and electron 'temperature’

was focused by a 12 em diameter (rear) mirror taken near the time of peak CO. laser intensity are summarised below. Also

on to targets located at its *0 cm focus; tabulated are binary electron-electron (Aee) and ion-ion ()ii) mean free

= " . 1 3
with an incident energy of 75J, a focal dia- paths, evaluated at half the critical density (i.e. at nc/a =5x%x 10 ¢cm 7).

meter of 150 ym was measured by a grating

5
kec}miquegL) Although a stable optical Fig.l Plan-view of target
chamber. Target 5 o N
(Focal intensity ~ 9x10-°W/on®) Carbon 810,

resonator was used in this particular laser, relatively little fine-
structure was observed in the far-field pattern, which was consistent with Density scale lengih (L)
a beam divergence of ~ } milliradian. (The target geometry thus approxi- _L to target Ll . mm‘?a) ~ 0.% mm
mates to normal cylindrical illumination of a semi-infinite plane.) “ to target 0.6 mmka) ~ 0.7 mm

Simultaneous X-ray emission measurements wers made with a -channel Vie? 35 keh"(h} Loo ev(c)

: i (3 x 5 k; .
foil (scintillator) spectrometer,”’ a (time-integrated) pinhole camera and Xee{d) 2.0 mm 55
a photodiode of novel design. The pinhole camera had a hole of 5 ym dia- A (d) (2) ()
meter and a geometrical magnification of 1.5; it was used with a Kodak- ll 5 um 0.18 i
Pathe SC7 emulsion having a measured mean grain size of 1% ym, giving an Classical Reflection ~ 92% (e} ~ 51% e
Coefficient =10.
effective spatial resolution of~13 ym. The X-ray photcdiode was a gold- af For A10:6 e
L
coated diode of the general type developed by Key(, " however, the surface
: diod s . o 2 =0 NB (a} Measured at 30 ns, interferometrically
of our diode was contoured to give an angle of incidence of ~ 3.5, thus (b) Measured with foil masses (mg/cm?) of 4.02 Al + 1.55 Mylar/
ensuring maximum photoslectric sensitivity to 1.4 keV X-rays. (The diode has 2.68 A1 + 3.1 Mylar %
: {c) Measured with foil masses (mg/em™) of 4.0 AL/3.5, 3.0 and

a caleculated time-response of 0.6 ns when used with a 1 GHz band-width osecillo- 2.5 A1

: 3
scope, and a high sensitivity to the saft X-rays characteristic of present E:)) Cagouiated, %&“g”‘
;

plasmas.) (Visible) streak and framing photographs were taken with sireak (£) Caleculated, z ~ 8

speeds and exposures of 4 n d 5 T sctively. Th 2
AP ik E : s/cn and 5 na respectively. The layout of the The experiments clearly demonstrate the following ordering: Aee ~ L >» Aii.
= 694 ruby-laser holographic interf t is i nati~ . . 5 i
L BTaE b e;l RIOmERer i thubtal aalandiy. It follows that the coronal ions are well described in a fluid approximation,
cally in Fig.2. Holograms were taken on %
but that the electrons are not. However, sbsorption by inverse bremmstrah-
Agfa 10E75 and Kodak GUOF emulsions with Hologram

i lung is still significant and linear, since the ratio of electron drift to

exposurzs times of 20 ns (Q-switched) or 2 ns N :
thermal speed is of order 0.% at the applied laser intensity. (The classical
(gated). Straight-line refersnce fringes are
. reflectivity is listed in Column 6; the actual reflectivity has still to be
obtained by calibrated displacement of a g )
measured, but is expected to be lower.) Although instabilities, and thermo-

reference mirror (R) in between the two expo- |
electric megnetic fields may reduce Aee and particle gyroradii raespec-
sures, (A = #71 R, frequency-doubled, holo- = g .
tively, we conclude that the effects of finite Aee must be included in two-
grams have also been produced with this equip- i .
i fluid magnetohydrodynamic codes to provide adequate modelling of such plasmas.
ment, but were not analysed in the present
# . N (This conclusion may also be of some significance in experiments where
experiment.) Fig.2 Holographic Interfero- (7
meter. density gradients are inferred, rather than measured.’’)

3.  EXPERIMENTAL RESULTS

3.1 Pinhole Camera ~iEEE

Buratom Report EUR FU74/AGHI 10/R1l, Section B5(c)

2. MARQUET, L.C. - Appl.Optics 10, 960 (971)

DONALDSON, T.P. et al - J.Phys.B, 6, 1525 (1973)

KEY, M.H. et al - Appl.Phys.Letts. 25, 335 (1974)
ELKERBOUT, A.C. et &l - Culham Report (unpublished 1975)
STAMPER, J.A. et al - Phys.Rev.Lett. 4, 138 (1y75)
DYER, P.E. et al - Phys.Letts. 484, 311 (1974)

Microdensitometer traces across a single-shot exposure, (taken with a
2
0.22 mg/en” 41 filter, having a bandpass of 9 R centred at 15 R, for 200 eV

thermal plasmas) are shown in Fig.3, at various positions abave the

target surface. The 13 pm spatial resolution of the camera is extremely

good, and the dip in photographic density across the laser axis is there-

N

fore thought to be experimentally significant. (In Fig.3, the y of the film
is linear, and the FWHM of the X-ray intensity unfolded from curve (a) is
420 ym.)
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INTERACTION OF AN INTENSE LASER FIELD WITH
A PLASMA : A KINETIC APPROACH.

by R. Balescu
Uniuersité Libre de Bruxelles, Association Euratom-Etat Belge
and I. Paiva-Verstennicoff
yrije Universiteit Brussel, Fakulteit van de Wetenschappen,

Brussels, Belgium.

abstract : The kinetic equations for the evolution of a plas-
AT

ma in & strong external 7ield, is shown to reduce, under cer-

tain conditions, to & set of 14 differential equations descri-
bing mode-mode coupling, parametric effects as well as spon-

taneous pProcCESSeS.

Introduction : We consider a fully ionized hydrogen plasma in
presence of an intense, homogeneous, time-dependent external
plactrical field. 1In former works dealing with this problem,
the dissipation mechanisms are not trested sdeguately. Tt 1s
well-known, however, that the damping constants - hence the
transport coefficients - play a crucial role in determining the
threshold intensity for the onset of parametric instabilities.
Futhermore, the heat conduction and the viscosity are esssntial
factors in the transpart mechanism of the energy deposited at
the critical surface towards the center of the pellet.

The purpose of the present work is the elaboration of a consis-
tent kinetic theory of a plasma submitted to a strong homoge-
neous electrical field, with an emphasis on the dissipative
mechanisms at work. It appears as a natural continuation of
our farmer work (1),

The construction of the thecry requires three steps.

4, The establishment of the fourtesn complex eigenfregquencies

of the set of linearized macroscopic plasmadynamical equatians,

(including the balance equations for the two temperatures), in
absence of external field. For lack of space, we cannot list
tham all, As an example, we give the expressions for the sight

elgenfrequencies of the transverse modes.

N *Hny

=1 i i z
+ -= m =
u, Wy g _mT/mE 5 5 [Cgk/mel
14y

=1 Db oy " u 2
u, wg Wy w4 iclck/me) i T lne*ni][cek/wgl
w = =

10 Wy o (11

where mE is the slectron plasma freguency, Ca the electron
thermal speed, c the speed of light in vacuum, u is the mass

ratio mE/m ¢ is the electron-ion friction coefficient and

1*
na [nil are the electron (ien) viscosity (in suitably reduced

dimensionless form), w._ is the well-known freguency of the

T
transverse plasma mode

/2
2 2.7
wp = | C1suleg ¢ cTk7| (21

To aur knowledge, two features are new in this result.

{a) The inclusion of the purely damped viscous and thermal mo-
des, along with the plasma and ion-sound wavss, in the dss-
eription of the "plasmadynamical state".

(b) The explicit expressions of the dampings in terms of the

trensport coefficients,

2. The microscopic foundatiop of the structure of these modes
€an be gstablished along the lines of ref. (1). The eigen-
value problem for ths linearized kinetic equations for the ane-
particle elactron and ion distribution functions 0 (a=e,i),

is solved by a perturbation methed., It is shown that the
lowest s{genvalues are identical with the macroscopic eigen-
frequencies, As a bonus, this procedure provides explicit
M1ﬁruscup1c expressions for the transport coefficients,

The distribution functions of the twa components being written
In the form % « ¢% (14x™), where 3 is maxwellian, the de-

Viationsg x“ can now be represented, in the Fourier picture, as

4

i
Xi(v} = L a e n, k Ui

o
o ki n')‘-(\.r] + ﬁxk(v.t] (3]

LA T e F Y d 1 1gan-
n, k e o-companant of the n plasmadynamical eigen
o
Vector, éxk. the "non-plasmadynamical” part, is damped by the

€0llisions in a time much shorter than (Im mn]-1 (¥n).

3. Action of ths external field. We assume that, prier to the

switching on of the field, the system has reached s "plasma-
dynamical state” in which Gxu:D. Further, we suppose that in
presance of the field, none of the modes contained in Gxﬁ can
be systematically amplified. Therefore, the state of the sys-
tem is fully described by the coefficients an.k which now be-
comeg time dependent, Their evolution law is obhtained upon

substitution of sq. (3) into the full kinetic equation

1
& = iw -wWo )t E
an.k‘t] _mzi £ IE R [En.K:m,k(t)*An,kJm.k(t]JEm,h
1 3, Alw ew o -w TtpE
s or o rdkret Pk n ke T ek BB ee) o a)
m,1=1 nakama k' 31, k=K'
t %k T, kK
E
Lt (4]
En Kam k(t] is a matrixelement of the one-particle Liouvillian,
proportional to the amplitude of the external field.
E
(t) results from the influence of the electrie field
nyksm, k

on the linearized collision operator,

B iim k'l k-t CGntains the Vlassov non linsarities, ss well
as the collisional non linearities existing even in the ab-
E
£ & Zik .
sence o he field Fn,k;m.k,l.k-k'[t: is a field correction
to this non linear term.

E
Zn k[t} is & source term describing "spontaneocus procassss",

This novel feature can only be found through a kinetic theory,
taking due account of the action of the field on the particles,
during the collision process. In the Landau approximation,

all these quantities have been calculated explicitly. Eq.(4)
is the starting point for the analysis of the mode-mode
couplings and of the parametric effects, some results aof

which will be presented at the Conference. The details of

this work will be published separately.
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LOW FREQUENCY INSTABILITIES IN STREAMING PLASMAS

WITH ANISOTROPIC PRESSURES
Frank Verheest

Instituut voor theoretische mechanika, Rijksuniversiteit Gent

Krijgslaan 271 - 59, B-9000 Gent, Belgium

Low frequency waves in streaming plasmas can become unstable,
broadly speaking, when the square of the AL{vin velocity ia
smallen than the mean quadratic daift of the plasma. Fon these
new Aff{vén instabilities the strheaming effects can be enhanced
on diminished, even wiped out, by a suitably biased pressune
anddotropy. Perpendicular pressure effects are stabilizing,
paraflel pressure effects are destabilizing, as in the wsual

fine-hose instability.

With the current interest in laser produced plasmas, attention
has been focussed again on instabilities which are possible in
beam-plasma systems or in streaming plasmas [1,2]. A multicom-
ponent treatment is called for, since the number of consti-
tuents of such a system is higher than in a usual electron-
hydrogen plasma at rest. Indeed, groups of electrons or other
particles with different streaming velocities have to be
treated as different components of the system. The collision-
less coupling between the plasma components occurs via the
electromagnetic fields created by the perturbation. The
evolution of these fields is described by Maxwell's equations

131,

In equilibrium every plasmaconstituent is characterized by a
density ng_ , a streaming velocity u,. (possibly zero for some
parts of the plasma) and a pressure in tensor form

EDS = PLSL + (P“s'Plsjinin . The index s refers to the species
under consideration, and the labels I and || are with respect

to the externally imposed equilibrium magnetic field EO , such

that e = By/1Byl -

The treatment starts from the fluid equations per component,

which include suitable equations for the pressure tensor:

. ¥ u) =0;

t's

g, Fuslu, ¥ (”s“s]"'i'is = q (E + uxB)/m_ , m
¥ -

atis T !'(2525) H gs EES el tgs Eﬂs) = qs(is’ﬁ E’Es)/ms *

Using the small signal linearization and restricting oneself
to the low frequency or Alfvén regime, where w and knuns are
for each constituent much smaller than the gyrofrequency
R = quu/ms , one gets two parts of the dispersion law,

written as

. ¥g *ct

N =
- . 2 2_-2 2 2 in?
VA (UO*C" Cl)COS 8 + Z(Cl>51ﬂ 8
2)

N vi 8P
NZ =
. (v; - <u5+cﬁ-c:>]{s sin?g + P cos?g)

The following abbreviations and symbols have been used:

"

a2 K22 kic? =
1
Per-pREaes o2y Bt
s Vs wy a2 vi

' 1w 2 . g2
N = ck/u , wl = w-kluus . Vo= Bal(uo E ngm) ,
<"B> = gnnsmsuasfgnuSms i & = angle (E,QO} F
2 = & 2
> 7 IPuus/Inosms = Imosmesh,us/Inosms -

For not too tenucus plasmas and for wave propagatien net
peapendiculan en neanly peapendiculan to BO , (2) yields two
modified Alfvén waves with phase velocity given by

(£)2 = (v - <u+cd-c}>) cos?s

k A (il e 5 :

)

(-1 TRRNGE (RDUN WL SPL, [N pdsein®h
(g) va uptey-circostd + 2<ej>sin 5

if vy %C , as is usually the case. For the first of these waves

the necessary criterion for instability is that

2

Ya

< <ujrci-ci> (all angles 8) . (5)

If this is fulfilled, the other wave can also be unstable, but

only for angles of wave propagation between 0 and 8, where
B i obeys

2 2 = 2 2.2 2

Va ¥ l<c!> = <U0+CH+L1> cos Bmﬂx (6)

Above that angle, only one of the two Alfvén waves can be un-
stable.

In addition to the above mentioned waves, one also finds [or
paraflel propagation the modified longitudinal waves which can
give rise to the so-called streaming instabilities, with the

dispersion law:

at Kled
1= 1 ps ¢ 14 I~ls N
LIJIZ wl:
s s 5

In the case of peapendiculan propagaiion, on the other hand, (2)

yields
@7 = vir el
(8)
w? = c?k? o+ ] m;s - :2k2<ua+cﬁ>/v3
5

One of these waves is stable, the other one can become unstable

if
=2 2 252 " S ]
Wy (3% EmpsfE L e E (9

As a conclusion and in general terms, the mean guadratic drift
of the plasma has to exceed the Alfvén velocity squared for the
waves to become unstable. The instabilities are further influen-
ced by a pressure anisotropy biased in the direction of EU .

For streaming plasmas these Alfvén instabilities generalize the

well-known concept of a fire-hose instability, see eg [al,
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TARGET IRRADTATION STUDIES USING RELATIVISTIC ELECTRON BEAMS*
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Abstract: Recent experiments are discussed in which hemisphericel and
spherical, high density targets were irradiated using & single relativistic
electron beam (REE). It is found that & substantial portion of the beam
energy is incident on the target and that the deposition symmetry is, in
some cases, quite uniform.

Introduction: The ablation driven implosion of DT filled, high den-
sity spherical tergets using intense REB's, &s an approach to inertial
confinement fusion, has been previously described [1,2]. For this approach
to be successful, it is importent to efficiently focus the beam on target
as well a5 to symmetrically losd the target so as to obtain compression
ratios ~ 1000 &s needed for high fusion yields. We report here on target
irradiation studies done on the HYDRA accelerator, which nominally produces
a 700 kev, 300 kA, 100 nsec beam, and on other related experiments and
calculations. We examine both besm focusing and deposition symmetry.

Beam Focusing: The focusing efficiency (i.e., the fraction of the
totel beem energy contained within the beam pinch) hes been determined with
no target present by assessment of anode witness plate damage, diode simu=-
lation, and x-ray PIN array measurements [1]. These &1l indicate that
about 1/2 of the totel beam energy is contained within the pinch after the
pinch is fully developed for beams produced on the HYDRA accelerator.

Recent experiments and calculations go & step further and examine the
energy incident on a high density target, These consist of holographic
studies of plesma blowoff, implosion time measurements, &nd time and space
resolved x-ray measurements with & target present. We will discusé the
latter two in more detail.

The implosion time of & gold hemishell of outside diameter .l cm and
shell thickness .025! cm was measured using laser reflection technicues &s
ghown in Fig. 1. A laser beam is
reflected from &n aluminized mylar
membrane of thickness ,00254 cm at the
base of the hemishell and onto & photo- e
multiplier tube. The implosion time,
defined here as the time from the

beginning of the x-ray pulse to the

time of loss of laser signal, is
measured to be from 360 nsec to 385 Fle: L Daplasion i Nessoement
nsec for several shots, These results ere then compered with computed
implosion times from & hydrodynamic code. From this it is concluded that
approximately 5 kJ of energy is ebsorbed on terget which is in qualitetive
agreement with previous work.

Time and spatially resolved x-ray measurements of bremsstrahlung
emission from the esnode face were mede using & collimated PIN array. This
array samples x-rey emission from the focus to & radius of &bout 6 cm,
Comparisons were then mede of data from shots which had & .4 cm diemeter,
gold spherical target mounted on the anode plate with shots which had no
terget. The measurements indicate that during and following the pinch for-
mation that the current outside & radius of .4 cm was different by only 10%.
The pinch radius for these shots is .2 em which is epproaching the spatial
resolution of the PIN array. We therefore feel that much of the previously
gained knowledge of focusing cen be epplied to diodes with targets.

Other work on focusing has concentrated on the effects of plasmas and
ions in diodes. Diode simulations indicate that beam pinching iz facili-
tated and improved by thick enode plasmes and by space charge limited ion

flow. A number of recent experiments, in which a preformed plasma with

n, ~ 10'3 ™3 is injected into a EEB diode prior to the REB pulse, also
indicate this. As the REB pulse begins, en expanding space charge sheath
evolves from the cathode, with & sheath thickness which is less than the
diode gap. The impedance is lowered by both the ion current flow across the
gep as well as the effective reduced gap thickness., Pinching is facilitated
because there is more current and also since there is & larger ché&rge neu-
tral region for electrons to orbit before striking the anode.

Symmetry: A series of experiments and calculations of single REP
irradiation of spherical targets was conducted to examine deposition
symmetry over the target surface. Diagnostics consisting of x-ray pinhole
photography, flash radiography, end evaluation of anode backing plate dam-
age were used to infer & degree of symmetry much better than 2:1.

Shown in Fig. 2 are time integrated x-ray pinhole photographs of a b
cm diemeter, solid bress sphere which is mounted on &n esnode backing plate
with 2 ,1 cm long aluminum stem, Shown are:

(2) the rear view teken along the diode axis, (b)
a pide view taken along the anode plane, and

relative optical densities around each circumfer-
ence, There is clearly substantial bremsstrahlung

emission from the rear portion of the sphere end

very uniform emission over most of the surface.
Similar results ere observed for hollow gold
targets.

Flash radiograph snapshots were taken during
the implosion phase and shortly thereafter, of a

.4 em dismeter, gold, spherical shell of thickness

.03 cm. Comparisons between this data and radio-

b) Side View

graph predictions, obieined from two-dimensional
hydrodynamic calculations, were then made with Fig. 2 X-ray Image
different surface loadings considered in the calculations. Despite resolu-~
tion and intensity limitations, no gross asymmetry was indicated.

The most striking evidence of deposition symmetry is the backing plate
damage. In previous experiments, it was observed that irrediation of a
hemispherical shell produces & cylindrical hole in an enode backing plete
due to an implosion produced, high velocity jet of meterial which acts as &
projectile, When & spherical shell target isirradiated, however, the damege
is considerably reduced and consists of a shellow crater with a small pedes-
tal in the center. Hydrodynamic celculations of anode plate damage indi-
cate qualitative agreement with the experimental damage for uniform loading
over the exposed portion of the target. On the other hand, if only portions
of the front &nd side surfeces are loaded the axial momentum of the implo-
sion was not balanced and a deep crater was produced on exis.

We feel there are several possibilities for the observed symmetry:

(1) scattering in the terget blowoff or surface, (2) scettering in the enode
blowoff or surface, and (3) the presence of e stagnated or "hot beam." &
"hot besm" is predicted by recent relativistic fluid calculations of pinched
beam equilibria which are characterized by a uniform density, stagnated cen~
tral region which 1s surrounded by a cylindrical current density shell,
Work is also in progress to assess the effect of scattering using electron
transport calculations.

*Work supported by the U. S. Energy Research and Development Administration.

tPresent address: U, S. ERDA, Division of Military Applications, Laser
Branch, Washington, D. C. 20545
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HEATING OF LINEAR AND TOROIDAL FUSION
DEVICES BY HIGH INTENSITY ELECTRON BEAMS

S. Putnam, V. Bailey, J. Benford, and T.S5.T. Young

Physics International Company
San Leandro, California, U.S.A.

Abstract: Return current heating by non-linear electron-
electron two stream instability modes is used to give effec-
tive interaction lengths. Criteria for linear and toroidal

reactor parameters are given.

The high energy/power technology of intense electron
beams can potentially have a major impact upon fusion systems.
High density pulsed reactors such as a linear solenoid in-

10

trinsically require 2 109—10 W and 10-100 MJ of energy;

T w and hundreds of

larger toroidal devices project 10%-10
megajoules for ignition, with the energy reguirement reduced
with higher power heating. In both of these magnetically
confined plasmas, microsecond or longer beam pulse widths

are acceptable for heating, thereby eliminating the pulse
forming lines of conventional ~ 100 nsec generators, and
resulting in an increase of the electrical efficiency of the
beam to 75-80%. Experimental work on a 100 kJ, 2 MeV, 1.5
usec generator is now underway at Physiecs International.

Quasi-steady-state operation is in principle possible
with both devices. According to theory beam-plasma energy
coupling in the solenoidal reactor can be achieved at densi-
ties where superconducting magnets can be used (1015-1017/cm3).
Net toroidal current for confinement can be supplied by the
beam in a toroidal reactor. Thus, the high electrical effi-
ciency, together with the use of steady state superconducting
magnets, offer a minimum circulating power capability.

Recent theoretical and experimental work (1,2) has re-
sulted in detailed heating scenarios for reactor applications,
and confirmation of these coupling predictions over a wider
parameter space is the main experimental priority. In order
to heat a plasma to fusion temperatures, a two-stage process
is envisioned. Return current heating via electron-ion tur-
bulent modes (Buneman, Ion Acoustic) heats initially cold
plasma to ignition regions for electron-electron two-stream
instability in the warm beam or kinetic phase (3). Most of
the energy transfer in kinetic two-stream heating is also
predicted to be via resistive dissipation of the return
current by parametrically induced density fluctuations in
the non-linear regime. Recent work by T.S.T. Young suggests

an effective interaction length L:

13 3/2

. (1)

Ly (cm) = 3.5 x 10~ [u,v-neh/:ih]2 n

with ©_ the rms beam angular spread in radius, jh the beam

b
current density in A/cmz, and np the plasma density (cm—l).
Figure 1 shows linear reactor lengths using Egq. 1. The
dashed lines indicate Q=1 (breakeven) conditions with end
loss determined by free streaming, end plugs, or multiple
mirrors with mirror ratio of 2. Reactors with a few hundred

meter lengths are realizable, requiring, e.g., ~150 kG at

np @ leD]'s/cm3 and @=1.

Recent experimental work at PI has demonstrated the con-
cept of multi-turn drift injection for toroidal systems (4),
and numerical calculaticns by one of us (V.B.) have demon-
strated energy loss trapping of beams in the presence of pre-
existing toroidal current channels (5). We now outline
necessary conditions to (a) satisfy plasma heating require-
ments, (b) satisfy field energy requirements, and (c) main-
tain MHD instability. The beam is injected parallel to pre-
existing plasma current over a duration tl, at which time the
net toroidal current Irl = fllB and g = th/B@)(a/R) =q;. We
next assume that heating occurs via return current dissipa-

tion according to Eg. 1 over an interval th << at

tLuwaan
which time £ = £.1 and q = q, which is large enough to

2°B'
still maintain MHD stability. Then the diode current I;
which is needed to 10

heat the plasma to
thermonuclear tem-
peratures is:

o -6
I (A) 4.19x10

2 —
a tt/tLtI vo/e
where tt is the
transit time about

the torus, a is

the plasma radius

17 18
= 10 10
(em), E-th/tLaWEDn n_,cm
and ¢ is the effec- Fig. 1 Comparison of length of break-
even reactor with beam deposition
length by non-linear e-e instability
mode .

tive conductivity
determined from

Eg. 1. After the heating occurs, the injected beam energy,

°
IgVgtys has been converted to plasma kinetic energy, Wp,
and magnetic field energy, W_, and is given by

m

IVt = W, + "mfIB % at = LtI;)z(:—z 2 rlt%- 1)
where Vg is diode voltage and L the plasma-chamber induc-
tance. The above eguations relate the required beam para-
meters to specific reactor parameters. In order to reduce
the beam energy requirements, 45 is chosen to be the minimum
q which will maintain MHD stability (s 2 or less for rela-
tivistic beams). Choosing £ and a3 (Fl) then defines the
necessary beam parameters. These equations require tens of
megajoule beam energy for tckamak feasibility reactor para-

meters.

1l. T.S.T. Young, Sherwood Theory Meeting, Washington, D.C.,
U.5.A., April (1975).

2. K. Papadopoulos, NRL Report 3002, Naval Research Labora-
tory, Washington, D.C., U.S.A., March (1975).

3. H. Singhaus, Phys. Fluids 7, 1534 (1964).

4. J. Benford, B. Ecker and V. Bailey, Phys. Rev. Letters
33, 574 (1974) .

5. V. Bailey and J. Benford, Bull. APS 19, 935 (1974).




LASER SCATTERTNG MEASUREMENTS OF THE HEATING OF A PLASMA BY

AN INTENSE ELECTRON BEAM.
A.E. Dangor, A. Dymoke-Bradshew, J.D. Kilkenny, J.P. VanDevender¥

Imperiel College, London, U.K.

gract: Ruby laser scattering measurements are made of the heating of
Abs’

@ plasma by an jntense relativistic electron beam. In a preformed plasma

the heating indicates an jon mcoustic instability. For a neutral gas
there 15 eppreciable plasma motion, and a non-Maxvellian electron velocity

distribution. Comperison is made with & numerical simulation.

We report on experiments investigating the interaction between an
intense relativistic electron beam and a plasma. Different effects
dominate the interaction depending on whether the initial background is
a plasma Or & g&s. For injection into a pre: srmed plesma the low net
current results in Ohmic heating dominating and the observed heating
indicates an ion acoustic instability. .u contrast injection into a
neutral ges results in a large net current, and & large Hall electric
field which transfers significant energy into mass motion. This motion
is modelled by a one dimensional simulation. Under some conditions the
laser scattering shows & markedly non-Maxwellian electron velocity
distribution and the origin of this is discussed.

For these experimente an electron beam was passed through a
focussing cone giving a 36kA, 350keV, 100ns electron besm of dimmeter 18mm,
with a half angle of 20°.  This besm was passed through & window into &
test chamber. Ruby laser light was scattered at 90° from a volume Bmm
from the entry window with the scattering k vector normal Lo Lhe bewa.

The scattering parameter a = 1.1'1(1;] was always less than one, and so the

scattered 1ight was interpreted directly as the electron velocity distribution.

In the first set of experiments the test chamber was filled with 2
plasma by using it es one of the electrodes of & z pinch. The e-beam wes
injected into the afterglow of this z pinch. The net current of the e-bean
was mlvays less than 2kA and the beam expanded quite freely. The spectra
of the scattered light were Maxwellian. The measured electron densities
(Nef) end energy densities (Hexp) 2t the end of the beam are shown in the

table for several initial densities (!Ieu).

Necv Nei‘ wexp Wc w1A+c

cm_3 cm-3 ].C!'."Ew.~\.h:111'-3 l()j'se\h:m-3 JOlGe\'cm_a
1 20" | 210" fna1 9 3449
11 o™ | 1.8 10)z.9.+ .8 1.2 2.3-2.4
8831 810*® | s20M B .2 .6 3,6-U,

This deta is interpreted by a simple energy equation,

3R
e

au 2

M . & e ]

Fra Wion T
The resistivity is taken as either classical or classicel plus ion
acoustic (2). The ion acoustic instability will be excited only in

cases 1 and II where Te > T, is expected. The resultant plasma energy

i
densities are shown sbove. A two stream instability between the beam and
plasma elecirons is also expected {from the Singhaus criterion) but only

in case III. The plasma energy density should saturate (3) at

LA L

= 3.k 1007 eV em™3,
From the date in the table the heating by this mode is not cbserved.
Possibly this is because the high energy plasma electrons affected cannot

thermalise in time. However the ion ascoustic instability is necessary to

explain the heating observed in cases I and II.
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In the second set of experiments the e-beam wes injected into
initially neutral hydrogen, in the pressure range 60-1000 mTorr. Because
of the time required to ionise the gas there was a large net electron
beam current. The electron beam transported with & constant radius of
about 9mm. The plesma is seen to expand during the e-beam pulse and then
repinch at the end of the beam (1}, This is because the jplasm xB
force on the plasma is outward during the beam, and reverses when the beam
switches off.

This experiment has been modelled by a one dimensional code. A
rigid e-beam is assumed,znd initial conditions appropriate to the time when
albe&mJ'at = 0. The effects of ionisation, plasma and neutral motion and
electron heating are included. Jlonisation expansion and plasma deceleration
st the edge of the beam are seen. Some results are shown on Fig. 1 for
100 mTorr hydrogen.

The increese in the electron density by ionisation, the subsequent
drop because of plasma moticn, the radius of the plasma at 100 ns and the
expansion velocity all agree with experimental measurements. When the
beam switches off at 100 ns the plasma current changes direction and a pinch
forms. The simulations shows a peak density of 2 1016“-3 at 180 nsec,
of diameter hmm, Scattering messuremerts show a similar increase in the
density at 200 ns, but the density only increases to 9 lDlscMHS. The
discrepancy is probably a result of the Bmm length of the scattering volume.

At low pressurec the secattering speetra are non-Maxvellian.

Fig.2 is an extreme exsmple, An explangtion of this involves the
lack of azimuthal symmeiry of the e-beam. This is a reproducible feature
of the e-beam. The azimuthal variation of the Hell electric Tield can
induce current loops in the r-6 plane, and these could produce e drifted
Maxwellian, Alternmatively this feature might be a manifestation of

runewey electrons. Laser seattering is currently being performed with

the k vector parallel to the beam current, to investigate this.
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Fig., 1. Radial profiles of electron density from the simulstion for
100 mTorr By Times are written in ns on the profiles.

Fig. 2. Electron velocity
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INJECTION OF A 500 AMP. R.E.B. IN A PLASMA
B. Jurgens, A. Sinman, H.J. Hopman, P.C. de Jagher

FOM-Ipstituut voor Atoom en Molecuulfysica, Kruislaan 407, Amsterdam,
The Netherlands

Abstract: The resp of an independently created plasma to REB-injection

is investigated in the interval 5 < (nplnbl < 50. For nPIu.h ~ 50 full charge
neutralisation and 60%Z current compensation is found. At np/nb = 10 a large
positive space charge is observed after the beam pulse is over due to loss

of return-current electrons to the anode foil.

Description of the experiment: The experiment (see fig. |) consists
essentially of a conducting tube, total length 260 cm with an innerdiameter
of 13 cm, tapered on both ends to an innerdiameter of 3 cm. Gas is pumped
out through slits in the tubewall to a base pressure of IU-7 Torr. At one
end of the tube the beam is injected, at the other end the plasma is pro-
duced. Plasma production occurs by means of a helical coil (16) of 3 cm
i.d. fed with microwaves at 2.45 GHz, pulsed from 400 W to 1200 W before
injection of the beam. The pressure is about 5 x lClH!' Torr Argon. The plasma
is confined in a magnetic mirror field of 0.16 T in the homogeneous part
(length 180 cm) and a mirror ratio of 1.5. The position of the mirrors is
indicated by (M) in fig. 1. The plasma density can be varied from 10" en?
to 10'2 <:m_3 by changing the phase of beam injection with respect to the
microwave pulse. To overcome plasma density fluctuations the beam is
triggered at a preset level of the ion saturation current measured with a
Langmuir probe (13). The plasma density is obtained from Langmuir probe
characteristics. This method will result in a large error in the indicated
densities which can differ by a factor of 2 or 3 from the actual values.
The relativistic electron beam of 500 keV energy, 500 A peak current and
20 ns pulse duration (FWHM) is produced by a field emission diode (1,10)
fed from a Marx generator. The beam is injected into the plasmacolumn
through a 30 pm thick Ti foil (11) and an Al tube (12) of 12 cm length and
3 cmi.d, Assuming a constant beam density over its cross section, we find
n,o~2x !Om cm J for a beam of 500 A, a radius of 1.5 cm and a velocity
of 0.87 c. Varying plasma density Io“ < n, < 10'2 |:!1_3, the ratio I:Ipn"l'lb
is increased from 5 to 50.

Diagnostics are selfintegrating Rogowski coils (3,4,6) and Langmuir probes
(5,13,15), consisting of a 0,2 mm Tungsten wire covered with alumina

except for a tip of 4 mm. The probes reach to the axis of the column.

Experimental results: Measurements of the beam current (Ib) in vacuum

(o™’

show that the beam current increases with increasing magnetic field

Torr) at a distance of z = 220 cm from the gun with Rogowski coil (6)

strength up to 0.16 T, at which value R-coils (3) and (6) record the same
maximum current with a time difference of 8 ns over a distance of 2 m.

At the pressure of 5 % Iﬂ-l' Torr Argon, needed for plasma production, we
see no difference in the signals with respect to a pressure of IO_T Torr,
from which fact we conclude that ionisation by the beam is negligible.
Injecting the beam into a plasma the current measured by the R-coils (3)
and (6) decreases with increasing plasma density. Fig. 2 shows the oscil-
loscope traces of R-coil (6) with and without plasma.

Subtracting the current measured with plasma at subsequent times from the
beam current in vacuum (Ih) at corresponding times we find the time depen—
dence of the return current (IR) carried by the plasma [1]. This return
current measured by R-coil (6) is plotted against plasma density for the
moment of maximum beam current in fig. 3 (solid-line). We notice that at a
density of about 2 x IO” c::m-3 the plasma return current starts to flow

#nd that it rides £9:0:6 L, &¢ & density o 10°° om o+ Tha R-coil (3)

gives a similar result huthshows a larger return-current of 0.75 1]: at

1Ul2 cm . At the same time we see a corresponding decrease in the signal
of R-coil (4) which measures part of the current flowing through the wall.
Simultaneously we record the signal of a Langmuir probe (15) during the
beam pulse. For increasing demsity fig. 4 shows the probe response with the
probe positioned at z = 85 cm. The maximum positive value (averaged over

6 pulses) taken from the probe signal is plotted against density in fig. 3
(broken line). We see that where the plasma return current starts to flow
the probe records the largest positive signal. If we plot the positive

=3, & -
1 cm ") as a function of distance we see

maxima at a fixed density (6 x 10
that the positive signal decreases with distance from the gun, see fig. 5;

the broken line here indicates the average.

Discussion: At increasing plasma density starting from np."nb = 10
we see that both charge and current neutralisation increase; at np/nh = 50
we see full charge neutralisation after 20 ns and 60% current neutralisation
after 12 ns, measured for a beam current far below the Alfvén current of
28 kA [1]. The occurrence of positive probe signals after approximately

30 ns at lower demsities can be explained by the loss of plasma electrons

to the anode foil (11) due to the return current. Lf we calculate
EI
= 1Y o ' '
Q(e) = I (Tpag(E') = Tpea(t') de

as being the charge present in the system between R-coil (3) and R-coil {6),
we find that in the case of n, = lDI2 cm-a,Q(c) is small and always nega-
tive, whereas for 8, = 3 = 10! cm_j, Q(t) is Eirst negative but after

t = 30 ns,Q(t) becomes positive. Apparently Q(t) and V (t) show similar

time dependence, hence we can conclude that the probe 2;;:;19 are propor-
tional to the space charge in the beam-plasma column. The appearance of a
positive space charge decreasing with distance, fig. 5, in an initially
homogeneous plasma colum, indicates that plasma electrons drift back into
the direction of the collector. As long as dIb."dt > 0 the return current is
flowing towards the diode. When dIbId: reverses sign the induced axial
electric field belonging to the tail of the REB just stops the return
current. But in this experiment, and also recorded by [2], the return
current is found to reverse sign after = 30 ns when the main beam pulse is
over. The reversed plasma current amounts to about 257 of the initial

return current.

References:
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Fig. I: Schematic experimental setup. (1,10) - field emission diode,
(2,3,4,6) - Hogowski coils, (5,13,15) - probes, (7,8,16) = plasma source,
(9) - eollector, (I1) - anode foil, (12) - diaphragm, (M) - mirror point.
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EXPERIMENTS ON THE GROSS STABILITY OF FIELD-REVERSING E-LAYERS

A Davis, H. H. Fleischnann', S. Luckhardt, R. A. Meger, A. C. Smith,dr.
and D. M. Woodall

H.

Laboratory for Plasma Studies and School of Applied & Engineering Physics
Cornell University, Ithaca, N.Y. 14853, U.S.A.

w: The gross behavior of field-reversing electron rings trapped in
RECE-Berta was investigated. Apart from the undangerous precessional mode,
and very occasional "fissioning", no instability was observed. Additional
experimental indication for a gross stability are presented. Field-revers-

ing electron rings have been generated also in two other machines.

The Astron scheme of Chr'istuf'i'lus“’z) proposed to confine a
thermonuclear plasma in the magnetic minimum-B geometry generated by a
strong, “field-reversing" ring of near-relativistic protons (p-layer)
trapped in an externally applied magnetic mirror field. The "lon Ring
mnpressur",(g"} a recent modification of that scheme, expects to generate
such rings by adiabatic compression of low-energy ion rings. That pro-
cedure is to alleviate two basic problems of the original scheme, the
marginal overall energy gain resulting from the poor efficiency of high-
energy accelerators, and the rather high cost of such accelerators. Our
recent 5tudies(3) indicated a number of potentially attractive features
of such a scheme, mainly resulting from the good high-g confinement
characteristics expected for such minimum-B systems. The present paper
is to report and summarize recently obtained favorable experimental evi-
dence concerning the gross stability of such rings.

The experiments were performed with relativistic electron rings
(E-layers). According to a recent analysis of Luveiace,(s) the gross
stability of strong p-layers is to be equal to that of strong E-layers of
the same relative strength so that it becomes possible to test this
important question using the much cheaper and more flexible electron ring
technology.

The experimental facility, RECE-Berta, shown in Fig. 1 has been
described earlier.(s'” In brief, electron pulses (10-20 kA, 3-500 keV,
60 nsec) were injected into a confinement tank filled with several hundred
mTorr of hydrogen and an

axial magnetic field of

BEAM
B /
D T L B gpEE . about 200 Gauss. With
/
J 'rjl this arrangement,
. SOF T IRON
] INJECTOR
— strongly field-revers-

o g E-Tpns: priciEing

- MIOR coiLs ] axial field changes of

Em

up to 360 Gauss were

generated. These rings

as supported by detailed
Fig. 1 - Experimental Arrangement RECE-Berta. T e
pressure and gas dependence of the decay, of the energy changes of the fast

electrons, and by a detailed theoretical analysis, generally exhibit a

smooth purely collisional decay over most of their lifetime of up to 20 psec.

Yagnetic probe measurements indicate a "fat" geometry with the minor ring
diameters approximately equal to the major ring radius.

Only after the rings decay to small strength values, a more rapid
"dU'HP_" sets in. This feature is clearly identified (by the good agreement
of the dump strength with theoretical predictions, by the precession of
remaining ring parts after the dump, and by the correct stabilization by
additional small toroidal fields) as due to the precessional mode pre-

dicted by Fupty!8) (9)

and observed in the Astron experiment. No other

instabilities are observed with the exception of an occasional axial

Fissioning" of the layers during which some ring parts are expelled.

Additional experiments showed that the precessional mode can be
stabilized also by the addition of a quadrupole Ioffe field, again in good
quantitative agreement with theoretical predictions. Most recent experi-
ments indicate that the electron rings can be generated and confined in
this case also without stabilizing metal wall present.

To provide a further test on the basic gross stability of the
rings, the ring decay was investigated with various perturbations added to
the basic mirror field. A canting of the downstream mirrors by up to 15
deg and the application of a strongly asymmetric toroidal field, Bo’ did
not significantly change the ring decay. Similarly, perpendicular mag-
netic fields and gradient fields of up to 2% of the base field again did
not change the ring decay significantly. Detailed studies of the ring
behavior in a field gradient showed again a theoretically predictable
behavior.

Field-reversing electron rings also were generated in two other
machines, Using a steady-state gas filling, field-reversing rings with
lifetimes of up to 10 psec were observed in a small cusp-injection device.
The use of a pulsed gas feed led to the generation of strong rings with
lifetimes of up to 80 psec. In the larger RECE-Christa facility, using
a 5-MeV electron beam for injection, again field reversal was achieved,
with ring 1ifetimes ranging up to 250 psec. Again, the Tifetimes are in

rough agreement with the earlier theoretical predictions.

2 This work was supported by Empire State Electric Energy Research Corp-
oration and the U, S. Energy Research and Development Administration
under Contract AT(11-1)2319.
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A DIFFUSION THEORY FOR THE INTERACTION OF RELATIVISTIC
ELECTRON BEAMS WITH FUSION TARGET BLOW-OFF PLASMAS

D, Mosher and I, B, Bernstein™®

Naval Research Laboratory, Washington, D,C,, U,S.4A,

Abstract: The interaction of a relativistic electron beam with high-

atomic-number plasmas blown off of fusion targets is modeled, The rela-

tivistic Boltzmann equation with a Fokker-Planck collision term is solved

by assuming that elastic scattering characterizes the shortest time scale
=

-
of the beam-plasma system. The solution f(p, x, t) incorporates arbitrary

beam-plasma configurations and electromagnetic fields, and dynamic frictiom,

The development of high-power pulse generators has created interest
in the use of relativistic electron beams to compress and heat small masses
of deuterium and tritium to fusion [1], Fusion-pellet designs usually
employ thin shells of high-atomic-number material in which the beam
deposits energy [2,3]. To date, modeling of pellet implosion has neglected
the effects of the electromagnetic field and scattering collisions in the
beam-heated plasma blown off of the shell [1-3], This work presents a
formalism which allows one to determine the character of beam deposition
in the high-atomic-number plasma and shell when these effects are included,
The relativistic Boltzmann equation with a Fokker-Planck collision term is
solved by assuming that the elastic-scattering time is the shortest char-
acterizing the system. (This approximation is valid for cases of interest:
the interaction of a 1-3 MeV electron beam of about 10 nsec duration with
initially-solid shells of heavy material,) Solutions yield current dis-
tributions and energy-deposition profiles directly and can be used to close
a system of beam fluid equations [4] self-consistently. The procedure
employed here also compares favorably with Monte-Carlo techniques applied
to electron deposition [5] in that computatienal costs are much less and
the effects of electric and magnetic fields are included,

The equation describing the momentum distribution function of
relativistic electrons interacting with a cold, high-atomic-number plasma

may be written 4]

.3 > . pxD e W, 3
2F Hils vf-g(z + -:T)-fo =9, Dog (@) 7T = pp)-¥ f1 + 7 - [vp(pdef]

at
(1)
where ¥ = 1 + gzi(mc)z. The quantities Vg and Vg are gscattering and
energy-loss frequencies
ve =0 vf(vz-l)u"a ; v = Eyv (@)
5 8 % E s

where {l; = Qmiric(zz +2)1nA, and € = 2/(2 +1). Here n, is the plasma
ion density, T, is the classical electron radius, ¢ is the velocity of
light, Z is the plasma atomic number, and lnA is in the range 10-20.
Treating € as second order in V2!, the term of Eq. (1) are ordered
according to 0(\,;2) ;owg-‘):o(v;l) =0(1):0(vg). When f is expanded
in powers of U;l, f= ‘fu + fy+..., Eq. (1) can be iteratively solved.

The solution correct to second order is given by
-
fo: fD(P. %, t) 3)

that is, fo ia isotropic in momentum space and

- -
fo=A"p &)
1 (eE @ 1 e =
_1 [eEd& 1 =) - i
IEVG\‘S(p P vaA)'pP+EUSmY (BxA)-p )
where
- af
+_1 (% 1
A_a"s (p TR V!ﬂ) )

Setting secular terms in the second-order equation equal to zero yilelds
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Moments of [ which yield the beam-electron and energy fluxes are

of primary interest. To lowest order, these quantities are

- e g
= B g% =BR .G g2
g[mvfldp[mv A.dip ®
- et = -
q =[mcz(y-l};% f1d% = mczf(‘v-l)%% ‘A d%: )]

- -
Taking V'lﬁ, substituting for V-A, and integrating by parts yields

3= 3,
Vg = b (p “E'J‘D)pgﬂ (10)

Lack of particle conservation is due te beam electrons, slowed by dynamic
friction to very low energies, merging with the thermal-electron back-
ground,

The rate at which energy is transferred from the beam te a unit
volume of plasma is obtained by taking the divergence of Eq. (9), In the

steady state,
4
- PVp
= Veg = 8+ b4 _
Q= -v.q= ek} z.nL — {,dp. (1)

Solutions of the steady-state equations in 1 and 2 dimensions
have been obtained, The effect of self-consistent electric fields in the
plasma on beam deposition will be discussed.

The authors are grateful to Dr, David L. Book for many useful
discussions, This work was supported by the U, S, Defense Nuclear
Agency.
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GENERATION OF LONG ION PULSES AND PROTON LAYERS
J. Golden* and C. A. Kapetanakos
Naval Research Laboratory, Washington, D.C. 20375, U.S.A,
and
S. A. Goldsteint

University of Maryland, College Park, MD 29742, U.S.A

Abstract: Experimental results are reported on the formation, propagation,
gize, degree of current and charge neutralization of a 40O keV, 50 nsec

duration proton layer and the generation of 600 nsec long ion pulses.

Several important applications are presently foreseen for high
current (1-100 kA) pulsed ion beams in the energy range of 0.1-1 Mev,
including (a) plasma heating, (b) generation of intense neutron fluxes,
(¢) production of UV [H"‘ +C +H+ C:J at 1215 A] and soft x-ray
[l{:* +H = Ii: + H*, at 306 k] lasers, and (d) formation of field revers-
ing ion layers and ion rings for stable plasma confinement.

In this paper we report a summary of experimental results on the
formation and various properties of a 50 nsec long proton layer and pre-
liminary results on the production of long ion pulses. Finally, we discuss
briefly theoretical results concerning the reflex triode.

PROTON LAYER--The 400 keV ion beam is produced by a reflex triode similar
to that described by Humphries et al[l1], The electrons are emitted from
m1l-cm 0D, k4.k-cm thick annular carbon cathode that is held at grt.:'.md
potential. Accelerated by the 50 nsec duration positive voltage pulse
that is applied to the anode, these electrons pass through the 6.25 micron
thick aluminized mylar anode and form a virtual cathode. As the electrons
oscillate between the real and virtual cathodes, plasma is produced from
about 20 polyethylene filaments (0.25 mm diam,) mounted on the side of the
aluminized mylar that is away from the carbon cathode., The protons
accelerate toward and through the virtual cathode and form a drifting
beam. After crossing the virtual cathode, the proton beam travels for a
few em in a uniform magnetic field and enters the magnetic cusp, which has
a linear extrapolated transition width of about 12 cm. The magnitude of
the uniform field preceding and following the cusp can be varied from O
to 25 kG. All the results reported here were obtained at a background
pressure below 0.4 mTorr.

A variety of diagnostics are used to study the properties of the ion
beam. The number of protons is measured by nuclear techniques, the total
energy by calorimetry, the current demsity by biased collectors and Faraday
cups, the time of the flight with scintillators, the shape of the beam

with frame pho hy and the di ism of the beam with mangetic

probes.

The nuclear physics technique allows an unambiguous measurement of
the energetic protons and consists of measuring the y-rays associated with
the annihilation of positrons produced from the decay of 0°F, which has
been generated by the reaction §¥'%(p,y)0'" when protons of energy greater
than 279 keV strike a nitrogen-bearing target, The number of protons in a
pulse measured by this technique is about 3 x 10**, corresponding to a
current of more than 1 kA. From the above diagnostics the following infor-
mation were obtained about the p-layer:

(a) The number of protons transmitted through the cusp is drastically
reduced for values of magnetic field By greater than & kG [Fig. 1], even
though this field is about three times smaller than the minimum critical
magnetic field [(Bct)m = 16 kG] corresponding to LOO keV protons born at
2 radius equal to the maximum radius of the cathode;

(b) at By = 15 kG, the rotation velocity of protons is about twice

their axial velocity;

{e) the p-layer is initially thin and has a radius comparable to the
maximum radius of the cathode, but its thickmess progressively increases
in time and becomes equal to the thickness of the cathode; and

)} the azimuthal current density of the p-layer is about 2.6 Afcaf

and at By = 1k kG is current neutralized by about 20-3:04. The space charge
neutralization, i.e., np_.n'nt, is = 0.1.

LONG ION PULSES--It appears presently that the most promising approach

to produce field reversing ion ring is by using ion pulses 1 ysec or longer
with subsequent confinement of these ions in a time varying magnetic

field [2]. The short circuit of the anode-cathode gap can be considerably
delayed by immersing the triode in a magnetic field with a radial compo-
nent, e.g., by placing the anode inside a nonsymmetric cusped magnetic
field.

In order to obtain a better understanding of the short-circuit effect
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Fig.2. Dicde voltage in
kY, (a)without and (b)
with iron collar; (c)
ien pulse.

Magnetic Field (kg)
Fig.l. Cusp Transmission

in the anode-cathode gap we are presently performing experiments with a
600 nsec long positive pulse. This pulse is produced by connecting
directly the triode to the Marx generator. The magnetic field is uniform
except in the vicinity of the triode, where it is suitably shaped by in-
serting a ll-cm long, llem-ID, 2-em thick soft iron collar around the
cathode stalk. The radial component of magnetic field produced by the soft
iron serves to delay the short circuit effect in the diode as is demon-
strated in Fig. 2. The proton pulse is of the same duration as the voltage
pulse, i.e., ~ 600 nsec as is shown in Fig. Zc.

TRIODE--Due to the energy loss of the electrons in the anode as these
electrons oscillate between the real and virtual cathode, the space change
distribution in the triode is drastically different than that in the simple
planar diode. Thus, both the electron and ion current have a different
relationship upon the applied voltage than in the case of the planar diode.
Assuming that the scattering in angle of the oscillating electrons at the
anode can be neglected, it can be shown that the ratio of the ion to
electron current depends upon the number of passes of these electrons
through the anode and the square root of the mass ratio. The electron
dynamics are treated relativistically, and the electron contribution to the
spatially dependent charge density is computed after each reflection,
Boundary conditions are treated with cathode and enode plasmas present.
The formalism allows inclusion o©f time dependent phenomena such as ion

motion,
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GENERATION OF MULTIKILOAMPERE PROTON BEAMS AND
APPLICATION TO REVERSED FIELD P-LAYERS

o

R. N. Sudan’
Naval Research Laboratory, Washingten, D.C. 20375, U.S.A.
and
5. Humphries Jr.
Laboratory of Plasma Studies

Cornell University, Ithaca, N. Y. 14850, U.S.A.

Abstract: Possible application of recently achieved pulsed proton beams in
the several kiloampere range at energies from 100 keV to 1.5 MeV to the

formation and compression of field reversed proton layers is discussed.

HIGH POWER ION ACCELERATORS--Quite recently hipgh power, high voltage elec-

trical technology, which is the basis of the development of relativistic
electron beams, has been applied to create pulsed multikiloampere ion beams
at energies ranging from 0.1 - 2.0 MeV by Humphries et al. [1]. Ina
diede in which both cathode and anode are capable of emitting electrons and
ions the electrons carry away almost all of the power delivered to the
anode and the plain diode is quite inefficient for ion-beam production.

A simple device alleviates this problem. Two cathodes are located
symmetrically on each side of an anode made of a highly transparent mesh.
A fraction T of the electroms arriving at the anode pass through and are
reflected by the opposite cathode. Thus, a large fraction of the emitted
electrons circulate in the device and only a fraction 2(1 - T)/(1 + 1) of
the equivalent current for a solid anode constitutes the drain on the ex-
ternal power supply. The fraction of the electrons that actually collide
with the anode deposit their energy to produce a plasma for iom emission.
Successful results have been obtained from (i) coating metal anode meshes
with hydrocarbons, (i1i) nonconducting nylon meshes and {iii) aluminized
mylar sheets of appropriate thickness for high energy # 1 MeV. Electrons
produced at the cathode edge are affected strongly by the fringing electric
field and follow an orbit that quickly takes them to the opaque anode
holder. A magnetic field of sufficient strength parallel to the triode
axis helps to prevent these electrons from drifting outwards and improves
the device performance significantly. If one of the cathodes is removed to
infinity the reflecting electrons form a wirtual cathode at approximately
the same distance as the actual cathode ancde gap. Eliminating one of the
cathodes allows for easy lon extraction. At the high achieved ion-current
densities ~ 10 Afcn” the propagation of unneutralized ion beams over any
distance is not possible because of strong space charge repulsion. How-
ever, the ion beams in this device emerge automatically neutralized because
they pick up an equal number of electrons from the surfeit of electrons
around the cathode. These electrons need only a small fraction (me.l‘mi) af
the fion energy to follow the beam. Thus, the beam is able to propagate in
a good vacuum, unlike E-beams, with divergence properties determined by the
initial emittance. Proton currents in excess of 5 kA at current density
~ 10 Afen, and total protons per pulse in excess of 10" have been

4 which is

achieved. The best device efficiency, at 100 kev, achieved is k
pretty close to the maximum possible of 50%. The current density is also

close to the space charge limit. Table I summarizes the experimental data.

PULSED PROTON-LAYER--The earliest application of relativistic electronms to

a fusion device was suggested by Christofiles [ 2 7].'1'!37'.5 "Astron" concept
ran into two difficulties: (i) prohibitive energy loss by synchrotron
radiation and (1i) inability of the E-layer current density to reach field

reversal by stacking of successive injection of pulses ., Fortunately

Machine 100 kv 500 W, TQ 150 kv 5 MV
Marx Blumlein Blumlein CREB
Ion Energy ~ 100 kev 500 kev 130 keV 2 MeV
Ton Current 2 % 250 A 2 % 2,050 A 2 % 3,300 A ~ 5,000 4
Pulse Width ~ 50 nsec ~ 50 nsec ~ 50 nsec < 50 nsec
Current Density| ~ 10 A/em” 8.3 Alen® ~ 20 Afen® ~30 Alen®
Efficiency T 9% Lag
Type of Ions proton proton proton proton &
% AR

TABLE I - 7| = Proton Emergy/Total Energy Imput [VId:

Fleischmann and coworkers[3] were successful in producing field reversal in
single pulse injection using a 500 kv, ~ 40 kA, < 100 nsec E-beam.
Christofilos suggested the use of ~ GeV protons to overcome the first
difficulty,

P-IAYER COMPRESSION--Since the proton energy required for a "breakeven"
situation is still very much in excess of what is possible from diode
technology, Sudan and Ott ﬁ&:[ suggested the adiabatic magnetic compression
of a P-layer, formed by single pulse injection, to the required energy.
Let the proton layer be of thickness f, mean radius R and length L such
that A/L << 1 and A/R << 1 with L >> R and neutralized electrostatically.
The compression time is assumed much smaller than the time taken by the
flux to diffuse through the layer Wmop®/c®, In this limit both the axial

flux #a through the layer and the poloidal flux trapped within the layer

@p are conserved i.e., & = WRE(BEX + 4nI/L) = const., ﬁp = omR(2nIA/L) =

const., where I = IB € IE is the net azimuthal current composed of the
beam current IE and the electron current Ie and Eex is the external mag-
netic field. From the conservation of canonical angular momentum and 8.
we obtain Rurg = const., where L% is the mean azimuthal beam velocity. Thus
the beam current T, = }ieuw,’?r.l! scales as R'?IB = const., where N the total
number of beam fons is assumed to be comserved. The variation of A with
compression is obtained from the constancy of the radial invariant

_T!_ A “'T"‘“ﬁ where L) =qa[1+ {umfﬂi\]zl‘p ig the betatron frequency and the
transverse beam pressure = nbmiuf; Low hﬁI/L‘Bex is the field reversal
factor, 01 = eBex/mic is the cyclotron frequency in the external field.
Furthermore, it is easy to establish the constancy of IRZ, BEXRE, AR, C -
Defining C to be ratio of final to initial external magnetic field, the ion
energy increases as C, IE increases as C and the current density as CBIQ.

It is, in principle, possible to achieve breakeven conditions by com-
pression to high magnetic fields of a few hundred kilogauss, For field
reversal the number of injected ions required is » 10°7; and the injected
energy ~ 1 MeV, Such a layer can be formed by injection through a magnetic
cusp [5] or by alternative techniques. Tnitial experiments already indicate
that such injection is feasible [A]. The topology of the magnetic field

creates a natural divertor for the impurities from the walls which are

swept along the open lines of force.

+ Permanent Address: Laboratory of Plasma Studies, Cornell Universicy,
Ithaca, N.Y., U.5.A.
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THE MEASUREMENT OF IONISATION RATES IN ION SOURCES
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Abingdon, Oxfordshire OX14 3DB, UK.

Abstract: A new diagnostic experiment for the evaluation of the performance
Abstract

of ion sources is described in this report. Comparisons of the measured
rate of ion production with a simple theory of ionisation leads to estimates
of the containment time of the ionising electroms.

1. Introduction: High current ion sources, for application to
neutral particle injection into the next generation of fusion experiments,
aust meet more stringent requirements on performance than herstofore. In
particular, the problems of wniformity, stabilicy, gas utilisarion, component
1ifetime and species control are such as to necessitate a better understanding
of the principles of source operation.

To this end we have investigated the factors which determine the rate of
jon production in a source. Using a new diagnostic experiment we have
been able to evaluate the ionisation efficiency of the current carrying
clectrons and. its dependence on the electron containment time.

2. Experimental Arrangement: ‘The studies to be discussed have been

carried out on a development protetype for a 20 amp source. The source has

g
h

a basic rectangular formar (figure 1)
built to allow flexibility in varying
cathode, anode and magnetic field geomet-
ries. Six directly heated cathodes

(1.5 mm ¢, 12 cms long tantalum wire) are
mounted in two rows of three, on an inter-
changeable back plate. The water cooled

anodes are introduced through insulators

in the source body, and
their number and location can be altered easily. The magnetic field coils
can be slid over the source body. (The results in this paper, however, are
restricted to cases of zero magnetic field).

3. HMeasurement and Control of the Ion Production Rate: By utilis—

ing & source with the body isolated from anode and cathode, we can bias the
body to collect ions only and thus measure the ion flux to the body. This
measurement enables us to estimate the total ion production rate (in amps
equivalent) to an accuracy of + 10% by correcting for ions which impinge on
the anode and cathode and so are nor recorded.

It has been known, since the early studies of sources carried out in the
Manhatten Pruject(“, that the ratio of the ion production rate (I+) to the
electron current (IE) in an arc discharge source with a directly heated fila-
ment cathode is determined by the boundary conditions at the cathode. As a
¢onsequence, in source operation with spacecharge limited electron current
1+IIE has a unique value for a given cathode area and source geometry. How-
EVer, in the emission limited regime, 1+,'IE may be varied at will by varying
the heater current, and operating in a narrow range near the emission
limit (figure 2). When this happens the arc voltage, U , also varies to
match the required changing ionisation rate. By measuring this variation of

I+‘flg and U at different gas densities in the source we can determine the
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variation of I+Ile with gas density for a range of values of arc voltage.

4. Model of Tonisation in the Source: The rate of production of

ions in the source volume (in amps equivalent) is given by the equation
= < > v &
I,=en n, < ve. (1)

where s is the neutral gas denmsity, n, is the average electron density,
gV the average ionisation rate coefficient, and V the source volume,

The value of o, is related to the electron current:-

(2)

where <o v> ™ is the average rate coefficient for inelastic scattering of
electrons to energies below the ionisation thresheld, and te is the average
electron containment time. [Tbis expression is only approximate in that it
neglects the effect of inelastic scattering on the energy spectrum of the
electrons and also slowing down by cool thermal plasma electrons.

Further it is only strictly applicable to monatomic gases, though it can be
used for hydrogen at low arc currents where lonisation following dissociation
can be neglected. These approximations will be considered in a more detailed
diEcuSsion]. From equations 1 and 2 we derive the relation

1 ECUV'?IN 1

e
o av
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5. Comparison of Experimental Data with Theoretical Predictions:

The first prediction of equation 3 which is amenable to experimental test is
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that measured values of Ia“'+ should vary linearly with the inverse of gas
density. In these experiments we measure and control not the density, but
the gas flow rate Qu; however the two are proportional at low arc currents.
Thus to test the validity of equation 3 we have plotted Ie"‘IJP Versus Qu-l
for various arc voltages (figure 3). The data fit the linear plots well
indicating that the density scaling is correct.

Having established this we can now test the second prediction, namely
that the intercept (IEII+)U depends on arc voltage only and not on details
of the source design. For this we determined (Ie'flwt)a (U) for the source
described above and for a source of cylindrical geometry with a single
cathode and anode ring. Data are shown in figure 4: they show excellent
agreement between the values of (Ie,’1+)u from the two sources.

Finally, the theory indicates that the slopes of the lines in figure 3
vary as the inverse of the electron containment time. To test this pre-
diction we varied the area A of the anodes by varying their number, since
in a magnetic field free source the containment time is given by AWA.VE
(ve is the electron velocity). The data in figure 5 show that 1 derived
from the slope of the line varies approximately linearly with the inverse
of the anode area, in agreement with the theoretical prediction.

6. Conclusion: The diagnostic experiment we have developed to study
ion production rates in ion sources has allowed us to test a model For
ionisarion in a source in the simple case of a magnetic field free source.
The model predicts, in agreement with experiment, that there is an ultimate
efficiency of ionisation (I+IIE) which depends on atomic cross-sections
only: the degree to which one approaches this limit in a given source
depends on the gas density and the containment time of electrons. This
experiment provides a method for measuring the containment time for a given
source and thus of evaluating the comparative performance of different
sources, and the influence of magnetic fields.

Reference: (1). GUTHRIE, A. and WAKERLING, R.K., Characteristics of Elect-
rical Discharges in Magnetic Fields (McGraw-Hill New York) 1949.
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NON CIRCULAR CROSS-SECTION TOKAMAKS :
EXACT SOLUTIONS OF MHD EQUILIBRIUM AND STABILITY LIMIT NEAR THE AXIS.
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Abstract : A method of deriving solutions, expressed in closed form of
toroidal MHD equilibrium is presented. The method is applied to the stabil-
ity analysis of a fat torus with non circular cross-section in the case of
a peaked current distribution.

Fat tori with non circular cross-section are increasingly being
considered in Tokamak research programmes. This tendancy has induced a
search for new classes of ideal MHD equilibria. Exact solutions, in the
peaked current case, have been reported to treat deviation from circular
shape /" 1_7 or the effects of finite inverse aspect ratios / 2_/. The
methods used involve a linear superposition of a finite number of exact
solutions expressed in term of hypergeometric functions. We show here that
an integral representation with simple kernel may be used to generalize the
preceeding results to fat non circular geometry.

Treating the "parabolic" case with no pressure (P) and no current
at the plasma 1boundary (urface ¥ = 0 ) we aﬂssume {cylindrical coordinates)
that P = py¥/2rg and r28% = 12 8L +pY/rs i the partial differential
equation resulting from ideal MHD becomes :

2 2 2
DV L By 1 2¥ V(‘*T'")Y’— o
2rt 2z* I or
A1l solutions of this equation which are symmetric with respect to the
equatorial plane may be written as :

}wsz[m(h)ti (r,h)+p(h)R1(r,h):| cos (hz)dk (1)

Rl and Rz are two independant solutions of the radial differential equation.
They can be expressed in terms of a combination of the 2 Coulomb wave
functions /71 7 but in order to perform analytical integration of (1) they

may more conveniently be written as polynomials of x = (r - ralirg ¢

Rl =x #+ alzxz e tagy AT, 3 R2 =1+ a22x2 * e F aznxﬂ' Filve
where the a,, are given by the recurrent relation :
o 2 el f-ﬂ
(mz.)(nn)g.né {h ‘F('*Hl}%n" zrrx%w‘./v}{%n_ﬂ. .ZfJ (n+2 _3)3'1“'}
J':1

At this point we are left with the problem of finding the functions
o and ,8 corresponding to a prescribed 1{)‘= 0 surface. The condition that
the line z =x =0 is a magneti"cl .;xis imposes n!xdk = 0. Single magnetic
axis Tokamak correspond to _O/'B k"dk > 0 (opposite s;gne for duub]/ﬂL.2
Furthermore R fixes the ellipticity near the axis : (£7+1) =f.r(1 +J) /3k dk
(where € is the ratio of the vertical and horizontal axis) and oCis Connec-
ted to the triangular deformation of the surfaces. Consequently "Horsetrack"
or elliptic ly‘: 0 surfaces are produced with o = 0 and P>U 5 "D" or
"kidney" shapes correspond to both & and ;3¢O. The rapid divergence of Ry
and RZ with k (Fig.1,2) and the requirement that a closed '\|f: 0 surface
exists limit the range of k vﬂ;ere o¢ and F\ are different from 0 to
approximately 0g k 'S[r'(l +3’H

A large variety of aspect ratio and shape has been obtained with
the same simple forms : ﬁ(k)xkn e_ak kaT - k) (where H is the Heaviside
function) (Fig.3) and oC(k) is the algebraic sum of a positive and a negative
half period of Z cosine functions each adjustable in position and width
(Fig.4). In particular these functions can generate the cases of a fat torus
with non circular cross-section (Fig. 5 and 6). The small difference between
cases 1 and 2 (Fig. 5) despite the large change of shape of §(Fig. 3)
illustrates the fact that the integral representation is not very sensitive
to the detailed shape of the Kernel. This suggests that even more elementary
forms of o¢ and @ could have been choosen in ordar to simplify analytical
integration of (1).

This method has specific advantages over purely numerical treatment
already existing /°5_7. For instance high order partial derivation 1?’(-1)
which are needed to calculate various quantities in the vicinity of the
magnetic axis are not, in general, accurately calculated by numerical method.
In our case these guantities are directly expressed in terms ofoC and & .
Consequently poloidal field (involving ) and the Yercier stability
criteria (involving 1';“ and ”]) can be accurately detemlned. Foa;w'nst-
ance the Mercier stability limit takes the form : qz = f(flxkzdk,kazdk),
where f is an algebraic function. = L

EQUILIBRIA

In the 1imit of large aspect ratio, it has been shown / 3_7 that
vertical elongation of the plasma had a defavourable effect on the limiting
safety factor (qc) for stability against localized modes near the magnetic
axis /74 ]. However triangular deformation in the proper direction could
overcome this effect and even decrease q. well below 1. Unfortunately our
calculations show that the triangular effect is much less effective in the
case of small R/a. For instance in case 3, 1, 4 (Fig. 6) 9 takes respect-
ively the values 1.5, 1,25, 1.17 . Most of the decrease in q_ oceurs when
the shape changes from the ellipse to the D shape. Further triangular
deformation to a kidney shape (case 4) only produces a modest improvement
of e Ultimately if oc(k) is made too large a singularity appears on the

plasma boundary which becomes a separatix.
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RESISTIVE TOROIDAL EQUILIBRIA

R. J. Bickerton, L. C. Woods* and M. Woodward*
(EBuratom, UKABA Association for Fusion Research, Culham Laboratory,
Oxfordshire, England)
*Department of Mathematics, University of Oxford

ABSTRACT
The starting point is 2 given toroidal plasma equilibrium of the tokamak

type. Then assuming a steady state and specifying the plasma resistivity on
* L
the magnetic axis the corresponding self-consistent distributions of particle

pources, electron density, temperature, and plasma convective velocity are
'
caloulated. Problems at the boundary are discussed but not resolved.

INTRODUCTION
We study resistive toroidal equilibria in order to understand toroidal

effects which are masked when "toroidal transport" equations are used in
eylindrical geometry. A one-fluid resistive model for the plasma is used,
a steady state is assumed and inertial terms are neglected. S8imilar work has
been reported by Green, von Hagenow and Zehrfeld' ‘.
BASIC ATIONS

The starting point is a given infinite conductivity toroidal equilibrium,

that is a solution of the eqlmti.t:m{2

22 (GENE . @ @

3R \R 3R
whors £(1) = IR ana g(w) = 7B
oo a

using R, @ and z as cylindrical cordinates based on the axis of symmetry,
W is the poloidal flux, f and g are arbitrary functions of W, p is the
plasma pressure, B=| a reference magnetic field and Ro the radius of the
magnetic axis.

Next we specify the plasma resistivity on the magnetic axis T\O } we
then know the applied electric field everywhere since

), = 1,0y,
and Eﬂ’ = (—F‘!’lﬁ&‘-
assuming a perfect transformer with no leakage flux. Then using a series
of integral relations given for example by Maschke 3 we can calculate the
various plasma parameters corresponding to this finite resistivity equili-
brium

a
1w - by |75 RE- B

al
R .
.Fq. |va}) BB 4

The temperature variation is then calculated assuming T) o T"%,

19 = (et
and then since the pressure is known,

old) = gl®)/T08)
The volume integral of the particle source function S is -

ars=n[ 2 (pn._ ;.

j;(g) [ @n-5.8

then assuming S is only a function of ¥,

8w =L drS/ dv
w3

%

where V is the volume of a magnetic surface.
The component of plasma velocity normal to the magnetic surface is cal-

culated as a function of position,

v - |FE\J|§P (NI9Ef® - |BJ? (Bpin)+(B. 5) (RyBy) + |VB|{%1) (anEm'“ B.j)}
RESULTS

Cases have been computed for the following forms for g and f,

eth) = 4 (g

) = F + oa(¥ )P
vhere A, B and C are constants and ¥ = 1 on the ‘boundary.
Figures 1-4 show the results for the particular case A=B=5,C=0. Since
C=0 the toroidal field is a vacuum field so there are no poloidal components
of plasma current. The results show that there is a relatively small vari-
ation of plasma temperature from the axis to the wall and that a combination
of particle sources near the axis and sinks (8-ve) in the outer regions is
7ié0888ary to maintain the equilibrium. Beoause of the boundary condition
l::i:::n:e:e:;icle flux from the plaswa is zero since the diffusion co-

proportional to p also vanishes on the boundary. Since

particle sinks (recombination) are not expected on any scale in tokamak
Plasmas, it would be =

realistic to move the boundary to & radius such
that § 5 ¢ everywhere.

gy M i There is then the problem that the normal velocity
s ¢ ahso:: b:he surface and this is not realistic if the wall is
iy S s i tt not to emit placma. That is the constraint vn 30
s e i at the boundary. It would seem that the matching of an
0 to such a constraint is only possible if an additional

physical effect is included near the boundary; for example the plasma
inertia, since the convective velocities increase towards the boundary while
the sound speed decreases. We have not yet carried out this matching and
can only assume that merely a thin boundary layer will be affected.

It ie interesting to note that in the case of a vacuum toroidal field
and a scalar resistivity the plasma loss rate is unaffected by the toroidal
field. The convective motion required to match the current distribution
and the applied electric field is such as to lead to a net plasma flow cor-
responding to a diffusion coefficient D~ (*/RP -5% M, i.e. the Pfirsch-
Schluter correction applies equally to a toroidal pqnch with no toroidal
magnetic field.

Another aspect of the same point is that due to the convective plasma
motion there is no correspondence between the current density and the plasma
conductivity, contrary to what is often assumed in the interpretation of
experiments. The difference i5 usually small but can be extreme in the

case of tight aspect ratio.

The variations of T(I) and S(I) have been calculated for a variety

‘of cases with A = B = 5, € # 0, corresponding to a range of poloidal beta
values and to non-vacuum toreidal fields. In some cases the plasma is
required to be hotter at the wall than on the axis (lower T) and a
complex system of sources and sinks is also needed. This is the result

of taking arbitrary g and f 8o that it is not surprising that we find
the corresponding M(¥) and S(¥) non-physical. Green et al specify
5 and T and then calculate the corresponding g and f. This is more
difficult but also clearly more satisfactory. However few results have
been presented. It is also desirable to extend the present calculations

to include the energy equation.

TS
In the diagrams all the parameters are presented in dimensionless units.
To convert to real units use the following
Iength = “u = radius of magnetic axisj Resistivity = ‘Hn = resistivity on
magnetic axis; Velocity = nu/'mRoi Density = n, = density on axis;
Temperature = To = temperature on axis; Magnetic field By :(EE]P)°/1’\(‘I’)J";
Pressure = By? /by ; Current Density = Bo/lrrraoi Source 5 = ‘1":—]‘:,
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THE INFLUENCE OF DISSIPATIVE MECHANISMS AND THE
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Abstract: Stationary convective solutiona of the MHD equetions
with resistivity, heat conductivity, and viscosity are studied

for a plasma slab in = sheared magnetic field.

Convective motion of plasma mcrose a magnetic field has
bean proposed by seversl asuthors am a poseible mechanism for
anomalous transport [1.2]. In contrast to ref. 1,2, where the
resistivity leads to instability, we consider convective motion
in pituations where the plasma ire slightly unstable in ideal
MHD theory and the dissipative mechanisms play a stabilising
role. For a plane slab without magnetiec shear in the presence
of gravity or weak curvature of the field lines, the inclusion
of reaiativity and viscoaity [ 3.4 ] lends to the existence
of a ma;'ginal state (w = 0), charscterised by a eritical "Ray-
leigh number" R = Rcrit
damped and exponentislly growing modea. Nonlinear enalysis,

¢ which in linear theory separates

analogous to the theory of Bénard convection, shows that even
for values of R beyond the eritical Rayleigh number, station-
ary convective states exist resulting from the balance batween
the driving forces and dissipation [ 3,4 /.

In the present paper we limit our discussion to tha linear
theory of n plane plasma alab, which is interchange unstable in
the ideal MHD limit, and coneider the influence of disasipative
mechaniems and megnetic shear on the onset of conveotion.

We use the MHD equations with constant resistivity ’?' heat
conductivity 3, and viscosity coafficients p (parallel),

P (dimgne‘tic), ’lj_(parpendicular). We write thess equations

in dimensionless form:

N LSO o B i) +F
itV = @[ R aggd) + F v
VI A TR B ke B
aT 5@ - A 2
o vl w fTHE o e §RF "

where we have normalised as follows: r/ﬂ,-}r » pf(ngTs) > p,
B/Bo—b B, x/I. = x with L the slaeb thickness; furthermore, intr-
oducing the classical diffusion coefficient D, = nomoln., and
defining ff = Dy/L, Ve =3/(ngl), V. = I./t‘m“ l/(F,LJ
we have put t/r‘,;t-v\‘- ')}/(Bo"d‘ff)-’} $/(z3 - ff) - §,
11'/"“"-’3‘ with "'%n = Ty/my . Also

3 /1
? Lhvgyy i TT:.L/_”";L ; Q-_vti\__. I'.B.. 4“_" {-%)‘»1
Fuise o VaffVese P PLai im, Ty
For clageical resistivity and viscosity we have T » 1, ?:, »>» 1.

If the perturbations very sufficiently slowly along the magnet-
e
ic field and if V.3 is small, the viscosity term iam

P = (3 r 7005+ 22 [(B0ed) - Bav(v.3)] -V (0x7)

Vst
Quite generally we me s write
vie ¥ =wmp T-ExV3 , Pid=0 (5)

If the diffusion 1e purely classical, using Q>>1 we find from
eqs. (1),(2) that M= p; if it is anomalous due to some micro-
turbulence one may put frar and replace the classical D, by an
anomaloua coefficient D.

Let us first consider a magnetic field with weal curvature
J./li.c| without shear and 5 = 0. Following the procedure of ref.3
we find that only the perpendicular viscosity aeppears in the
final linearised equations which are

2ik(@/r,)p" + V¥ =0,
ik § (rmjl + vzﬂ-m -0 ; giki(rroy' + szm —_ :;Ljvl-rl'}
i

Imposing the boundary conditions f.:?'i/),‘ga"j'/ax"; 0atx=x+ %
oris ¥ith R =270l

for K Cr.thn./z whera R is the Rayleigh number dai’:i.aad by
g= {0 RLEY Ghessay) +o N i Top
@ra(p=)y  if T=p (6)

For \Ji.‘ /‘\.T“"«bm both expressions for R become identiecal,

we find onset of convection for R= [

We now consider a semi-infinite plene slab bounded between
x =3,  with gravity aimulating ourvature and a sheared mag-
netio fiela E”- & + H)(x) 3, , ¥)(x) = B,x/1, . The shear ia
produced by a uniform weak current flowing in the z-direotion
such that 3;,",, & %f ik~ ¢ aud }ﬁf ik, ~ £ with g£<<1.

We aesume a uniform Thnd that ‘7.\;/‘\’4; f'>> i so that temperature
perturbations mey bs neglected and R’:r in egs. (5),(6).
aquilibrium density profile is diffusional of the form &&05)2 =
1 - A(x+}) where A is a positive constant <<1., We note that
aince ] is mssumed uniform and (k.B ))' is constant rippling and
tearing modes are excluded.

Linearising egs. (1)*(3) and setting perturbed quantities
proportionsl tc Exp{ikyy + ik, +Wt) we obtain the approximate
marginal system (w = 0) . i i

V4E + Q“RS'“’))’ & - ;k,r‘”ﬁ,lzo H Vf ’”I‘r”f )=0
in which it is seen that the shear term is multiplied by the
parameter Q. Solving for i we find o i

V6 4+ QI [VIF +GE) 0, Fe k3%, , G=-3(f)
which admits of the following variational principle for the
previous bounda:s}; oond‘itions Toriing J,c/jdz &4

- [ yletg rOK TR 1N/ ]y B @
where R= QG is the Rayleigh number and ¥ is the adjoint of &
satisfying the seme boundery conditions ns ¢ anda being & solut-
ion of the adjoint differential equation

by +Ql[FAV2y +6y] =0 (8)

An estimation of the Reyleigh number may be obtmined by consid-
ering the trial functiona y= f = ocos mifx where m ie an odd
integer. From eq. {7) we then find R as a function of m mnd
kg. For m = 1, the minimum lvnluc; of 1:. w“iﬂ respect to ‘kz ,.:Ls
Rt = Lt 43k + (=8 =5+ 2SR - E)

l(rit 3 T,
kyl.fd'—) ”,”6) -mii.ndep-

endent of Q while R w~ Q. Since Q is very large for hot plasmas

when J:Q/rr is small whereass for u-ru ‘

it is seen that even weak shear {E‘-() has & very

rong stab-
ilising effect upon this type of convection.

For a strong uniform squilibrium current j (B ~£, k,NE
P~ g ) solution of our syetem (1)=(3) for isothermal perturbat-
ions becomes possible only if there exists a point x = Xg in
the slab where F'(xs) = 0. In this "etrong shear" case we re-
define our equilibrium to inelude the pinching term so that Fu)
is now parabol1c. The perturbed velocity includes a pinching

e
X

term v L u Vr Bm. The problem ia more easily formulated in

terms of the perturbed density to yield epproximately

Srm iL]"-Qf:?-!.";a"-',f'l + fU6/r2] =0
We mre interested in situations where the plesma is weekly MHD
unsteble; that is, where xg falle in the upper half of the slab
and where the Suydam criterion is vioclated, (}/'Zl?'z>4lr « We dis-
tinguieh two regions; the "aingular" region about %y and the
outer region. Viscosity now becomes important only in the sing=-
ular ragion of width E'—"-’f{}l“a (f'”}‘ }-"/‘. We obtein the external
sclution in terms of Whittsker funotions and the solution of
the sixth order boundary layer equation in terms of generaliged
hypergeometric functions. Matching of this boundery layer sol-
ution te the externsl solutions then ¥ields the eigenvalue R
as a function of ka. The minimum of R with respect to kz yields
the ecritical Rayleigh number which, in the present linear theo-

ry, ie equivalent to a modification of the Suydam criterion.
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Abstract: Asymptotic solutions of the magnetostatic equations
with tensor pressure and generalized magnetic surfaces are con-
structed to all orders for a quasi-axisymmetric, quasi-toroidal

field configuration with a vacumm dominant Jj .

Non axisymmetric asymptotic solutions of the magnetchydrostatic
(HS) equations have been recently obtained to all orders 1,2/
under assumptions which appear appropriate to deal with a Toka-
mak discharge. Precisely, such !HS asymptotic equilibria were
sought in a toroidal axisymmetric domain T in the limit whare:

// 1) scalar and vector fields are quasi-axisymmetric, or"F—:—C{f.),
where ¥= l—the azimuth-averaging operator, and £ is small; ii)
the axisymmetric vector fields are quasi-toroidal, ore{(1-T )=o),
where ¢l{ = the meridian-projection operator; iii) a vacuus 3 do-
minates, 3o that VxB=0(1), with[’i.—-oft") . Furthermore, iv) the
normal component of§ on the T-boundary I—JT, -B,,, as well as the
Q-circulation along a prescribed non-reducible cycle {of T, we-
re assumed as given under the condition PeldTD,=C [/, Still with
iv), the asymptotic scheme 1)#iii) has l;egn also extended to ma=-
gnetohydrodynamic stationary regimes with infinite conductivity
and constant temperature along B /3/. Aim of the present paper
is to illustrate a different generalization of the MHS asymptotic
formalism: namely, we shall be concerned with magnetostatic equi~-
libria with tensor pressure, in the framework of the (lowest-or-
der) guiding=center (GC) model of the plasma. The concerned e-

quations are well known:

i BB
=V-F « V.B= TP = P -p )=
VxBxB=V-P ); V-B=c @uP=pd+(p P‘)Tn_ﬁ (3).

These equations can be put in the equivalent form [4/:

kxB= fVarqg VB s (p—p1Bl=24  (s),
where (K,/S)E the Euler potentials of _Lit 3 (f,g,'ﬁ)z shorthand no-
tations for ('clp“ ’?3?!1 i k=VrT and T=[i-(f~p)/18*1B=cB .
Due to the definition of Py andp, in terms of a GC distribution
function, the parallel-equilibrium eq. (5) is automatically ful-
filled, so that, if py is thought as a (macroscopically) given
function of a , 3 andlﬁj", eq. (5) can be used to determine P, (or
). In addition to 1)#iv), we shall assume that // v) K and B
have joint ("generalized") flux surfaces, namely that such & and
/2 exist for which b2 (say) 1is identically zero (we remember that
<« and ,‘3 are determined only up to an incompressible mapping);
and vi) that these surfaces (hence the surfaces« =censt ) are
closed, i.e. toroidal surfaces nested into each other//. Eq. (4)
is thus written as: kK-Ve=0 (6), k/V3=4 (7). These equations
provide us with the contravariant components k™, k-’nfg; in a re-
ference system having ol = corst ,ll:w»uﬁt as coordinate surfaces,
This is enough to determine & (through V-L;:.=O ) up to an arbitra-
Ty summand (depending on o ) in the third contravariant compone=
nt, say kﬁ'—k:-c;,' (where }':L-‘uit are surfaces transverse to -3 Y
The vector : is then computed in a standard way as the sum of
three (11near, weakly singular) integral transforms, respecti=
vely of & , of qmz{%{é:fg » and of ({-2£)B, plus a solenoidal,
irrotational tem with no normal component on &7 , which contri-
butes a (given) T -circulation along the ncm—reductble cycle £ in
T & e conclusion, we end up with %= ¢ and P~ 0 as coupled
equations for « and }/.! . The solution procedure is made possible
by exploiting the asymptotic assumptions i)#iii). We shall limit
ourselves to a condensed outline. We take ur."(superacript figures
denote the asymptotic order) equal to A times the poloidal £lux
of B (say (), where A'is the constant'?}re)iB V¢  (yand R are the
usual cylindrical coordinates with respect to the symmetry axis),
so that chu\ﬂ‘v’!l .’x ix'
that [«%/=C and 47| 3“} =n , withl J denoting increments the long

As a conseguence, it can be shown

way around. lence ﬁﬂzﬁ;—r"f/n‘\-', with L‘:H"FJ.’_O . Eacha*%#™" and)'}"")rl
can be assumed to be single-valued alongy -cycles without loss

of generality. All the (single-valued along ¢ -cycles) fields

are then projected into the orthogonal (functional) subspaces of
the axisymmetric (bar) fields and of the zero-{ -average (tilde)
fields. The (solenoidal) ,E and & are put in the form:

E:TC, x\TLf + TV

& (8) ,'_CT: ‘-'_L—’(Fl{'-f/‘ivlf (9)
where§,7', L , A are axisymmetric scalars. To the lowest orders,
one easily finds: T’" A'iT=0 ;1°= s N=-L4° | where L=
e
E?M /.’R o and dtc_!..anlace operator in the meridian plane. By use
[l 3 ); thus
[' is an arbitrary function of (°, sayc'(¢”). Eq. (7)-bar, or-
der 1, then gives:UEQ"/A_J-‘\—CU(Q)?'{": la] ('71), where a
dot means el/clG°. If one puts D (=, |B[*)= p:(d./,‘l_'fﬁl%"'"'fj;ﬁ(l’ J'), it

il
is clear that 4 '3(,1 is the u.nnert\zrbed value of & P! . By solving

of eq. (6)=bar, order 0, we find also that A 2 l'=¢

the elliptic semilinear eq. (7 ) with the prescribed G on 2T

(£rom B,_, =BL') one finally gets the whole solution to the oxder O
~—

(included) since B”is the gradient of a harmonic function {(in / )
¥ -~

with prescribed normal derivative B, on 2T . Going to higher or-

ders is more complicated. \le shall illustrate the order-l-calcu-

lations. From eq. (6)-tilde, order O, and eq. (7)-tilde, order 1,

we have (smcef‘—o)- AR = —IQ"E" 6°,7%), where means
=0 Ay Bug, B2 &

meridian component. The whole K'is then computed from V.k=(.

=¥ 3

Eq. (6)-bar, order 1, gives: [*=&'('v o™+ u? (EY), where

A/u J‘Ul (C’B )c') VA" and c*is an arbitrary function of §°.
Here ¥°is computed by integration of A~ '-‘ &= {R) Vel F (1o},
The requirement [Lu?)}=0should be observed (tthereLL Il denotes in-
crements the sho;t way around), because L.GYf/-0, Finally, we get
from eq. (7)=bar, vrder 2: -ffi YA -}Cf"“f (R)qift: -C.,‘Z‘ [E)z

(C B 1) (‘3' +(}\) v‘{xvy vut (7 ), where /5 is com-
P'ul:ed from the comnanirm equation of eq. (10«):A ‘.“( B'f—(ﬂ)-) r?\"ré‘ﬂ
(10%). By solving eq. (7 ) for G', with (% O on?T , one eventual-
ly gets the whole solution to order 1 (included). In fact, 1[ and
& (we need & to compute T'= L1 :‘\4&") are known quantities, i.e.

L:E‘-I-{‘}DE" (since B .V=0) and & :42£f., , with -?being

defined in tems of ¥ andy similarly to PH ; fﬂ means unperturbed
value. lote that .J:* and - are formally of order 1 and 2 respecti-
vely. As regards ¥° , it is seen that Jw (" -«_”/,1') i_s the po-
loidal flux of the solenoidal axisymmetric field G_ x’C'A* by .
Finally, g} is computed as a weakly singular integral transform

of E' from E':VK'-':_’;" . becauseﬁ)!m’]. It can be proved that the
arbitrary sumnmand depending on ° wich is enbodied in %' does not
affect the overall results obtained so far; in particular,i"does
not depend on the above summand. The full stabilization of the
asymptotic routine is reached only to the next order, which we
do not describe here for brevity. Yet, the overall results to
the order 2 are not affected by the arbitrary summands enbodied

in}fand in j}?l

« » The asymptotic procedure can be continued to

any desired order, though more and more laboriously, with a new
arbitrary functioncd ((°and a new single-valuedness requircment
(the short way around) for each order. These single-valuedness
requirements can be shown te be identically fulfilled by elemen—
tary means, in particular, in the so-called "favourable symmetry"
configurations described in /1/, Sect. 4.
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STABILITY OF GENERAL MHD EQUILIBRIA
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Abstract: Exact expressions for the magnetic well evaluated on themagnetic
axis are calculated in terms of prescribable quantities with simple
geometrical meaning for helically symmetric equilibria with ohmic heating
current and for £ = 2 toroidal stellarators without chmic heating current.

Introduction. Various stability analyses [I-Gj have borne out the
hypothesis that Mercier's criterion is a valuable tool for the stability
assessment of MHD equilibria with a conducting wall at the plasma boundary
(internal modes). A prerequisite of such an analysis for generalequilibria
is the evaluation of tp'.f{) on the magnetic axis (¢ is the longitudinal
flux inside a magnetic surface of volume V, " =d/dV). Although this has in
principle been accomplished by Mercier [1] , his trearment is not
satisfactory since it does not lead to explicit results in terms of
geometrically simple quantities occurring in the description of the
neighborhood of the magnetic axis to third order in the distance from it.
This is however essential, because only then a B-estimate becomes possible
in connection with a discussion of the position of separatrices [3,4] .
Furthermore, there are physically interesting cases, e.g. helically
symmetric equilibria with ohmic heating current, £=2 toroidal stellararors
with and without ohmic heating current, for which the equilibrium
relationship between third order quantities occurring in d;.’é can be
obtained explicitly, so that it is possible to calculate exact expressions

for a;.fli in terms of independent parameters in these cases.

Notation and formal expression for ¢f¢ . Let the magnetic axis be

described by its curvature % and its torsion v and the nonorthogonal
coordinate system [ y,-ﬁ linked to it by 'ﬁ'-f(l 2 aeg cos _\f),

ds? = dg*+ gldg* ~2T g dgdt + [(1-agcosp)?+ T g2]dL?. Let the
contravariant compenents B¢ , BY, BE of the magnetic field be given
by B = ap + 2,02+ 0 (g3), BY =b_+ b+ (o), Bl= c te g teeto
(@) and Vbe the volume inside a magnetic surface, V = Viql+ v3?3
+0 (?"). Then a simple calculation shows that on the magnetic axis

('ﬁ,ili)- J‘:i\?;;[% L (e, —%c,cos g )= Vac,l]dyd-f. n

Description of magnetic surfaces and second order results.

Let the volume inside a magnetic surface be described by

V~c0§#{w{?l(e cclzui'%sinlu)-Zn?i(Jcae u sin®utAcos®u sin u)]} 2)
where u=gp+a , gcosu =X cosot = ¥ Sinay

qsin u = x sino. + y cose , and

x= gcosy +!§ gz (e z:us2 u+ ninz u)

y = ¢gsinyg +l.-:— gz (e cos? u + sin” w). .
Then e( > 1) is the half-axes ratio b/a of the (in second order)
elliptical cross-section of the magnetic surfaces where b  is the half-
axis at ¢ =T/2-c and a the half-axis at $ = - o , so that o is the
angle of rotation of the ellipses with respect to the binormal of the
magnetic axis. The nondimensiomal third order quantities § and A describe
symmetric and antisymmetric triangular deformations of the surface, where
the symmetry holds with respect to u = 0. The quantities § and 8
describe shifts of the magnetic surfaces with respect to the magnetic
axis in the directions normal and binormal to the magnetic axis. Although
the representation (2) of V may look complicated, the quantities
e, o, 5. A, S, s have simple meanings. Note that the curly bracket in (2)
is the area of the cross-section of the magnetic surfaces normal to the
magnetic axis. In addition to Vz;md V., which are obtained from (2), the
following first and second order equilibrium results have to be employed
in the evaluation of (I1):
ty - 2 ®ec, - cosy
hD = bnu * b
bog = §2+Teg 2 by, = (e 0" )/(20), bag " (L
(el =1)/(et+1)
- xc, cosy) = ¢, (2Th, + c a'cosTy = coTH) = byg b,
- %c,( Bzhnf-alf}l Feg MMy -p oWy

Here, j 1is the current density on the magnetic axis, p the pressure,

ou 8inu +bnq cos u

'
4 cn.x_)

eg (o)

and the prime indicates the derivative with respect to £ . Denoting

qw-ﬁ% » we obtain i i

* ik 1 = bay s ol ]

b= s bth (o [ - bl o o'
=) [T =9E + - cosla - 250 ou' 2B o9 ]

_zv-"i:":ﬁ -2::‘[%5 —(a& sine + & cosw )]} @

Here, the three third order coefficients 6, A, and § occur, Since the

equilibrium equations connect &, A,S, and s » 2q. (3)
does not describe lilf{p in terms of prescribable parameters.

Description of third order equilibrium calculation, To cbtain the relation

between &, A, and § the following third order equaticns are used:

(4) o g2) of g:B =0, (B) 0 ( g3 ) of B-vV=10, (C) 0 ( ¢¥) of ﬁ%
= GaB-2E, o gd)of f,%a G x p_).%, where the latter two
equations are used to eliminate ¢ . The procedure is algebraically quite
tedious; to obtain correct results we have found that it is essential to
check the calculation step by step with the help of the algebraic
programming system REDUCE I?] . Details of the calculation will be
published elsewhere.
Results for special cases. We first checked the result obtained in the
axisymmetric case (eq. 9c¢ of [3] )

1

§=3 +de- e+ Lr+saer ) @)

where A, s = 0 (symmetry of the magnetic surfaces with respect to the

equatorial plane)is assumed and Q is related to p by p = — .1-'5((1 =Q).

In the case of a helically symmetric equilibrium with magnetic surfaces

which are symmetric with respect to the cseulating plane ( A ,s = D) we

obtain ;
; 1 1t L p 5
§ = (36*?)5 +%'T!L‘_ Trie? g )

Here, L is the periodicity length of the magnetic axis, =T, = Lr/2w,
and Ls:%ﬁ(t.#&)=nz1

where L is the rotational transform per period and * refers to a lefthanded
and a righthanded helical magnetic axis respectively (r >0 for a lefthanded
helix). Note that eq. (4) is obtained from eq.(5) with the substitution
L+- L and taking the limit © = O.

In the case of an f= 2 toroidal stellarator with o' = const the

situation is more complicated because for the choice s = 0, 5 = const
which appears physically reasonable, § and & are no longer constant. The

third order equations can be solved with 3 = 6 cos o , A= As sin ot .

(3
We have used the additional simplifying assumption j = 0 (no ohmic
heating current). The result is
3 5
(et ﬂZS‘ ¢ (3e*+ Ne*+Ie+ 1) T!'Llp (6)
e’ (e*-1)* et

Sovbg = - 3levd) ¢

From Eqs. (5), (6) we obtain the results for

e . 2 z
¢/ - %[th(e-é)s-%,_ (1+1L—:,[\) ¢ bt~ %:z}

-t matEie s D] (helical equilibria) (1)

h W, = Lwliw , d
b {_(“1";‘ BN S e’-10e*+1 ¢
=TT e eflet+1) el :
iRt 1 Muuxe_m]
2 [1 + 1 Rt (a"-‘l)"
(toroidal £= 2 stellarator with j = 0) (8)

where R is the radius of the magnetic axis.

Status und programm. Currently we are calculating the generalization of
eq. (6) for j # 0. We will then discuss the parameter dependencies of the
critical ohmic heating currents on the magnetic axis (analogous to the
treatment of the axisymmetric case in [3] ). Finally we will obtain
B-estimates (from equilibrium and stability) in connection with a
separatrix discussion (analogous to Sec.V of [4] ). Results w{il be
presented at the conference.
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OF LOCAL STABILITY OF A PLASMA WITH CLOSED MAGNETIC
FIELD LINES

Vv.D. Shafranov, A.V. Frolenkov
1.7.Kurchatov Institute of Atomic Energy,lioscow,USSR

" jal"™ di i ider—
Abstract. The "radial" type of ‘J.Bplacemer‘lt is consider-
ed for plasma with the closed magnetic field lines. A new
eriterion of plasma stability is derived.

Introduction. The local criterion of plasma stability
for closed line equilibria differs in two respects from that
for systems with ergodic field lines. 1) The constancy of

oliv E on a magnetic field line which follows* from a sta-
pility analysis gives rise automatically to dir ¥ =0 for
local displacements in the ergodic systems, while div §+#0
for the closed line systems. 2) The local criterion is identi-
cal over the whole magnetic surface in the ergodic case whi-
le it depends on a choosen field line (for finite plasma
pressure gradient) in the closed line systems, that 1s it de-
pends on the radial and azimuthal coordinate as well.

The first difference leads to a less stringent criterion
of the form (p'+ ypPf)<0 , uhere f~JtVF for the closed
line systems /1/ instead of gfl'< 7] for the ergodic ones.

The second difference is associated essentially with a
different character of the most dangerous displacements in
both types of the systems under consideration. In the systems
with shear the most dangerous displacements are "azimuthal™
ones which are strongly localized in the radial direction and
have mainly an azimuthal component. The corresponding crite-
rion derived by Mercier /2/ and specified by Green and John-
aon /3/ being applied to zero rotation transform angle sys-
toemo leads to paradoxical result /4/: it does not restriet
plasma pressure gradient for those magnetic field lines
which are in the plane of magnetic axes(l) We have solved
that paradox using the Mikhailovskij results /5/ for a
general type of local displacements. ''ne "radial" displace-—
ments rather than azimuthal are found most dangerous for tie
equatorial plane magnetic field lines. These displacements
have mainly the radial component, and they are strongly loca-
lized in the azimuthal direction (Fig.1).

Hence, it follows that
the considerations of
magnetohydrodynamic sta-
bility with closed mag-
netic field lines made
recently by Spies /6/ are
not comprehensive because
they do not take into ac-
count radial displacement.
The aim of our paper is
to make up a gap in the
magne tohydrodynamic sta-
bility theory with clos-
ed magnetic field lines.

Fig.1. Region of localization
a)"azimuthal®, b)"radial" mo-
des, Dashed displacements"sen-
8itive" to the curvature of the
Dagnetic field lines and res-
tricting the plasma pressure.

Stability conditions.
In deriving the stability
criterions we use the
solvability conditions
for linearized equations
5 of motion.
The displacement £ may be written as

7 > BxvV 5

F= 5275+ M

W e-= :
dhﬁre €= vOx vy 1is the covariant basis vector of the Hama-
@ coordinates V g,3 /7,8,9/, V is the volume of the pres-
Bure surface P(Vj

Por the azimuthal modes, we assume as usually /2,3,6/,
et x=(VI)/fe , <1

i

v gqu b FrER e e s Ardredpe (2)

In this case it turns out that ABpd, = gl’};:o + We assume
for radial displacement

%
;‘B%%_..I:V - Ei’ilu : .F: }o"'e ffg*"' i s E‘Ix“" 3)
Here BwE#0 , thus K <<g> + ;E\', « IE ii possible to
derive the general stability criterion for 1§11 <[efs] .Let
us denote the guantities relating to the cases of azimuthal
and radial displacements by /4 and R respectively. In
both cases, after some algebra, the criterion of stability
(necessary and sufficient for a given type of local displace-

ments) can be written as (<,f-') = de'ﬂ/B/g‘th/.a) §

Jar (P+yp “Pan) <o &
Here
9an = (2F+(B‘)Y+ ,D’J;; (5)
cdev B> 9a.r
> MR T TBS T pparSig) =

The coefficient 5:',1 results from the balooning ef-
fect ( Bvd#o; Brg#o ). In the case of p'<o,
Gar> 0 is sufficient for stability. However, there is a
stable region even for 9‘.,{ <o when the expression in ro-
und brackets in (%) is negative. Substituting (5),(6) into(#)
one can see that the sign of this expression does not depend
et . (B =
Jar (P=¥P 5% +yp ) L
This result was derived by Spies /6/ for the azimuthal modes.

The explicit expressions for C’;IZR are as follows:

2 B5d- 4By Gl BV
(;; =By G x+<B’7[< vl py TS »

2 a4 oy olEBY Gl BYIAXEID? '
&, = B <G LBy [Zao by )

where of, is a solution.of equation

— "x : 2
BV:{A = _.__'B B:,-'IBr,'fVB (9)

and

T T
ey %’% */J‘:Ta%" 317&4-(5)63,3-5,) (10)

(Note that gg:??ﬁv, where Avy= [BI'- <8 ),

It follows for ofv ¥=o0 that criterion g,p’<o de-
rived from /4/ is the same criterion obtained by Mercier,
Green, Johnson for systems without shear, while criterion

Gep'<o  With ol Bé/iB)* is similar to that derived by
Mikhaileovskij /S/ for radisl displacements.
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INTERNAL KINK INSTABILITY IN A CIRCULAR TOROIDAL PLASMA
M.N. Bussac®, D. Edery™®, G. Laval®,
R peliat®, J.L. Soule™™¥,
* Ecole Polytechnique, Paris
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Abstract : The stability criterion of the internal kink mode is given for a
circular toroidal plasma. In contrast with the known cylindrical approxim-
ation, this mode may be stable if the pressure gradient is sufficiently low.

Recent experiments have shown that anm = 1, n = 1 unstable mode
occurs in a Tokamak when the safety factor q falls below unity on the axis.
This mode has been described as an internal kink mode in the frame of the
ideal MHD approximation. Up till now, analytical calculations have employed
the cylindrical apprux'lmat‘lon‘ However, numerical simulations have shown
that the toroidal geometry affects this mode very s1gn1f1cant‘\y.' In fact,
in contrast with the usual kink, the energy reservoir is here of the same
order as the toroidal terms.

The stability criterion and the linear growth rate are given here

for a toroidal plasma with a circular cross-section and a large aspect ratio.

We consider an equilibrium depending on a small paramater & = Riq’
with fzv\ Ez. To study the stability of the internal perturbation, m =01,
arbitrary n, we use the energy principle, calculated with the equilibrium
defined up to order £2, The guideline of the method is the remark that the
perturbed toroidal magnetic field is of order £ compared to the perturbed
poloidal field”

To order & , the mode contains an m = 2 component which comes from
the coupling of the main term with the field modulation.

After minimization, we find :

W - 2R, B (%)‘*55 - (- 2) IV wy

S

-,
i 'za‘f y\ h

P %L(4~c)+§(w—z)ﬁfbc(i’wts)-fﬂb)cff’“)l

A+b-c

rd

o
=
n

where r  is the radius of the surface na(r ) = 1, uy(r) and uy(r) are
respectively the regular solutions of :

Adodu by, 0

D Tl el @ ldn

within (o, ro) and (rn, rl) with Q = ng = % 1 Q(rl} =0

J=0

LY
e
1

For n to@ , we recover the cylindrical approximationjsince in general

SNT is smaller than SH , 1t appears that this approximation is valid for
n > 2 ; but forn=1, the exact result is different at all.

SNT is a complicated function of q(r) in temwsgf s, b, ¢, but
depends on the pressure only through P. For fixed q(r), SH is a decreasing
function of P, positive for P = 0 in the realistic cases. Thereﬁ:re, the
toroidal internal kink is stable, for sufficiently Tow P. For instance,
for small Agq =1-q(0), and a parabolic current profile, we obtain :

S‘u\fq\ n 3A1 [IM-‘ ?l:]

then the stability condition is P < 0,30,

In the figure the critical value of P is plotted as a function of
r for different shapes of the current profile.

The growth rate X of the mode may be calculated by an extension
of the method used in the cylindrical case. We find :

{ - E o] [ ]
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STABILITY OF TOKAMAKS WITH RESPECT TO 'SLIP' MOTIONS
E. Rebhan, A. Salat
Max-Planck-Institut filr Plasmaphysik, 8046 Garching bei Minchen,

Federal Republic of Germany

Abstract: Using the energy principle the stability of surface-currentc
fis
tokamaks is investigated with respect to perturbations which may not be

stabilized by the toroidal main field. Wall effects are not included.

For given pressure profile and poloidal current distribution tokamak

stability in general is a function of the external toroidal vacuum field

A, va (coordinates are R,8,z), the energy variation L‘ZW=6HPI+\'§H5+ISHVBC

depends linearly and quadratically on J\a. The quadratic contribution in

&t 2 Jeurl? (g x V8)dr is positive definite and hence most plasma
o 2

motions may be stabilized (if unstable) by making A, large enough.

However, if curl (§ x V8) = O or

£ =R (V8 x V) + u Vo, )
4 (R,z) and u (R,8,2z) being arbitrary functions, all terms in 52§ become
independent of A Perturbations given by (1) let the plasma 'slip'
through the main field without any influence on it and may therefore
not be stabilized by it. Minimization with respect to p yields p & 0,
Further minimization with respect to ¢ is especially simple for the surface

current model considered here.

Using dimensionless quantities we deal with equilibrium plasma surfaces

given by

F(R,2) = a2 (2=1)2 + (1472022 2 Ary (R-1)22 - a7, (R-1)222 = E; (2)
A

(A = aspect ratio, e = elongation in z-direction, v3 ,T4= parameter for

triangular, rectangular deformation.) Inside the plasma we have constant

pressure p = % By and vanishing poloidal magnetic field Bp.

1/2

With Bp :]E (I+BP (Rz-]) ) on the surface and K = curvature of the

plasma boundary we get

I r a2 L. ik "
wpl Y Ep i) %Z dr, “’vac 3 I(EF 5 B) Sn dt
-8 F )
=g re (—2 Lo oo oph g
9 R F P

It is useful to split the normal component E“ of the displacement vector
into symmecrric and antimetric contributions with respect to the z = 0
s

N w a
plane: Eq A

o) The minimizing perturbations inside the plasma

corresponding to E: and F,: have the form

= £R)e, -578 =g e -rRByze )

After transformation of ‘Wpt into a surface integral &%W is minimized
numerically, the perturbational vacuum field 8B being calculated from an

integral equation, /1/. The numerical method closely follows /2/.

In Figs. 1-5 numerical results are shown. In Fig. 2, the marginal boundary
W = 0 is shown in an e, 13 and e,7y plane for 5: (curve k's ), for E: (Ha b)
and, for comparison, for rigid vertical displacements (Wr)_ Below the curve
”3 and above the curves H'a and Wr we have instability. Thus, only a
Small region in the neighbourhcod of circularity is stable, this region
widing up for decreasing A, As A + = this region shrinks to the point

®=1, 73 = 14 =0, in agreement with analytical calculations for straight
cylindrical plasmas/3,4/, Fig. 3 shows these regions of stability in
dependence of the aspect ratio, In Fig. | the minimizing perturbations (4)
are shown for several unstable situations. Fig. 4 shows the dependence of
the stability regions on Bp' The maximum values of BP which may be

*eached are shown in Fig. 5 as a function of the aspect ratio, together

with the limiting values of Bp from equilibrium considerations.

/1/ REBHAN E., Nuclear Fusion, (1975) to be published
/2/ VARTENSEN E., Acta Mathematica, 109 (1963) 75
/3/ RUTHERFORD P., Princeton, MATT-976, April 1973
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STABILITY OF AN AXISYMMETRIC TOROIDAL PLASMA
WLTH PRESSURE ANISOTROPY

J W Connor and R J Hastie

Euratom-UKAEA Association for Fusion Research
Culham Laboratory, Abingdon, Oxon, O0X14 3DB, UK

Abstract: The stability of a general axisymmetric toroidal plasma to
localised perturbations is analysed when the pressure is anisotropic. Two
limiting cases, corresponding to parallel and perpendicular injection of a
neutral beam, are examined in detail for a large aspect ratio (€ « 1)

B ~ €2 equilibrium with circular magnetic surfaces.

I. Introduction

The application of neutral injection heating to Tokamak plasmas will
inevitably introduce some pressure anisotropy, and in the TCT scheme with
T ~1 (where ' is the ratio (beam energy denasity)/(plasma energy density))
this effect may be strong. 1In addition sufficiently high fluxes of high
energy runaway electrons also produce significant pressure anisotropy. Imn
this paper we examine the effect of unequal pressure components (p",pl)

on the localised interchange “d“(l-tn) in Tokamak plasmas, The starting

point is the Kinetic Energy Principle(s-ej

(¢

, suitably modified to take
account of trapped particles
We use the W¥,x,9 coordinates,

" 5
Vi-yxa‘.'rn

=|dm
&=

a
a—+ (0

&) for the original axisymmetric ideal MHD calculation, and

(8)

used by Mercier
by Mercier and Cotsaftis in their anisotropiec calculation using the CGL
equations.

We avoid the CGL equations here because the collisionless kinetic
equations provide a more correct description of Tokamak plasmas, and permit
a description including trapped particle effects, In addition they are
simpler to use and in fact all the minimisations which appear in the general
isotropic case can be performed in the Kinetic Energy Principle, so that the
final criterion obtained below is an analogue of the Mercier criterion and
reduces to it (apart from a trapped particle correction) in the isotropic
limit,

In practice two extremes of pressure anlsotropy are likely to be
encountered:

(1) An excess of longitudinal pressure p , due either to parallel
injection of a neutral beam, or to runaway electroms.

(2) An excess of perpendicular presure p , resulting from perpendicular

1
injection.

In case (1) the additional pressure will be almost constant along magnetic

field lines, and will not weigh in favour of either good or bad curvature.

In this case we would expect the Mercier-Shaframov criterion (q? > 1) to

be little modified.

In case (2), injection of a sufficiently narrow (in angle) beam into the

trapped region of velocity space can create a p, component which is

likely to weigh in favour of weak field regions, and therefore bad

curvature., More detailed calculations confirm these intuitive

conclusions,

11. Method and General Result
The method adopted is that first described by Greenme and Johnuon(“,
in which a small parameter, & , is introduced to describe the degree of

localisation of the perturbations, so that
L’S(%ﬂﬂ-“ﬂ) (2)

and expanding £ in powers of & , a systematic expansion of &W permits
a complete minimisation to be performed.

Omitting all details we give the final stability criterion below.
~2

1 8 J
2
ALq"" SSR‘B;" 1101 - o) EReERS)
el S o
ji?(l-ﬂ-)
J’ B, B tegp\iiqiso
2 R R U R w7 T T
1 - o l.+1:1 3)

where the magnetic field is given by

F e
= Bpexd g,

- 2
syreg B a(':'n Py _(Pi+c)
T % B2 i B?

c = En lev F (]AB)’ L8 dpds . Prime denotes differentiation with respect

to ¥, and T?! is a complicated expression involving only the trapped

particles.

TIII. Application to a large aspect ratio Tokamak
In this section we examine the form taken by criterion (3) for a

Tokamak equilibrium with circular magnetic surfaces and B ~ €? , where ¢
is the inverse aspect ratio, Expanding the equilibrium quantities in ¢
we find that the shift A(r) of the magnetic surfaces can be shown to

satisfy the equation

da 2 B
dr(mﬂz?r_) EBI'ﬁ dr(pu J.} o (4)

while the stability criterion becomes:

/ .z
1(q") ﬁ{ .3 2)-3"' 130 5
a\q ‘ta P\'- 7Y/ zmp <

where p = %‘(p" + pJ_] and the prime now denotes differentiation with
Tespect to T .
(&) Longitudinal Injection

To simulate the effect of longitudinal injection or runaways we take
P, =7 fr); =2 o= py+ fp" » so that p_ 1s the scalar background
pressure and fi“ the additional longitudinal component. Inequality (5)

now becomes
2p 6’
1
Z(&j IB!(l-q1)+ (1- 593 >0 (6)
(b) Perpendicular Injection
To simulate the effect of perpendicular injection we choose a distri-
bution of the form,

F o= F (v?) + y"e(v?) (N
v
where y = ﬁ , and Fu represents the background plasma distribution
function. With this choice

v
5 = ekl g o 5 o
By Pyt P8 By pn+(n+1)'° Zpu {n+2)pl,
and criterion (5) becomes
2 gy a1
l(_‘l') ﬁ 2 P, ns+z n-2
Fhg /FE s Mg o P\ T ee ®)

Conclusions

1t is clear from equation (6) that, provided the density gradient of
the injected beam is in the same sense as that of the plasma, longitudinal
injection has a stabilising influence for q > 0.8. However for perpendi-
cular injection, assuming "= 1 , and (3 mﬁl)/(a Inpo) =1 the pressure
gradient terms in (8) are only stabilising if

q=[12+tm—%nz>7n+u 9

which requires q > 3 for n = 4, and is impossible to satisfy for larger
values of n ,

Recalling that the effect of resistivity is to remove the shear
stabilisation of interchange modes, we conclude that perpendicular injection
might make a tokamak plasma prone to the resistive interchange mode.
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MHD TURBULENCE THEORY AND ITS IMPLICATIONS FOR
THE REVERSED FIELD PINCH

C G Gimblett and M L Watkins

Culham Laboratory, Abingdon, Oxfordshire,England
(Euratom/UKAEA Fusion Association)

Abstract: Developments in MHD turbulence theory have identified two prim-
AbsSETAcT

ary phenomena [1). First, an electromotive force aligned with the mean
magnetic field can be produced; second, a turbulent diffusivity is created.
We apply a model of these effects to the 'self-rveversal' of magnetic field

ohserved in a number of plasma pinch experiments [2].

L Derivation of the Mean Field Model. If the magnetic, B, and velocity,

v, fields are expressed as the sum of a mean and fluctuating component, we

derive eqs.(1) from Faraday's induction equation coupled with a simple

Ohm's law
a@ . ST = .
30" Yx(¥xB) +Px(yx ) +NTE , 7.8 = 0 , (1a)
EY " 5 b e B .
ﬁ=Yx(gxl_)')+?!((!x§)+?)((\jx§)-Yx(gxl;)-l—ﬂ? b, %b=0 . (Ib)

An overbar represents an ensemble average [3]. We assume the plasma to be
incompressible (V.v =0) with zero mean velocity, v :Q,l and the magnetic

Reynolds number of the turbulence to be large (R; = I%lb >>» 1, where 1| is
the magnetic diffusivity and £ 1is a length characteristic of the turbu-

lence). We integrate (1lb) with respect to time and form an expression for

w'xb’. This expression simplifies if we assume that B(x,t) does mot
change significantly over the correlation time of the turbulence, and that

third order correlations between fluctuating components may be neglected.

We obtain _ B *
(v xll)i = gy 13j + bijk ax& 3 (2a)
where
=
= 5 T 3 v = . = P T v x E~T T
ag; eipm.] vy x,t) E v G, T)dT ; bijk Eiij vn(li.l:)vk()_t,t T)dT
a *5 )
(2b,2¢)

For isetropic turbulence the correlation tensors appearing in eqs.(2b,

2c) must be isotropie with the result that the eq.(la) may be expressed as

g = = - =
5 ey E=-c8+ "W YxB, T, =T+p . (3a,3b,3c)
where
3 P
o = -EJ' v, b) . Vxy! G, e-ThaT 5 B =+ 3 | v'(x, ).y (x,6-T)T :
o o

(3c,3d)

A schematic illustration of the '® effect' is given in Fig.(l). The

above derivation follows an account given by P H Roberts 4],

24 Application of the Model to the Reversed Field Pinch, We solve eqs.

(3a,3b) in an infinitely long circular cylinder in which the magnetic field
is represented by B(r,t) = fD,Ea(r,t), ﬁz(r,t)} and satisfies :
(1) B(r,o0) = (O,Iﬂr,Bu) ; (ii) By constant at plasma surface, r =a ;

(1ii) Ez flux conserved. The solutions required are

B (x,7) a1 (sx) =
: 28 a +
e 7 Lo N TR + n;l Cn .Tuwnx) s (4a)
o 1
B,lx,T) 87, (sx) =
UL R e 7 4b)
B O 14¥%) ¥ ¢
o 1
where ] ]
expl-y_(y -s)T expl-y_(y _+8)7
cE = 88 A * 7 o ;' } 4 (4e)
nooy 3 () (y,-8) Y.ts
Jw";l are respectively the zero and first-order Bessel functions of the

first kind and Y, satisfies JL(Yn)-O, n=1,2,3,... We have introduced the
normalized variables, x and T, the 'pinch ratio' & [5], and the 'structure

parameter', s, defined as

x=rla, T= T],rr.,’aa, 9= Ee(l,T).’Bu-'Ina_l‘Bo , 8= af'-‘,'Tlr . (5:,1;,}

1f B >> T, eqs.(3c,3d,5d) show that s is a measure of the inverse
correlation length, s ~a/f . If
8 <Y, =3.83 f (6)

the field relaxes to a steady state configuration on the timescale aaﬂ'T[T.
Fig.? illustrates the temporal development of the mean magnetic field. The
value chosen for 6 gilves a final configuration in which the 'field

reversal' parameter, F=iz(1,"’)fﬂo, can be negative.

The case 26=s gives the force-free Bessel function model [6]. If
we assume that the final states satisfy the pressure balance equations:
‘E"E =V¥p, pla) = 0, a measure of the deviation of the configuration from

the force-free state may be represented by the By value defined as

pd 273, (s)
% 4 g 24y 20-5
Po = A ) (59) 2 2

In Fig.3, states in regime I violate eq.(6), while those in regime IT
correspond to plr) <0, 0 S r < a. States in regime IIT exhibit field
reversal, while those in regime IV do not. We note that a steady-state,
reversed-field configuration can exist for © 2 1.2, s < 3.83., As B:
increases, so does the value of © at which reversal can first occur.

P
Fig.4 shows loci of BB and total mean magnetic energy in the {F_,8} plane.

3. Summary. The kinematic effect of turbulence which is isotropic but
lacks mirror symmetry is to modify the Ohm's law applicable in a plasma.
The total power input to the plasma is modified as a result of both the
increase in the effective resistivity (the 'B-effect') and the generation
of an electric field aligned with the mean magnetic field (the 'w-effect').
Application of this model to the reversed field pinch indicates that a
steady-state solution can exist and is represented uniquely by the pinch
ratio, 8, and the structure parameter, s. In the case of infinite conduc=-

tivity and zero B the pinch ratic may be linked to the structure of

5
the turbulence through 6 ~a/24_ .
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Fig.1. A schematic illustration of
the 'o-effeet'. Fluid motions with
v and w'= Vxv' correlated (that i H
3.4 = it Normalised radius ,
is, with helicity [7]) deform a slab St
of magnetic field to produce a loop
with an associated current aligned Fig.2. The temporal development
with the mean magnetic field (after of the mean magnetic field
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THE EFFECT OF F.L.R. ON A ROTATING DIFFUSE PINCH
R.J. Wright, D.F.R. Pott, M.G. Haines
Imperial College, London, U.K.

Abstract: This article summarises a stability analysis based
upon a dispersion equation derived initially from the Vlasov
equation. Numerical solution of the equation indicates the
influences of F.L.R. anisotropic pressures, sheared axial velocity,
heat flow and rotation.
The Dispersion Equation: Defining ¢ as the ratio of the ion Larmor
radius to plasma radius, the fluid modes which arise in the stability

of a diffuse pinch in which Bum evs thl) can be shown‘zlto obey the

equation:
g; 15%51 + G =0 where:
3.2, .3 ms, * 5
F=opriyy +ritk +57) (2(B) - B) - =)
z species Yo
i %
P 2 mB du d h g
- 24 [+ mr 8 i £
b T tni L i Rk rBz’ Bla vaIr %!
2 dB
mr z pdi o m gi
# i dr [qu + 2r qt }
n'B,
(m?-1) 2 g, ™ ?
= - =2 -
S 13 R g =
2
B
fRPP o ey-p -
I ¥
species o

The Case of Anisotropic Pressure: It can be shown from the

dispersion equation with only anisotropic pressure unsuppressed

that the Suydam criterion at a resonant surface becomes:

a4 (X (eg+ B

;du/drlz + 4 _dr species s o
u r BZ
4 - -
o= I(Py - By)
o species

where u = pr/rBz with r conveniently being the wall radius.
In Fig. 1 the influence of F.L.R. on the growth rate spectrum
of modes now including m = 1, is shown for anisotropic pressure

driven instabilities with 3?/EL = 10 and 8 = .5,

3

2
8
&
3

5-1

(4]

=01 =02 -03 -04 =05
kn, /m

Fig.l. Growth rate versus axial wavenumber with temperature
anisotropy dominant.

Solid Lines: i Broken Lines:

i = o. KT}/ (eBr2) = 03,
H
KI{Ty- T;)
BRITL 5, Wb s, 0= expl-5(/.3r 2
B /Zuu M Ty

u= .01/(.25 + (I/rx)zl, relative to 8/6 Pyho rg = 10.

MHD STABILITY

E x B Rotation on Suydam Modes: In Fig. 2 we show the

influence of varying F.L.R. on the growth rate for a plasma
rotating parallel and anti-parallel to the diamagnetic rotation,
We note in the former case that there is a maximum growth rate
due to the increase in total rotation, but larger F.L.R,
stabilies both cases.

In this, k was chosen so as to

approximately maximise the growth rate.

L Q
B =
£ L
: E
& )
|
.04 .08 0 .04
WF WF

Fig.2. F.L.R. stabilisation with slight ExB rotation. er/m=—,02&

2
nKITL/(B%/25 ) = .5, n = expl-.5(x/x,) %) 0 = .01/ (254 (x/x D),
relative to B/(r vo j_) = l0.

Radial Dependence of Eigenfunctions: In the context of analytic

results, it is pertinent to investigate the radial structure of
Suydam modes. Fig. 3 illustrates the progressive localisation
of the eigenfunctions with increasing m. The real and imaginary
parts are shown for a case with small F.L.R. present. Evidently
the important m = 1 mode violates localised approximationsta)

thus requiring complete integration between the boundaries.

REAL PART IMAGINARY PART
T F T
1
Mt 9r=.0072 !
0 1 7=.076 1
1 01
: m=2 =016
0 | ¥ &£075 0 |
1 o 1>
l\m=3 ©r=.026
'0 ' =065 0 A
1 o1 I
1 (| m=t, ©r=035
| ¥ =054 0 l
1 [
:m=5 W=.044 |
o | 1 =04
1 [
l|ms6 ©r=053 ;
o A\ T=008 o |
radius —=
Fig. 3. Complex Suydam Eigenfunctions with
Ezii B = .0002.
earx Ix nKuO
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CURRENT FILAMENTATION IN THE DIFFUSE PINCH
M.G. Haines and A. Tomimura
Physics Department, Imperial College, London, England

Abstract: HNumerical solutions of the momentum and energy equilibria in

a two temperature diffuse pinch show that it is possible for the electron
temperature to have a radially oscillating component with a wavelength of
the order of ae(mi,n'me) where a_ is the electron Larmor radiug. The
necessary condition is that T > 1.32T; which is also the condition for
the onset of en electrothermel instability in a spatielly homogeneous

plesma with the same optimum wavelength for growth.

Energy and Momentum Egui ibri

equilibrium of 2 magnetically confined plasmn with only radial dependence

: We consider a steady stete cylindrical

of parameters. Most of the caloulations have been carried out with
classical trensport coefficients, but some have been made with neoclassicel

coefficients. The former may be written ss follows:

§ 22 3T fAr
K(T_-T. 2
(1) Electron energy: af—= 3%‘;_( e 5'1} = %3 ( 32 ; )+
1 Mt
e ze
22 redT.pAr
3n"e K(T -T.) 19 543
(2) Ion emergy: “——''g i' = = == {(
W " l*naitgi

(3) Pressure balance: g—r nK(Te-I—Ti] = -

(s) Ampere's Law: %g—— (rgy } = :IT'iz
(5) Ohm's Law: UE!. = ‘iz

3E
(6) Faradey's Law: a—f— =0

where zero diffusion occurs due to the absolute steady state in which jg is

ZETO. The classieal tempersture dependence nf Oy ¥

By prescribing Ez' Bz, end values at r = 0 of T

s K, BTE assumed.
o Ti and n the equations
can be integrated numerically by a Runga Kutta technique with the (initial)
boundary condition at r = 0 of zero gradients of T, Ty and n. Depending
on the relative values of these parsmeters four types of radial variation
of Te, T, and n are obtained and are illustrated in figures 1 to k. We
employ dimensionless variasbles N = nlno, te = TE.O'T“], ti = Tif'l‘eo and
x= r,’rn, the subscript 5 referring to values at r = 0, except for z, which
is an arbitary scale length. The integration proceeds until one of the
parameters tE or ti go to zero. Iteration methods failed to find solutions
for which tos By and n became zero at some radius vhich would define the
plasma-wall boundary. Indeed it is found both computationally, and
analytically by expansion in this region, that the equations only permit
two types of solution, viz.,

(i) te+0u'ithti|‘ 0, n¥ 0 as in rigs 3 and k.

(ii) t; + 0 with te* 0, n# 0 as in figs 1 and 2.

It could be that inclusion of some further physical processes might relax
these conditions, but, as can be seen in the figures, the parameters that
remain finite are not small at the wall and imply the tendancy for the
plasma to have a finite pressure at the wall, i.e. the plasma is not confined.
If the equipartition and radiation terms are together larger then
the Ohmic dissipation at r = O then BETe!are is positive, resulting in curves
characterized by figs 1 &nd 4. If these terms are smaller than Ohmic
dissipation &t r = 0, then BETE/arE is negative and curves of figs 2 and 3
pertain.
Whilst one might question the conclusions of the wall-boundary
sclutions because of the assumption of steady =tate and the neglect of
other physical processes that might arise say, due to the presence of
neutral particles, the interesting spatial variations of T, and n are of
more general validity. These spatial oscillations are probably the non-
linear steady amplitude of an electrothermal instability, and their wave-
length is approximately Ene(nifme) where a_ is the electron Larmor
radius. The Ohmic heating is dominent in the temperature peaks whilst
the equipartition is large in the troughs and gives e much enhanced electron
energy loss to the ions, perhaps being an explanation for the enhanced
electron energy loss in Tokamaks.

Electrothermal instability with k perpendicular to B and j. By considering

the stability to electrothermal modes to radial wavenumbers X we modify the
earlier theory of Haines which wna for k parallel to B. The obvious
modification is that the electron thermal conductivity is reduced by
(1 + BETEB) 8o that if ion motion as well ms ion temperature variations
(unlikely on this scale length) are neglected, the optimum wavelength for
growth is now epproximately 2ra_(m,/m ) with an additional factor of
(.28 gor p << 1. coT

Solutions of the quintie dispersion equation which arises when ion
motion is included show & similar optimum wavelength for growth. The
equilibrium for the model is assumed flat with ']o % Eo = 0 because the
expected wavelengths are much shorter than characteristic equilibrium scale
lengths. The instability occcurs when Te > 1.32Ti and has a growth rate

of order Vai ne,":li where Yo is the electron-ion collision freguency.

Related work. Furth et al have considered equilibrium profiles neglecting
electron thermal conduction and pressure balance. In fact n{r) wes
specified to be proportional to Te(r). For flat profiles they included
electron thermal conduction but in a similer way the boundary condition

on the perturbed electron temperature failed at the wall. They noted
however that in this case the highest order modes had the fastest growth
rate. MacMahon and Ware employed neo-classical transport coefficients

to obtain equilibria, but did not identify the problem of the wall boundary
condition.

One of us (A.T.) is on leave from the Instituto Militar de
Engenharia and partially financed by CAPES, Rio.
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MAGNETO-VISCOUS RESISTIVE TEARING MODES IN CYLINDRICAL GEOMETRY

by
R. J. Hosking

1
University of Walkato, Hamilton, New Zealand'

Abstract: The direct use of moment equations to formulate plasma transport
theory has led to a general form for the stress temsor. 'Parallel" viscosity
(ion-ion collisions) is likely to be most important at the high temperatures
in thermonuclear devices, and it has been found that the resistive tearing

mode in compressible plasma is considerably modified,

Introduction: Grad(l) first considered the direct use of moment equations
in transport theory for pases, and Herdan and Liley(zj extended this
approach to plasmas. There has been a tendency to overlook the generality
of results obtained by this moment method, which is independent of
assumptions such as no collisions or no magnetic field curvature common

elsewhere in the literature.

Stress tensor: Hosking and M.arlnoff(s) have shown that 2 result due to
Liley for the non-hydrostatic part of the stress tensor in a magneto-plasma
may be expanded in terms of small parameter (mat)_l. where ., is the
cyclotron frequency and 1 is the collision time, to yield centributions
due to "parallel"viscosity, FLR and "perpendicular" viscosity as respective
leading terms: 4i.e., when w,T »> 1 the stress tensor is
BepLltE . hefy vEtEte :
Hence the most important contribution is usually the "parallel" component
ty=-welk-3D
where

s

¢ Presently attached to Culham Laboratory, Abingdon, Oxon. OX14, 3DB, UK.

and ¥ denotes the viscosity coefficient, b = Z/|B| the magnetic field

direction, and g the deformation tensor. The other contributions ﬁL and

t, are givem in Ref. 3.

Assuming the simple deformation tensor (ion-ion collisions)
1.9 H 1
= =(Yp V) -=Vep I
g =52 -3R1
one has
3= @DEh -LeDe-tIn .

1,

Johnson et a (3) have shown that all the various terms in the resultant

wviscosity may be significant in toroidal confinement, and it has been

emphasized that generally 1400 e e L
L |
"parallel" viscosity should 11
—— Inviscid (I
be most important in plasma 1200+ —— Viscous : =
T=160107K ] |
stability thanrym)' ®, 1 5 -.__E 1‘
particular, note that the 10004 1| I
izl
viscosity depends on magnetic T80k ‘l”l
| v
field curvature. e "
Resistive tearing modes: The soo}
resistive tearing mode in =
<]
cylindrical geometry has been &oor T 4210 K
considered. For characteristic
pinch parameters, numerical 2008 TleilfR L ‘) 1
Te80"K A Rl
T=16:10"K, i
results were obtained for the r/
[ -
increment in the logarithmic e e !|
[ \ 1
derivative A(Q) of the \ |
2000 ;:ze-n"x\‘ : il
perturbed radial magnetic field \‘{ :
over the (resistive) shock l i'
0 I TR 26 25
region as a function of the o L ‘
logy, @

dimensionless growth rate g,

m

Figure Compaonison of viscous and inviscid curves for

2 2y S,
A representative graph of n=10"m (¥= i

4(¢) for compressible plasma is shown in the accompanying Figure, apg it g
notable that the viscosity introduces branch point behaviour. If 4]

erit
denotes the singular point, instabilities with relatively small growth

(@ < chil:) may occur even when 4 < 0, but larger potential growth rates

@>q

cril:} are reduced. The value of Q:ri

¢ 2Ppears to decrease with

temperature.

A closed solution for A(§) has since been obtained from Equations (33) -

(35) of Ref. 7 : the solution is

1-v 1-v
(== R
AQ) = 2 P P TP Ite, T g
r-¥) (v+3)/2
2 2 28
where
1 D Byyeez o
vo=-la+i , a= (3\,5 A 2t)
- Qe Y
W 9Y6 ’
the factor I(e, 1) Zo according as @ § chit = 22811'
(except in the immediate neighbourhood of qct:ll: where =2 - 27 = 0), and

the other notation is the same. It is implicit that the pressure gradient
and inverse shear parameters (viz., D and 5 respectively) are small,
and that the temperature is fairly high (v & e? << 1),

The term proportional to Qs'ﬂ. is that given by inviscid, incompressible
theory when v = —%, but there is an additional viscous contributicn

—1/n

(even in the incompressible limit t -+ 0) proportional te & The

closed solution reproduces the main features of the results reported in
Ref. 7, and in particular the identification of the singular point

_ 3B -1 -3/5 ;
(chit ﬂ_-rv poon , where n is the resistivity) confirms that it
should decrease with temperature.
Conclusion: Plasma "parallel" viscosity depends on magnetic field curvature
and therefore can be most important in plasma stability theory.
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COMPUTATIONS OF THE MAGNETOHYDRODYRAMIC SPECTRUM IN GENERAL AXISYMMETRIC
TOROIDAL CONFINEMENT SYSTEMS*

J. Le Johnnon,+ M. 8. Chance, J. M. Greene, R. C. Crimm, and W. Kerner
Princeton University Plasma Physics Laboratory, Princeton, N.J. 08540 USA

Abstract: A pumerical program for studying the equilibrium and stability
Abs =
of general axisymmetric toroidal configurations is described and spectra

are presented.

Equilibria are determined by solving the usual partial differential
equation
2.2
2, R'B 2
#23omy m a2 D T o dg () 5
322 [ ¥ 2 dy

5N
B3

I
=l

X

with the appropriate boundary condition that the poloidal flux ¥ vanishes
aleng the major axis and far from the plasma, Here

L= 06 x 3¥ + R0 g7, (@

p(¥), g(¥), and .!¢ describe respectively the plasma pressure and the
poloidal and toroidal current distributions, and X, $, Z are the usual
cylindrical coordinates. A typical configuration of interest consists of
a toroidal plasma column surrounded by a vacuum region and supported by
gpec_ifiad currents flowing in external conductors,

Knowing the poloidal flux surfaces ¥(X,Z), we construct a natural
coordinate system ¢, 8, ¢ in which the ignorable variable is used as one
coordinate, the second lies on magnetic surfaces, and the third is chosen
so that the field lines are straight. This is accomplished numerically by
fitting the ¥(X,Z) with two-dimensional cubic splines and reducing the
problem to the integration of ordinary differential equations around the
constant ¥ surfaces. Such equations can be derived from the identities

X _Jaw oz Jow (3
e X 2z 30 X X
For numerical convenience, we introduce a third r, 6, ¢ coordinate system

centered on the magnetic axis and find
ZWBnEr

uK(3¥/3X cos 8 - 3¥/4Z sin 8)

o/ de i (&)

from which 6 can be determined. Here [ = (d¥/dy)/2nB_ with B, the exter-
nally imposed toroidal field at the magnetic axis R and
v = (R/27) J d-;,fxz = 2nu.fx2 with J the Jacobian. The condition that
8(28) = 27 is used to determine f/v . Similar equations for X(¥,0),
Z2(¥,0), and a function T(0) that satisfies Y(¥) = T(2r) complete the prob-
lem of transforming to the operational system.

We introduce the Lagrangian to represent linearized motion about the
equilibrium and use the Galerkin method to construct a matrix eigenvalue
problem

2o (w? gt lkle, > - < o |sulg, Y)a, =0, 5)

where 8W is the change in potential energy and uzl( is the kinetic energy
associated with a displacement f = Zm amgr_m . In order to separate the
modes as much as possible, thus keeping the matrix diagonally dominant, we
project the displacement vector into components along and perpendicular to
the field to isolate the sound modes and then further decompose the perpen-
dicular parts to separate the fast magnetosonic waves from the shear-Alfvén

modes. Thus

i

2 2
§ = (Je,/eR"B )30 x B+ £(J5 /eR'B OB x U¢ + 1(1/B)E ,

g =6 - 2midg/e0 ,

v
£, = 2mac/ay , (6)
defines the components &, §, and T . With this decomposition we have been

able to determine spectra accurately with eigenvalues varying over eight
orders of magnitude. As expansion functions, we utilize a truncated
Fourier series in® and 4, noting that only one term in ¢ need be kept since
the modes decouple. Finite elements are used to represent the Y behavior.
We treat the vacuum region by using Green's theorem to evaluate a scalar
magnetic potential by integrating over the plasma-vacuum interface and the
surface of a conducting wall (if it is present). A generalization of the
global test-function approach for a particular class of equilibria [1] is
being pursued in a complementary program.

As an application, we show in the figure the spectrum associated with
a zero-pressure circular cylinder with constant current showing the wall
stabilization of the kink mode. It is clear from the left-hand figure that
the wall is ineffective unless it is very close to the plasma. We see this
mode pass through the shear-Alfvén continuum and then join the fast magne-
tosonic branch. A small density spread is introduced for the central
figure where we show the interaction with the continuous spectrum. Note
that this spectrum has been discretized by the finite mesh. To show how
the discrete modes can be identified, we plot the radial eigenfunction {W
as a function of ¥ for several modes. Note that the continuous spectrum is
characrterized by the logarithmic behavior of this function near the
singular surface, We have shown that when the coefficient of the logarith-
mic term vanishes, the associated eigenfunction has finite kinetic energy.
Thus, it has the character of a discrete mode.

One of the preatest advantages of our method is that it can generate
the whole spectrum of eigenvalues and eigenfunctions; this gives us a
rather panoramic view of the properties of magnetohydrodynamics under
different equilibrium conditions. This is of great use in integrating the
existing analytical theories which are usually restricted to separate
regions of the parameter space of the equilibrium. For example, it pro-
vides an understanding of how discrete modes can interact with the
continua, how the unstable kink can become an integral part of the
magnetosonic wave branch and how the interchange modes are intimately

related to the continua.

*# This work was supported by United States Energy Research and Develop-

ment Administration Contract E(11-1)-3073. Use was made of computer
facilities supported in part by National Science Foundation Grant
WSF-GP 579.

4+  On loan from Westinghouse Research Laboratories, Pittsburgh,
Pennsylvania, U.S.A.
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A GENERAL PURPOSE 2D CODE FOR THE COMPUTATION OF THE MHD SPECTRUM
OF AN AXISYMMETRIC UNIAXED TOROIDAL CONFIGURATION

R. Gruber, K. Appert, D. Berger, F. Debonneville, F. Troyen

Ecole Polytechnique Féd&rale de Lausanne — Switzerland
Centre de Recherches en Physique des Plasmas

Abstract: A full 2D code, which computes the ideal MHD spectrum of an axisym-
metric toroidal plasma is described. It utilizes a finite element approach,
generalizing a successfull 1D version. The numerical results are compared

with exact analytical calculations in a straight elliptical configuration.

1. Tntroduction:

The computation of the ideal MUD spectrum of a straight cylindrical geometry
of circular cross-section can be done either by direct integration of the
ordinary second-order differential equation of Hain and Liist or by variation
of the Lagrangian<{ = 6(.'—|.u2l(, where 6W is the usual potential energy and
mZK the kinetiy energy. A finite element approach to the variational problem
which is non-polluting and allows a good representation of the continuum as
well as of the discrete part of the spectrum has been already deseribed [1]
We have extended this method to toroidal axisymmetric equilibria having only
one magnetic axis. Using the expression of &W given by Mercier [2] the

Lagrangian may be written as:

11 2 172
L =”d¢dx J—{W[r(x)] +;z[u -

2 2 T 2 2 " 1 %
11-'(‘{)4-: U('{T) +B |D-J F(z.)ﬂﬂ(jhi?;

2 2
2. 2 - 2| lau g I 42 252
+ yp D2- 2K X ]””\mc (X) - w ”dwdngm+ TR L 1

where:
2 1 s ax x 3z
28 S = L
¥ 3 1 b2 e D 3 4+ in¥ + 3
I _T dT 3 logr _ j 3 log Jm
LRl 8 il B2 W w r ap
X, ¥ and Z are related to the displacement £ through X = JBrgw, ¥om %it

2 =6, /B, x is the azimuthalecoordinate orthogonal ta y and the ¢ variation
has been taken as exp(ind), J is the Jacobian, B and T/r the poloidal and
toroidal fields, j the current density and p the pressure. The vacuum con-

tribution te the potential energy §W, can be expressed in terms of X on

VAC
the surface by solving Maxwell's equations in the vacuum region.

2. Discretization:

We discretize the variational problem using the finite element approach. As
in the 1D case great care has to be exercized in the choice of finite ele-
ments if the low frequency part of the spectrum is to be well represented.
In the Tokomak regime where rp%IT'\«rB!T'\-aIR (a=radius of cthe plasma column)
the low frequency modes are almost incompressible which means D%0 and they
are localized in the region where F0. For a general choice of elements it
will not be possible to have D=0 identically over a cell. &W will then re-
ceive from eachcell a positive contribution from the second term which is
multiplied with the large coefficient Iz,t'rz. This leads to a strong coupling
of the low frequency modes with the fast modes resulting im a large positive
frequency shift (stabilization) and spectral pollution. To improve the ac-

curacy would require an impractical small mesh size, scaling as a (Br/T).

We have chosen the following solution for the the elements:

For X a product of linear functions of § and ¥, for Y piecewise constant
functions in ¢ and linear dependency in ¥, and for Z a product of a piece-
wise constant function of ¢ and a quadratic function of x. With this choice
of elements on each cell D is piecewise constant in ¢ and linear in x. In
any mesh cell D=0 implies then two linear relations between the X, Y and

Z coefficients.

T is an algebraic operator in the 1D case. In the 2D case, with our choice
of elements, F cannot vanish identically on a mesh cell. This may lead to
some spectral pollution but contrary to the § pollution of the 1D case it

has not led to any problems.

To test the usefulness and the efficiency of the code we have solved some

problems for which there are exact analytical results to compare with.

3. Results

We consider a straight (w,g;k) cylindrical plasma column of elliptical

cross-section imbedded in a uniform axial field BZET]‘t with a uniform current

density j, and a constant density p.The plasma column is surrouded by a

confocal elliptical conducting shell characrerized by its short axis Ra.The
'

plasma surface is characterized by the small axis a and by the large axis ea.

The orthogonal system (y,%) in the plasma is chosen as (e21):

[ 2 e? T . 2
b el Ty R L ie
) JEE x acosy 2(1+e?)

In the vacuum we use an orthogonal system u,y defined by
waten P hameany eIy ety ey

The vacuum contribution is evaluated by a Green function technique.The Green

function is computed by a finite element representation.To test the validity

of the basic concept we compare the numerical results with analytic results

in various limits.

R=w, j=0:

Analytic and numerical calculations have been performed by Dewar et al.!:j]
using the standard low-beta expansion, keeping only the lowest order

(kink ordering).In our notation this corresponds to R+=,kR=0,j>0.

Fig. 1 shows a comparison of the growthrates of the "m=1" external kink
between the calculated values with j=.05,R=20 and the analytic results,for
a circle and for an ellipse with z:l.E.Nw:Ua intervals in the ¥ direction,

N_‘{=lﬁ azimuthal

7 intervals in half the
J:,OS circumference and
N"=10 intervals in the
5 T vacuum region has been
used in these runs,The
small discrepancy in
the circular case for
a pliee)? low k is due to the
L residual wall stabili-

zation effect.Since,

N n_q for a given R,

0 5 1 this stabilizing
effect increases with the ellipticity, it may also account for the increased
discrepancy.The fact that the apreement improves as nq approaches 1 strongly

suggests that the difference is due to the vacuum contribution.

e=1,R=1:

For this eireular case with a rigid boundary the results can be compared
with the 1D calculations[1].The unstable modes which exist around g=m provide
a stringent test of the ability of the code to represent the internal kinks
which arise with diffuse profiles.The growthrates of these modes are one
order higher in the Tokamak expansion and are difficult to reproduce.To test
the feasibility of representing such modes with a reasonable number of
points we have looked at the modes m=1 at g=1.This is the worst case since

F=0 over the whole plasma.Fig. 2 shows a quadratic convergence of the eigen-

r,z,]oq— value of the most unstable mode as a function
of N keeping N Ffixed.With this number ¥
1-D A T ¥
S T A e SR the 1D result is already converged.Comparing

with the external kink we see that more

points are indeed needed for these modes but

24 that the convergence is still good.Looking
Nifﬂo at the full spectrum we have ohserved a
:.'!f' pollution of the lowest fast modes by higher

N

p m Alfven modes but the "polluters" are
0 5 1 B 20

easily identified by their azimuthal structure

and they do not seem to interfere with the fast modes.

j=0,R=1:

This case can be solved exactly.In elliptic coordinates the eigenfunctions
are products of Mathieu functions.Special features are an infinitely
degenerate Alfven spectrum and a narrow slow wave spectrum with an accumula-
tion point;both features are reproduced by the code,a crucial test of the

choice of the finite elements.

This work was supported by the Swiss National Science Foundation.
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MHD Instabilities of Diffuse Helical | = 1 Equilibria as an Initial-Boundary-Value

Problem
F. Hermegger and W. Schneider
Max-Planck-Institut fur Plasmaphysik, Garching, Germany, Euratom Association.

Abstract: The gross MHD instabilities of straight helical | =1 diffuse high-A plasma
aquilib(ia ore investigated by solving the linearized MHD equations as an initial

boundary-value problem.The method is applied to find the fixed-boundary instabilities
of equilibria with at present square cross-section rofating around the symmetry axis of

the helical equilibrium.

1. Introduction

The theoretical investigation of the stability properties of helically symmetric high-
equilibria with arbitrary pressure profi les and vonishing longitudinal current on every
flux surface is of great interest for the High-Beta Stellarator experiment HBS I /1/.
Marder /2/ has tackled this problem by means of a dW analysis, where the expression
for the energy integral is expanded in the small parameter €= a h (a is the plasma
radius, h=21/L where L is the wovelength of the equilibrium). In this paper another
method is described, which should yield the eigenfunctions and the eigenvalues for
arbitrary £ without expansions. The method used for the instability calculation is
essentially the same as described in /3/: The ideal MHD equations are linearized about
a given equilibrium and are Fourier-analyzed in the ignorable coordinate of the equi=
librium. The boundary of the domain in which the calcualation is performed coincides
with the outermost flux surface of the equilibrium. The boundary conditions are such
that the instabilities can be classified as fixed-boundary modes.

To adapt this method to the helical problem, a couple of difficulties have to be over=
come: First, the general mechanismsfor the instability dynamics are different for equi-
litria with vanishing longitudinal current; secondly,  screw-pinch type equilibria
have much higher growth rates, which are therefore easier to calculate; and, finally, the
coordinate system which is non-orthogonal, imposes additional complications.

2. Model and Method of Solution

The ideal MHD equations are used as the basic model for describing the gross motion of
a plasma; i.e. equations for the velocity ¥, the plasma pressure p, and the magnetic
field E,' the current density j and the electric field E are determined from Ampere’slaw
and Ohm’s law. These equations are linearized about a given static equilibrium charac-
terized by (¥® =0), p* and B° The equilibrium is formally defined by:

w=17%3 (), T=wxd® @, vi°-0 @ .

The perturbed state is represented by the variables ¥, p*, B which satisfy the equations:

PAupt B IO B0 @, RF HEIV) (-1 0 07N =0 (9)
LEYypefran (8, I'=oxB (7, TE +¥'x8°=0 (9.
We consider one Fourier harmonic of the perturbation withwave lengthjalong the ignor-
able coordinate, z, of the Equilibrium;U4 (%, v, 2) = Re (U' (x,y) otk ) where
k = 2r/3. The perturbation vector U| (x,y) must be complex since its individual com=
ponents may have different phases along z. Linearization and Fourier analysis reduce
the initially posed 3D problem to two dimensions.
The boundary values were chosen to conserve energy ond toisolate the system:

(A1) =0 (m-8)=0
( T unit normal vector fo the boundary).

The initial conditions are arbitrary distributions of the perturbed velocity field, which

ressemble roughly the motion of a particular azimuthal m-mode or a mixture of m-modes.

This initial boundary-value-problem is solved by an explicit difference method in an
(x, y)-coordinate system rotating around the z-axis with a periodicity number h.

3. Numerical Test of the Medel

The 2D equilibria used in this model are numerical solutions of cn equilibrium code by

Marder /2/. The five parameters for these equilibria are the compression ruth:v!:v/cl"‘(.l (the
helical displacement of the plasma), the lengitudinal current Jy, , and B.

The first opplication of the model described above, was the straight screw pinch eguili-
brium. The square cross section of the equilibrium rotates around the z-axis. In contrast
to the helical equilibrium with vanishing current, this screw pinch configuration is
characterized by a longitudinal current density which has a Gauss-like radial profile.
For this equilibrium the m =1 mode is unstable within a certain range of k. The eigen-
functions described in terms of ¥ E,’jd'ure shown in Fig. 1. The growth rate of this mode
is determined by calculating ﬂdx dy p cosy = F(t). The time behaviour of this
quantity is shown in Fig. 2. For the stable region of k this function f clearly shows oscil-
latery behaviour (Fig.2).

The first important test of the aceuracy of the results was the variation of the grid size.
Inereasing the number of mesh points from (8 x B) to (32 x 32) should clearly show acon-
vergence to a specific y-volue. The dependence of yon the grid-size is plotted in
Fig. 3.The numerical results converge with decreasing grid size. That the convergence

of the m = 2 mode is worse is qualitatively understandable by the finer spatial structure.

The essential point of this investigation is the shift of the eigenvalues towards stability.
This property of the numerical model has an even stronger effect for the 8 - pinch equi-
librium, which should show marginal behaviour for k = 0. But as is shown in Fig. 4, the
numerical result gives cleorly stable oscillations. Since the helical equilibria with
modsrate values for J_, and h can be thought of as small deviations of the 8=pinch, these
helical equilibria will be shifted towards stability in the same way os the @-pinch. Be-
cause the growth rates are very small, this shift = which is not yet understood = may con-
ceal the unstable characrer of these modes.

4. Conclusions : It is rated that for helical equilibria with strong longitudinal

current the method yields the eigenfunctions and the eigenvalues of different modes
with sufficient accuracy. The application to helical equilibria without longitudinal
current and the marginal theta-pinch suffers = mainly becouse of the numerical shift in-
to the stable regime - from numerically inadequate difference approximations. These
problems are further investigated.

References: /1/E. Funfer, J, Gruber, M. Kaufmann, W. Képpendarfer, J.Neuhauser:
"Wall-Stabilized High-Beta Stellarator", IPP 1/139 (1974). /2/ B. Marder:" Straight

| =1 Equilibrium and Stability", to be published. /3/ G. Bateman, W. Schneider,

W. Grossmann, Nucl. Fus. 14, 669 (1974)
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Fig. 2. Hp cosy dx dy vs time for an unstable {a)
and a stable (b) mode

'I-mu L TR I TR T r—
§ T B % % 3 o Fig 3. Grawth mief vs ka of m=1(-—) and m=2

Fig & Frequency w s numbet of grid paints [—)medes lor various grid sizes 15,20,
in one dusetien (850, ha =01, Jy; 20, ha =01 3y =2, P=05)

peas)




110 MHD STABILITY

NONLINEAR EVOLUTION OF MHD INSTABI L]TIES’
Glenn Bateman, H. R. Hicks, J. W. Wooten, R. A. Dory

Oak Ridge National Laboratory, Oak Ridge, Tennessee USA

Abstract: We have used a 3-D nonlinear MHD computer code to study the
time evolution of internal instabilities, Velocity vortex cells are ob-
served to persist into the nonlinear evolution., Pressure and density
profiles convect around these cells for a weak localized instability, or

convect into the wall for a strong instability,

We have developed a series of computer codes [1,2,3] which treat MHD
instabilities as an initial value problem. Like Sykes and Wesson [4] we
use a Cartesian grid and an explicit difference scheme - but since we
use the primitive MHD equations (variables e IOBA, p, p) we have been able
to write our nonlinear code as a direct extension of our linear code.
Brackbill's code [5] is more sophisticated and flexible than ours but it
takes much longer to tun (our nonlinear results shown in Fig. 1 required
less than 8 minutes on an [BM 360/91). The method of Rosenbluth, et al
[6] uses an expansion in low B or large aspect ratio - since we use no
expansion we can reliably work in the regime 8 » 10% where reactor
tokamaks should operate, especially if they have eclongated cross section.

A typical weak m = 1 instability is presented in illustrations below.
Here the equilibrium plasma completely fills a straight cylinder with
square cross section. The central g-value is 0.9 and periodic end con-
ditions are used so that k.a = 1. The pressure profile, p’ (¥) " |, is
described in [3].

A mild density profile such as the one used here (pedge =0.5p b]

center
seems to have little effect on the nonlinear evolution of all variables
other than the density; its effect on the evolution of density is to en-
hance convection over compression., As reported before [2,3] this fixed-
boundary instability is characterized by a pair of vortex cells which

are helically twisted down the tube. The vortex cells persist, essenti-
ally unchanged, throughout the nonlinear evolution. However, sizable
velocities are excited along the axis of the cylinder as the peak pres-
sure profile, shown in time-sequence below, convects around the vortex
pattern so that the central region of high pressure is pulled up and
around to form an annulus surrounding a region of lower pressure. The
effects of compression and expansion are also observed below and above
(resp.) the center of the cylinder. The vortex velocity saturates at a
few tenths of the AlfVen velocity (after the pressure has moved off center
and bent around) but the kinetic emergy integrated over the cross section
continues to grow at a slightly diminished rate. The continued growth of
the kinetic energy is attributed to the onset of velocity along the axis
of the cylinder. Finally, it is observed that the B-field at the end of
the nonlinear evelution has the same form as the equilibrium B-field. The
longitudinal field is somewhat compressed in the center and reduced near
the mode-rational surface. The profile of the poloidal field is flattened
at the mode-rational surface. There is very little shear near the center
of the plasma for this equilibrium.

We observe that a stronger m = 1 mode (lower q-value, larger growth
rate, broader spatial extent) drives the pressure profile atainst the wall
where it appears to splash. For an m = 2 mode there are four vortex cells;
the pressure profile is pulled out and around these. The same basic

phenomena persist when the cross section of the plasma is elongated.

References

*

Research sponsored by U. §. Energy Research and Development Administra-
tion under contract with Union Carbide Corporation.

[1] J. W. VWooten and H. R. Hicks, Report UCC-CSD-INF-21, "Preliminary

Description of the Linear and Nonlinear Ideal MHD Codes", May 1975;
see also Seventh Conference on Numerical Simulation of Plasmas,
June 1975.

[2] J. W. Wooten, H. R. Hicks, G. Bateman, R. A, Dory, Report ORNL-TM-
4784, "Preliminary Results of the 3-D Nonlinear Ideal MHD Code",
Nov. 1974.

[3] G. Bateman, W. Schneider, W,Grossmann, Nuclear Fusion 14, 669-683,
(1974); Fifth Conf, on Plasma Phys, and Cont. Nuc. Fus. Res. (Tokyo
Conference) IAEA-CN-33/A12-1, Nov,, 1974.

[4] A. Sykes and J. A. Wesson, Nuclear Fusion 14, 645 (1974); Tokyo Con-
ference, TAEA-CN-33/A12-3 (1974).

[5] J. U. Brackbill, Bulletin A.P.5. 19, 904 (1974).

[6] R. White, et al, Tokyo Conf., TAEA-CN-33/A13-3 (1974).

POt TR RS T . L
BT T R i L RV
,,P,hxirf,\_.\\‘
r;P/"'\{}k‘r"\\k\
ST
(R G ‘Jrj!
NS I -
R AP I . I WA
c o ow s =AY N e oo g

8 a = = &PV N oae o

[IT ey it
i a2z

111

w
P AT
PRI 22 21221

s css T EATITIT

P
T

t=4.44 t =621

STEITTEETyTeIN]

B atdiis
113113300

i
Siss
Bsm a4
[N
1

i ”
T e

a1
v
R e

'
'
1
'
i
v

t =7.85 t = 10,2

Time sequence of pressure
profiles at a given cross
section. (t in units of
AlfVen transmit time [2,3])




MHD STABILITY 111

NON-LINEAR DEVELOPMENT OF THE KINK INSTABILITY
A, Sykes and J.A, Wesson
Culham Laboratory, Abingdon, Oxon, UK
(Euratom/UKAEA Fusion Association)

Abstract: The hydromagnetic equations have been solved numerically to obtain
AbSEFact

the three dimensional, non-linear, time development of a kink instability.
Introduction There has been an extensive study of the linear hydromagnetic
stabilicy theory of rokamaks and pinches but it seems that a theory of the
non-linear behaviour is necessary for a satisfactory integration of theory
with experiment. The present work represents a preliminary non-linear study
of one particular instability - the kink mode. Our approach follows that of
Wooten et a].“‘) but a different numerical method is used.

We take a straight system having a square cross-section, the plasma
carrying an axial current and having an axial magnetic field. The time
dependent, non-linear, hydromagnetic equations are then solved numerically
to follow the growth of the internal kink instability. The code uses a
finite difference Lax-Wendroff technique based on a 16 X 16 x 10 point prid.

Model We shall describe here a typical calculationinwhich the resistivity
;:nn put to zero but in which a small viscosity is included. The initial
axial magnetic field, B_, is constant in space, The initial current is
chosen to give a central value of q just less than unity, 9, = 0.94. The
current distributionis jz = Jw cos (me/2a) cos (ny/2a) where a is the half-
length of the sides of the square. The periodicity length in 2z is 2na and
the caleulated values of q use this length. The shear is small in the
interior of the plasma but increases rapidly at the edge. We shall now des-
cribe the time development which follows the introduction of a small velocity
perturbation at t=0. The unit of rime is w-a{(a“lpo!i)‘ The viscosity
used is v = 0.01 .uuaz.f-r where p_ 1is the initial density.

Non-linear Development Two of the key variables are plotted as a Function
of time in figure 1. These are the value of q on the magnetic axis, LI
and the total kinetic energy of the plasma, the latter being an indicator of
the growth of instability. At early times the gross properties of the plasma
are unchanged but after t=8 the instability grows rapidly. The azimuthal
flow pattern of the plasma is shown in figure 2 and it is clear from this
that the instability is an m=1 kink mudeu]. This instability causes the
high pressure plasma to be displaced away from the magnetic axis into a

helical form which persists throughout the rest of the run. The resulting

Kinetic
energy

Kinetic
energy

Figure 1 Graphs of the safety factor on the magnetic axis, qq,
and the kinetic energy (as a percentage of the total emergy)
plotted against time (measured in units of a-’(ﬂmlp} ¥

fall in kinetic pressure is compensated by an increase in B_, which in turn
Produces the observed increase in . 9 ‘

After 9, has increased to unity the growth of the instability slows and
the growth stops at t=19. The value of q, now falls back to its original
value below unity and this s followed by a small growth in kinetic energy
between £=25 and t=30, However, the configuration is no longer simple
and q_ =1 no longer has its original significance.

Contours of kinetic pressure and the axial magnetic field are shown in
Eigures 3 and 4 for a given z plane at time ct=27. The kinetic pressure
has fallen into a horse-shoe configuration and is only prevented from reach-
ing the wall by the shear near the surface. The contours of 3; show an
increaseqd magnetic field in the inner region. This behaviour is very simi-
lar to thae sugpested by Kudomtaevtj) except that the "magnetic bubble"
arises here, not through a penetration of magnetic flux from the outer vac-
Uum region but rather by a rearrangement of the magnetic field in the
So@paratively shear free central region. There has also been a considerable
redistribution of the axial current, its direction actually being reversed
in the high pressure region of the helix whereas it has increased by 50% in

thy
€ reglon of enhanced B . Another interesting feature is the reduction of
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Figure 2 The azimuthal velocity Figure 5 The azimuthal veloeity

field at t =16, showing the field at t= 46, showing the

m=1 instability m=2 instability

Figure 3 Contours of constant Figure 4 Contours of constant
pressure across the minor Bz across the minor cross-
cross-section at t=27. (Equal section at t=27. (The con-
spacing between contours, the tours are equally spaced
lowest value of p being zero) between 0.70 and 1.20 of the
initial constant value)

the axial magnetic field in the outer regions. The resulting value of 3 1is
only one half of that at the centre, This is very similar to the behaviour
observed in high-f plnches(S).

Following the rearrangement of the plasma as described above the value
of % falls to 0.8 at t=40. However the plasma pressure is no longer con-
centrated around the magnetic axis and no m=1 instability results. Up to
this time the kinetic energy has been falling, but now an m=2 instabilicy
becomes apparent in the region of hipgher q. This resules in a small growth
in the kinetic energy but saturation is soon reached. The azimuthal flow
corresponding to this instability is shown in figure 5.

Conclusions 1In the calculation described above the kink instability grows
until the value of q on the axis is greater than unity. The plasma forms a
helical configuration which persists throughout the calculation. These two
phenomena are related in that when there is a fall in the kinetic pressureon
themagnetic axis there is a compensating increase in the axial magnetic field
and this in turn leads to the increase in q. In the final configuration the
high pressure plasma is much closer to the wall than in the initial state
and in a collisional plasma this would result in a greatly enhanced diffusion
The calculation is one of a number which have been carried out and
which, it is hoped, will give some insight into the actual behaviour of

tokamaks and pinches.
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THE DEVELOPMENT AND EQUILIBRIUM STRUCTURE
OF MAGNETIC ISLANDS,
David Potter* and T. Kamimura®

* Imperial College, London SW7, England
University of California at Los Angeles, U.S.A,

Abstract: A simple heuristic model for the non-linear develop-
ment of magnetic islands is developed. The model describes a
change of equilibrium in the Tohamak, subject to a sequence of

integral constraints,to a new three-dimensional helical structure.

We describe the development of magnetic islands through a
sequency of equilibrium states satisfying:

vy = - 3w, (w
where ¢ is the magnetic flux in the helical plane containing the
instability and J is the normal current density defined by a
set of integral adiabatic constraints on each magnetic surface:

ds

. QIEW

By employing a variational procedure (Sec. B), the ncon-linear
path of the instability is followed through a succession of

equilibrium states to the final (minimum energy) island state.

= 0. (2)

Such a model may be applied to the Tohamak and suggests the
early change of the equilibrium from an initial axisymmetric
configuration to a three-dimensional helical equilibrium.

A. Application of the Model to the Tokémak. The geometry
of the Tohamak is simplified by employing a doubly periodic
slab model, topolcogically eguivalent to the torus (Fig. 1).
Assuming a low-beta plasma, the & priori condition for the
linear growth of the instability is:

x.3% =g, (3)

where k is the initial wavenumber of the instability and Eo

is the initial equilibrium field. By considering the plane
which contains both the initial k and X (the co-ordinate
describing the initial equilibrium), the non-linear development
of the instability remains two-dimensional.

The occurrence of a neutral line in the field (Eg. 3)
suggests the possible growth of an island by the mechanism
of the tearing mode. @®nsistent with linear theory (1) in the
Tolkamak, it is assumed that the growth time of the instability
R but
long compared to the time of flight of Alfven waves and sound
waves Tt

is short compared to the resistive diffusion time 1

H
Tg BT ¥ oty (4)

The second inequality suggests that the plasma always
remains in equilibrium with the field during the development
of the island. Thus the equilibrium equation for the flux ¢
in the plane of the instability may be applied throughout
the evolution of the system:

v% = - ha %E - £(y) df (5)

with the pressure Celculotion plone

p = ply) and axial
flux £ = £(4).

Since hE, the length
scale normal to the
plane (Fig. 1), is
constant in the slab:

vy = - 30w (6)

where J is the current

normal to the plane.

On the other
hand, according to
the first inequality
(Egq. 4), the island

diffusion of the surfaces does not occur. In terms of the
flux co-ordinates (¥,x) with metric:

2o wrtan? ¢+ wan? + fan? (7)

ds
the absence of diffusion suggests that the area of each
magnetic surface in low-beta is preserved(2):

§ s n'n¥ay =o (8)
¥

namely Eq. (2). Unlike the ideal local MHD equations, this
model, while adiabatic, still permits a change of topology and
the development of an island by a changing separatrix.

B. Variational Procedure. The potential energy of the
system is:

E =k /r(vw’as . (9)

The equilibrium is varied 6y, over a succession of steps, or
iterations, while keeping the flux at the non-periodic
boundaries constant. Introducing Lagrange multipliers g(y)
for each surface y to satisfy the constraint equations (8), the
resultant change of energy is:

§E = sr-sy(viy = g(y) ) ds . (10)

A variety of variational procedures may now be defined which
ensure a dimunition of the energy at each step. One such

procedure is:
s,y = (% - gl ), (11)

with,
2

gly) = iy S e htetay . a2)
L}
where A' (9) is the differential area of each surface and ¢ is a

small positive constant.

Flg.l Slab model with periodic 'torcidal!
develops adiabatically,| 77} and 'poloidal' (y') directions. With
so that significant a rational surface, the field vanishes in
cne of the planes containing a wave-number.

Fig.2. The non-linear evolution of an island state (left to
right) for a symmetric Gaussian distribution. The final
equilibrium state (§E=0) is illustrated on the right.

i Example of Solutions. The non-linear development of
the instability, with the final island state (6E = 0) is
illustrated in Fig. 2.

Solutions with this model demonstrate the fall of the
current density at the centre of the island. The separatrix
acts like a shock, with a discontinuity of the current density
across the separatrix and dissipation necessarily occurring in
an infinitesimal layer on the separatrix. Dependence of the
solutions on mode numbers and current radius will be presented.
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RESISTIVE INSTABILITIES IN A TOKAMAK*

A. H. Glasser

princeton University Plasma Physics Laboratory, Princeton, N.J. 08540 USA

Abstract: Application of resistive instability theory shows that toroidal
AbstTac:

effects can stabilize the tearing mode in devices like the Princeton Large
Torus. Contraction of the current channel is destabilizing. Finite fluid
compressibility is crucial to this phenomenon.

The Mirnov oscillations with poloidal mode number m > 2 which precede
disruptions in tokamak discharges [1] are usually interpreted as tearing
modes, with the analysis done for a cylindrical model tokamak [2), We have
gtudied resistive instabilities in an arbitrarily shaped torus [3], and
found that favorable average curvature can stabilize the tearing mode as
well as the resistive interchange. Application of this theory to a tokamak
phows that the effect is large enough to stabilize these modes in devices
such as PLT.

The central result of Ref. 3 is the dispersiom relation,

v D
A=z.1§ﬁqi'“‘(1-§—“) . &%)
o

Here & is the jump in the logarithmic derivative of the normal component of
the perturbed magnetic field across the narrow singular layer where resis-
tive effects are important. It is obtained by solving the ideal MHD equa-
tions in the regions outside the singular layer. It carries the
destabilizing influence of the Ohmic heating current. The ratio VEIXD of a
macroscopic length to the resistive layer thickness is large since it varies
with resistivity as n_ / . The dimensionless quantity Q is the complex
growth rate divided by a scale factor which varies as r|-l 2 . The essential
effects of toroidal curvature are carried by DR . For DR =0, Eqg. (1)
reduces to the usual equation for the tearing mode, which is unstable for
A>0. PFor IJ1l > 0 , the approximate vanishing of the quantity in paren-
theses gives the resistive interchange. For DR < 0 , all values of

&< 8 = 154 (V /%) [p |/
curvature stabilization of the tearing mode.

are stable. The region 0 < A < Ac represents

The quantity Dp 1s given in [3] as a sum of fileld liue averages on

the singular surface. It is closely related to D the quantity involved

1
in the Mercier criterion for ideal interchange stability, and to the well-
known stability concept of minimum average B or negative V" . A large

aspect ratio expansion for a circular tokamak yields

2 2
D, .Lq_lsiz(;-._) g
R 2 r dr \dgq/dr qZ
o

B
2 '3 2
...J-.ﬁﬂf ar' (B -2 B 1 dp)] @
3dc/, 2 2
r q B, r dr

where the safety factor q and the pressure p are arbitrary functions of the
minor radius E zFor parabolic profiles, p = pu(l - rzlﬂz),
9 =q,(1+sr"/a”), this reduces to

[} a“

2, 2.4 2,2
B v B (L HTar o [(1+5’£3)Ln(1+5r21’32)

R szllztz a+ a)z srl/a

28 2
et p2(1+sr2/a2)§£2-], )
qu(l+ur /a™) (1 + s) a

with B, = [zq(u)nlncaz_]zﬁ’ p(r)rdr . Note that Dy < 0 if q, > 1 .
The solid curves in Fig. 1 show the values of 8 vs. minor radius for

Fig. 1. AC vs. r/a in the ST and PLT tokamaks, with g, 1.1 and BP = 0.8.
this model of the ST tokamak, with = 1.1 and BP = 0.8. The m = 2 mode
is stable until the q = 2 surface drops below the line A2 s calculated

in [2]. Increasing the value of s, representing contraction of the current
channel, is destabilizing. The dashed curve, for PLT with s = 3, shows

that this device is much more stable. This is because of its smaller
aspeet ratio R/a, and its higher temperature and correspondingly lower
resistivity. Figure 2 shows AC vs. s at the q = 2 surface in ST and PLT.

es[ . —
sT PLT ]
Ac b -2 1
10F
4,
ol
T S I e =
0 5 I

Fig. 2. L vs. s at the q = 2 surface in the ST and PLT tokamaks.

Furth et al., [2] state that curvature cannot stabilize the tearing
mode. They base this conclusion on a dispersion relation which represents
a particular low-f limit of a more general dispersion relation, given
in the Appendix of [3]. There are two reasons why this 1limit is inappro-
priate to a tokamak., First, B affects oc through the ratio IEIBRI. Since
DR is proportional to 8, the ratlo is not necessarily small, and does not
vanish as B goes to zero. Second, its effect on Ac is very weak. As
shown in Fig. 3, 4, falls off as the 1/6 power of |&/D;| as |DRIB| gets
large. Earlier indications that toroidal curvature does not affect the
tearing mode were based on the limit where AC vanishes. Our study indicat-
ing strong stabilization utilizes the opposite limit, denoted here by LI
In ST and PLT, AGMO = 0.8 . The frequently made assumption that the fluid
is incompressible, or the use of a fictional gravitational force to
simulate curvature, leads to the same inappropriate limit of vanishing e s
and thus misses the crucial effect.

Bc=by

1
Ac:u(“ﬁﬂ)‘hu

] IDH"’-G 100 1000

Fig. 3. Log-log plot of A, vs. IDRHB ¢
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EFFECTS OF EQUILLIBRIUM FLOW, PAMTATION AND RESISTIVE
WALLS ON MHD AND TEARING MODES IN A PINCH

*
A.S. Furzer , D.C. Robinson

*  Royal Holloway College, Londom, U.K.
Euratom-UKAEA Association for Fusion Research, Culham Laboratory,
Abingdon, Oxon. U.K,
Abstract The effects of radial equilibrium flow on gross MHD and resistive
modes are investigated. The influence of three Lypes of radiation loss,
Bremsstrahlung, recombination and line radiation on the prowth of kink and
tearing modes has been studied., The consequences of a resistive wall are

considered.

Introduction The stability of a variety of cylindrical pinch equilibria
(L2,

stabilising effects of ion viscosity, particularly on localised short wave=

to gress resistive modes has been considered in some detail

length Suydam modes for the reversed field pinch, at relatively low mapnetic
Peynolds numbers (5 € 1000) has been dumonstrared(ﬂ. Measurements on the
HBTX experiment are in good agreement with theory for pross MHD modes and
gross resistive modes if the more complete theory is used B 9

Radial Flow In studying the stability of a configuration at wodest values
of S the question arises as to the significance of instabilities whose
growth time is not very different from the resistive diffusion time. As the
tearing mode growth rate varies as 52 g it is deduced from examples
studied that diffusion effects can be considered insignificant when S

(3) has indicated that

exceeds 1{3&. From more basic considerations Taylor
diffusive effects in the resistive layer can have a significant effect on
the stability of the tearing mode.

Previously B(r) has been taken to be constant in time. For V = O this
yields Jg = O and n(r) Jz(r) = const (where n is the resistivity). This
case has been used to study tearing mode effects in z Tokamak. If V £ 0,
and we take n(r) = constant to avoid rippling modes and Pp = 0 we obtain the
force-free paramagmetic model with v, = -E_ BBIBZ.

Outside a singular surface (k.B) = O the syster is potentially “HD
unstable (g < Q) (6) but is more unstable to a tearing mode because of the
connection through the surface. The radial field perturbation which is
peaked outside is now carried inwards by the flow thus making the situation
more unstable.

Fig.l shows the resultant growth (or decay) with zero diffusion velocity

20r 5 = 101
ms=1
10
P
1
o -08
-0
-20L

Fig.l Growth rate as  function of wall radius and wave number for the
F.F.P.M. with zere diffusion velocity.
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Fig.2 Crowth rate as a function of wavenumber for differently directed

diffusion velocities.

for the force-free para-
wagnetic model for m = |
as a function of the mode
number K for a variety
of normalised wall radii

(iou viscosity and

thermal conductivity are
included here). The
arrows indicate the MHD

marginal seability E

numbers for Dw = 4.0
The curve AVISC = 0.1
indicates the enhanced
erowth associated with
artificially reducing

the viscosity to a small

Amplitude of perturbatiens

value. For P_ = 4.0 the
pure tearing mode lies
to the left of K = -0,6,
Fip.l shows the effect
of the flow on the tear—
ing mode for two values

of S. AVO = 1.0 cor-

responds to inward flow,
" . P AVD = 0 to no flow and
Fig.3 Normalised field, velocity and tempera-

ture perturbations.

AVO = ~-1.0 to an outward
flow. The destabilising
nature of the inward flow in this case is apnarent.

Fig.3 shows the resulctant perturbations for a typical case. The singu-
lar surface is at B = 1.25 and the inward shift of the radial field for the
inward flow case is apparent.

Radiation effects To the perturbed emergy equation we have added a radiation

loss term 9
i T i {a (-—2“1' + 4 T—l) + oo —zl‘ (—2“1 -1 T—l) + o0 *—,26 (—411 = 1T—l)]
o o g ol 7 2 2T, n, T 3.7 2 R 2T,

where n T  are the equilibrium values of density and remperature, nj, Ty
the perturbed values, % the charge of the impurity, and z the effective
charge. The Bremsstrahlung coefficient is Ty Ty is the recombination and
«y a line radiation term. (The nuclear heating teéerm has been treated
similarly.) L[ n o2 +-2— T then the terms can only darp the instability how=
ever a negative correlation between ny  and '!'1 appears Lo be destabilising.
We have investipated the effects of these rerms on unstable VHD and resistive
modes for power losses of up to 507, Both the MHD mode and the resistive
mode studied possess positively correlated density and temperature perturba~
tions, in the MHD case the individual perturbations change sign. The effect
of all or any of the radiation loss terms is to reduce the growth rate by

% 2% and 13% for radiation powers of 187 and 507 respectively of the ohmic
input power. If the power loss is larger tham 507 the correlation of n,

and T'L becomes negative and the growth rate increases considerably.

Pesistive Walls A reversed field pinch requires a conducting wall to give it

stability to long wavelength kink and tearing modes. The finite conductivity

of such a wall, o,, will lead to slowly growing kink modes. MHD calculations

s
for a thin walled vessel give instability growth times close to the field
penetration time through the wall, Tl however, close to marpinal stability
§ -1/3 " =2/3
W = A

points for a perfect wall the growth rate can vary as where

1, is the Alfven transit time. A good conducting wall yields values for
T comparable with the field diffusion time of the plasma so that considera-

r.‘i‘on.'. of the first section are necessary in deterrining a full solution to
the problem.

Conclusions A radial velocity directed inwards destabilises the tearing
mode whereas an outward velocity gives greater stabilicy. Radiation losses
at the level of a few percent of the chmic input power reduce the growth
rate of both MHD and resistive instabilities. A rvesistive wall leads to
instability prowth in a field penetration time and this can be Wodified by
radial flow effects.
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IMPURITY DRIVEN DISSIPATIVE FLUID MODES

T.J. Schep
Association Euratom-FOM, FOM-Instituut voor Plasmafysica
Rijnhuizen, Jutphaas, The Netherlands

B. Coppi and G. Rewoldt
Massachusetts Institute of Technology, Cambridge, U.S.A.

Abstract: Dissipative fluid modes driven by a small concentra-
2o

tion of impurity ions are discussed. When collisions between
the two ion species are dominant, these modes will tend to re-
distribute the ion populations so as to make their radial den-
sity distributions nearly egual,

We refer to a low-f, one-dimensional equilibrium configu-
ration, in which all quantities are x-dependent. The confining
magnetic field is in the z-direction. The plasma is assumed to
consist of the species: e, electrons, i, main ion population
with charge number Zi = 1, and I, impurity ions with z > 1.
Thus, assuming charge neutrality, we have n, = ng+Zn.. We con-
sider the high temperature limit where the average collision
frequencies for each species are smaller than their gyration
frequencies. We neglect all finite gyro-radius effects. There-
fore, we can adopt a guiding centre description for all species.
We consider electrostatic modes E = —Vx, % = $(x)exp[-imt+ikyy
+1k"z]. When the ion mean free paths are shorter than the lon-
gitudinal wavelengths, the relevant modes are of fluid
type1,2,3) 4)

sociated with the finite thermal conductivity, along the mag-

and can be described by moment Egs. ', They are as-
netic field, of the main ion population, the thermal electric
effect and the friction arising from i-I collisions. They are
found in the frequency range

R Vep Swlky € Vg < v g (1)

The relevant range of mean free paths is such that
ki vip/vp < e g X ViV < K VEVe s (2)
Viy and vj representing the thermal velocity and the average
collision frequency for each species, respectively. In particu-
lar; we have vi = Uii+w11’ and we will consider the situation
= = z

where Ze E ViI/Vii nrz /ni is 0(1l).

The electrons are in equilibrium along the magnetic field,

A\ A
so that Rg.= nee@jTe and the quasi-neutrality condition gives

N _'L N

Inp = nj+nged/T, " (3)
The linearized main ion and impurity ion mass conservation
equations are

m;[j = —11:l W e:;/'l‘1+k"& v (4)

2] il
where j = 1, Iand wy, = ky(cTi/eB)(dln nj/dx). The two ion
momentum balance equations along the magnetic field are

A n oy oA
0 = [nje?yd+r,¥yn; + (l+a; In, W T, = Byymingv; (ugu-upy), (5)
’L
oy
I3t

u L "y N "N
mah = = lengWorr Tyag-ayn ¥y T] b 8y mingvy g (0 =t ),(6)

respectively, where the o;q terms correspond to the thermal

I
force resulting from collisions between the two ion species,
and the BLI terms correspond to the analogous friction force.

The main ion thermal energy balance equation is

L
3 P ngTy no_ g VerB
[1‘ B AET [xi uimivlJ] Ty R SR
" N ]
- - - T
ngTy Tty = wygny Ty Ty tagy gy . (7

Here the x, term arises from the main ion thermal conductlvity
along the field lines. Since we take ny/ng < 1, we may neglect
the collisional energy transfer to the main ions, The coeffi-
clents a, ., By; and x, are tabulated in Ref.5 for a number of
values of Ze. They are all of order unity, except for a
which is proportional to ze for small values of ze.

We consider the realistic limit in which main ion-impuri-
ty ion collisions are dominant, so that

chay

m.,n v
e SR (8)
fhy 10

In this limit the two ion momentum balance equations (5) and
(6) reduce to

b N " "
nie¢ + Tyng + 0Ty + Tony =0 ' (9)
k, i kT n v T,
Lo -i i [ i, ed 1]
— (0 =Uog ) = g —— | Z 4 + (1+ey L) == . (10)
w il vz Biy wogqmy [0y Ty 17 Ty

Eliminating gI with the aid of Eq, (3) and neglecting gquanti-
ties of order, we obtain from Egs. (9) and (10)

s ~ '
neenb/n.lTi - ni/ni + Ti/T1 =0 M (11)

K, k2T b T,
Lo o i i [A ed 4!
(el =g ] (12)
w Ui TRl BT v, ome |7 T, iT T f
= 2
where A = n_2?/n, + nTy/nyT, + TL/T, .

Subtracting the two ion particle conservations Egs. (4) and
eliminating ﬁI gives

W
n YonoZ wyo=uw - - P
s e I #y ey Eﬂ | e
-— ey o (W, -y ) . (13)
ny Ti' o w T n, o il Tl
Equation (7) can be written as
s 3 g
kT, 17 v - k
3 i 1] 4 ef 20iVg My Lo
+ iy, ————| == - —_— b — — - 14
[f X3 woym, [Ty Ty w ny Gl m(uiﬂ uIH) g
where w,

g = ky (c/eBHdTL/dx) .
From the set of Egs. (10)=(13) we obtain the following dimen-
sionless dispersion relation
- - a 3
&+ (npa/n) [AltoI—IJ + Ry (&;./%)) [7ni-1]]
- SR | - e 2p62
iac [u] + Ay(npa/n ) (o,-1) - 7 Az[!’”i 1] AqA/2GE ] ;. (15)
where
- a=1 2w
@ = w/ug;, 0p = W'I/U*i’ Ny = wpi/oey, C 0 =% xikﬁTlfw.iuimi,
= -1 _ -1
Ay = (T4/T +n /n,)", Ay = (T,/T +3n_/5n,) .
& = 7 - -1
Bip = BaxVy/BypVipe Ry = OxgtegeligdBaa
5 o2
By = 7 Ay Vi/RiBypvey -

Equation (15) may be solved for @ = i + iYy to yield

R
o= ‘[(nIZ/ne){hl(UI~IJ+AZ(aiI/i1)(%ni-l!}—iA3A/2252]
e af= 2 3
. 1+8% + c{uR+A2thI/neJ(nI—l)—gaz(ini-l)} : , (16)
(148912 + él[aR+A2<an/ne)<u1-1)—§nzt%ni-1)]

so that the condition for instability is
a n. %
iI 3 " I v N ]
% [Al(al-l)mz—ﬂ-(ini—n][unﬂaz—ne top-1) '5‘“2{2’“1 1)

= 3p2 17
Aa neA/nIz ¢z >0 . (17)

We see that if the last term of Eg. (17) is dominant no insta-
bility can ocecur.

We consider the realistic case where nIZZ,"ne < 1 and Wy = 0(1).
From equilibrium considerations one would expect that the im-
purities are concentrated in the centre of the plasma column
and that gy = 0(2). In that case we obtain from Eq, (16) for
SRl S (18)
the following expression for the real part of the frequency

mR = —(ntzfne)hl(nl—l) ’ (19)
so that the instability condition is
2 0, Ty=]
3 oF i §
(o_-1) [ n -1————[1+———— (o -1)] >0 . (20)
I A S i Y I

In Egs. (19) and (20) we have neglected terms of order Z-I.

In particular, we see from Eg, (20) that if o > 1 correspon-

ding to impurity ions being concentrated in the centre of the

plasma column , the relevant instability can be excited if

Ny 2 %, and we may argue that this will tend to redistribute

the ion populations so as to make o = 1,

The instability will tend to produce enhanced ion thermal

energy conductivity, but will not be accompanied by a net elec-

tron transport across the f£ield lines.

On the cother hand, when ap = 0(1) the instability condition is
(3n,-1) [al(cr-l) * Aztﬁilfillt§n1~ll] %0 (21)

1

In this latter case the growth rate is a factor 2z~ smaller

than in the previous one.
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STUDY OF PLASMA PROPERTIES IN THE TRAPPED ELECTRON
REGIME IN THE FM-1 SPHERATOR
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Abstract:
Recent experiments on drift wave mode structure, current driven insta-—
bilities, neutral beam injection and auxiliary heating near the lower hybrid

frequency are described.

The next generation of large tokamak devices such as PLT and T-10 will
operate in the trapped electron and possibly in the trapped ion regime, Ac-
cording to available theory in these regimes, the plasma transport properties
will be significantly affected. Im fact, experiments in the FM-1 spherator
on particle confinement (1] and eleetron thermal conductivity [2] have indi-
cated the presence of a new scaling law in the trapped electron regime dif-
ferent From that in the pseudoclassical collisional regime, Recent FM-1
spherator experiments are devoted to the study of plasma properties in the
trapped particle regime. Our most recent experiments include (1) the de-
tailed study of fluctuations in the trapped electron regime, (2) current
driven effects in the trapped electron regime, (3) injection of a high power
neutral beam (- 100 kW) to obtain a plasma of the trapped ion regime and also
to study the effect of a non-Maxwellian ion distribution function on plasma
confinement, and (4) the study of auxiliary heating near the lower hybrid
frequency. (Ac present (3) is under preparation). The typical plasma para-
meters (nn, Tg) in these experiments are shown in Fig. 1, where the transi-
tion between the collisional regime and trapped electron regime is estimated

from the observed transition a
I : T

T
ve hupg =
witupi=1tor Ti2Tel

between the pseudoclassical

confinement scaling law and

NEUTRAL BEAM
" 10 ms=c PULSE
Tt

the Bohm type scaling law

(t = ZOD-JDUTB)H].

fem¥)

In order to study this

range of plasma parameter 0

TiceTy
we have built several new
diagnostics for FM-1 includ-
ing: (1) laser scatrering "% EpseunocLassical 7 3
COLLISIONAL [/
REGIME

for Te and o, (2) Bmm micro- d
wave scattering for fluctua- mnpg{nclghzcrwn

o v el il
tion studies, (3) spatially L Te (V)
resolved light intensity Fig. 1. Parameter regime in the FM-1

experiments, Black points are
measurement, (4) Doppler obtained from Ref. [1].
broadening measurement for T, and (5) magnetic pick up probes.

1. Drift wave mode structure in the trapped electron regime

Drift wave mode structure was studied to clarify the effect of shear sta-
bilization on the anomalous transport in the trapped electron regime. It is
experimentally observed that fluctuations exlst even when the shear is an
order of magnitude greater than the value predicted for stability, It has
been propased that the peaking of the diamagnetic frequency profile could ex—
plain the failure of shear stabilization [3]). The mode structure was studied
by using two probes movable in the radial and the azimuthal directions. The
toroidal wavelength is quantized by the poloidal rather than the toroidal
periodicity. ‘The mode structure along the field line was investigated by
aligning two probes using an electron gun. A theory was developed to calcu-

late the amplirude and phase shift of the fluctuations at the magnetic field

maximum and minimum based on periodically dependent driving terms. Experi-
mental results show relatively strong coupling between adjacent mirrors,

2. Current driven effects in the trapped electron regime

There has been considerable interest in whether the well known simple
current driven drift waves or iom accoustic waves can be excited in the
trapped electron regime. In this regime, the majority of the current is
carried by the circulating particles. Consequently a shifted electron
Maxwellian distribution may not be produced. To investigate microinstabil=-
ities in this regime, we applied inductively an ohmic heating current in the
poloidal direction. The ohmic heating current was 100-150 kA with one cycle
at 500 Hz. Since the preionized plasma nE-leﬂll en™ and T_-5eV was not
fully ionized, the plasma density and electron temperature change due to ion-
ization is illustrated in Fig. 1.

The particle confinement time estimated from the observed plasma loss
rate across the magnetic surfaces was 'rp = 5-15 msec, which was slightly low-
er than the t= 200-300 IB scaling. Doppler breadening measurement show that
the ion temperature was increased from Ti = 3eV to 10eV at the end of the
ohmic heating pulse. Micro instabilities associated with the high ohmic
heating current (estimated particle drift velocity-electron thermal velocity)
were studied by 8mm microwave scattering (incident power of 1W, sensitivity
for scattered power is lﬂ—lzu). The frequency spectrum measurements showed
strong fluctuations at low frequencies (f<5MHz). Preliminary resulcs indi-
date that relatively weak current driven ion accoustic waves may exist under
certain conditions.

3. FKeutral Beam Injeccion

A high power neutral beam will be injected into a target plasma produced
by ohmic heating. The evolution of the plasma density and temperature will
be significantly affected by the neutral density in the plasma which will be
determined by the operation of the FM-1 poloidal divertor. This is illus-
trated in Fig. 1 for a 15keV, 5A and 10 msec neutral beam pulse by assuming
the capture efficiency of the plasma loss by the divertor chamber to be (1)
0Z, (2) BOZ and (3) 90Z. We expect to obtain high plasma densities with
Ti- Te’ so that the trapped ion regime will be achievad-.

4. Auxiliary heating near lower hybrid resonance

Auxiliary plasma heating experiments at frequencies near the lower hy-
brid frequency have been carried out at modest powers (.05-2kW). The anten—
na structure operating at 68MHz was comprised of two plates driven out of
phase on the exterior of the plasma. High electron heating efficiency (»40%)
in both Helium and Argon plasmas was observed with only a weak density de-

llm—B) , the heating was uniform across

pendence. At low densities (ne5 1x10
the plasma while at higher densities the heating was preferentially on the
exterior portion of the plasma. The heating of exterior of the plasma was
found not to correspond to absorption at the lower hybrid resonance layer.

The electron heating efficiency was found to be a weak function of rf power
when the incident rf power was varied from 10 to 200 times the experimental
observed threshold power for parametric instabilities. The ion remperature
was determined by measuring the Doppler boradening of an Argon ion line using
a Fabry-Perot interferometer. Low efficiency fon heating (1-3%) was observed.
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HEATING AND THERMAL ISOLATION OF CURRENT DISCHARGE PLASMA
IN A CLOSED MAGNETIC TRAP

Volkov E.D., Latsko E.M., Rubtsov K.S., Rudakov V,A,
physical-Technical Institute of Academy of Sciences of Ukr.SSR,
Kharkov, U.S.5.R.

Investigations of thermel isolation of current-caryying plas-
ma in tokemaks and stellarators at moderate current values con -

firm the empirical formula ‘by L.A.nrtsimcvich [1]
Haw € ﬂ, Jefs ),

which connects a thermal conductivity mechanism with anomalous
pesistance of a plasma.

In this paper we present the experimental results obtained in
the "Birius" stellarator which allow to maeke some conclusions
about possible mechanism of pseudoclassical thermal conductivi-
¥

It was shown earlier [2], that with electric field in a plas=
ma f7F( £,ls Draicer's field) the following dependence is obser =

Gc
ved: = = ¢, E/E:,

(€]
Here G. is the Coulomb conductivity, © is measured experimental-

ly.In this case the stabilization of current velocity was obtain-—
ed U=o5 "E"T,/;-; which in combination with measurement results of
oscillation spectrum and of noise level [3,4] allowed to inter -
pret the dependence (2) as a result of the ion-acoustic instabi-
lity development, However,in the region E/ED< 10 the anomaly re=
sistivity behaviour is different [5] from that (2) and% value
changes with the changing of £/ .In these conditions the assump-
tion about an ion-acoustic nature of the anomaly has probably to
be excepted,The latter conclusion is confirmed by theoretical
consideration [6]es well .

It is of interest to compare the laws of energy losses in the-
se two regions with pseudoclassical one,If to suppose pseudoclas—
sical losses in stellarators, then the relation *7 T=AéizTJ
must be fulfilled.Hers 77 is the unit=volume energy content in
e plasma, and [s 1is the total rotational transormation angle
from the plasma current and helical windings.

Fig.1a and 1b show the dependences ﬂ-T(i:z.ﬂEor cases E/},,; 10
and E/_’cg>'|0| respectively.It is easily seen that in the case
"a'" the energy losses correspona well to pseudoclassical ones.
The case "b" corresponds to the ion-acoustic instability excita-
tion and is not described by the equation (1).

Notice that pseudoclassical energy losses are observed in the
most of current heating toroidal experiments at a small value of
anomaly: %ﬁ < 10,E/Fg £ e At the same time in many of these
experiments the condition &2 2L is valid where w* =€k, ‘.e/&n‘!'a,
and ﬁ:(%%‘—") ’:that is,the cﬁrrant velocity is larger or of
the order of a phase veloclty of drift oscillations.

The existance of such oscillations can essentially effect
the rate of losses. In particular using the "Syrius" stellarator
it was shown experimentally that the plasma diffusion is comple-
tely defined by drift fluctuations during the current flow stage
[71.

If to assume that there is a limitation of a current velocity
near the level of L/=ol bi¥ at small values £,Fe then by the
uge of }.",, = /7 =/7l9/‘¢/-f” it is easy to derive from the balance
equation the expression which is similar to (1)1

oL B ot ),

fut‘f?

_€fw, f@
where \)B# i€V, d-z- &), is the electron plasma frequency,the
comparison of I/, V7 and & yi g{ shows thet in given axperiment
U=otTE < w/é" at £/F, > 10 (Fig.2) and U Z,
at I.:/At_:‘|J £ 10 (Fige3)s It wes found that expression (3) is

satisfied only in the caseU)é

These data allow us to make following conclusions:

1) the pseudoclassical thermal conductivity cen be explain-
ed as a consequence of resistance cancmaly appearance
due to the current limitation on drift oscillations,i.e.
as a result of interaction of current with these oscilla-
tionsj

2) an ion-acoustic anomaly of resistance is developed at
high electric field and this leads to the rates of loa-

ses which differ from pseudoclassical one .
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ENHANCED TRANSPORT IN NON-AXISYMMETRIC TOROIDAL DEVICES DUE TO
CONVERSION OF TRAPPED TO CIRCULATING PARTICLES BY FLUCTUATIONS

J. L. Shohet

The University of Wisconsin, Madlson, Wisconsin 53706 (USA)

Abstract: In non-axisymmetric devices that exhibit a separatrix such as
stellarators, enhanced transport can occur whenever trapped particles are
converted to circulating particles outside of the separatrix. Transit-time
magnetic pumping produces such conversions and the change in confinement

obtained from experiments is in quantitative agreement with this mechanism.

Non-axisymmetric toroidal devices such as stellarators contain three
classes of particles: 1) circulating, 2) particles trapped in mirrors of
the helical field, and 3) particles trapped in mirrors of the toroidal
fleld. Circulating particles tend to be contained inside magnetic surfaces,
but trapped particles drift across the magnetic surfaces and, instead, are
confined on drift surfaces which are bounded by mod-B surfaces. [1] In a
stellarator, the mod-B surfaces deviate considerably from the flux surfaces,
[2] and in Fact, pass across the boundary between closed and open flux
surfaces, i.e., the separatrix.

Hence, if some process converts a trapped particle to a circulating
particle while it is outside of the separatrix, that particle will be lost.
Normally, as leng as the actlon is an adiabatic invariant, this will not
happen, even if there are temporal and spatial variations in the fields.

Furth and Rosenbluth [3] developed a theory of enhanced transport for
non-axisymmetric devices in which low-frequency electrostatic potentials
caused either trapping of circulating particles, or additional trapping of
trapped particles to produce the additional transport. It is proposed here
that the inverse process, that is, "untrapping" of trapped particles due to
electrostatic or magnetic fluctuations may also produce enhanced transport
in non-axisymmetric devices. The fluctuations must add energy to the
trapped particles in the direction parallel to the d.c. magnetic field, so
that they will be untrapped. One possible method to do this occurs when
the fluctuation frequency is of the order of the trapped particle bounce
frequency. If parallel energy is added to these particles, the acrion is
no longer an adiabatie invariant.

As an example of this transport, a model in which a temporal and
spatial modulation of the toroidal field is produced, either deliberately,
as in transit time magnetic pumping, [4] or spontaneously, because of fluc-
tuations produced in the plasma, is considered. The fluctuation exerts a
force on the trapped particle of magnitude umw in the direction parallel
to the toroidal magnetic field. l.lw is the particle's magnetic moment and
VB is the field gradient produced by the fluctuation. The change in
parallel velocity over a bounce period is obtained from eqn. (1).

25 2
& a, - % o © o+ (7B 45

where L is the length of the trapped particle's orbit, V. 1is the velocity
at the end of the orbit, and V.,l is the velocity at the beginning of the
orbit, In TTMP it is usvally true that the wavelength of the Fluctuation
1s approximately equal to the length of the trapped particle's orbit, since
vph = vt;h or }

f'l"l'!‘li‘ x'l."!'t‘tl’ 2 t-\mum::e['
The fluctuation induced gradiemnt, VB, can be approximated by assuming a
field modulation amplitude b, so that

R
Equation (1) thus becomes
4y b
2 2 2b
Vo, = Val meg e WUE (2)

From eqn. (2) we may compute the change in velocity &V, by factoring the
left hand side to give, for V..z-\f,.l = AV, << 1

(T, + V0 Ko = Vi) = 20 B, = 2V ™
The determination of whether a particle is trapped or circulating depends
upon its pitch angle © with respect to the magnetic field. The change in
pitch angle per bounce period is computed as follows:

\A .53
tanf, - tand, N T Av,, (4)
31 1 Vu
1
248 o
& cosal where A8 92 91 <<1

Thus, the change in pitch angle per bounce peried, 46, is

A8 = “ViAVicos @ _ _ V|3h (5)

n s /ulev? o}

As an example, let V,=V,, %'.OL Then A€ =-.005 radians/bounce period.
For @ to change by BL radians, the number of bounce periods is

N, =2L g ¥ 100 bounce periods for I radians. (6)
BL b L 2

This result is now applied to the enhanced transport observed in the
Proto-Cleo stellarator under TTMP conditions. In order to obtain the
enhanced transport, it can be shown that it is sufficient to convert
trapped particles into circulating particles outside the separatrix. These
circulating particles are then free to drift out of the confinement region.

In the Proto-Cleo experiment, with %=2 windings, for which this
analysis is developed, RUHO.Q m and rs;D.QSm. RO is the major radius
and T is the average separatrix radius. Figure 1 shows both the separa-
trix and the mod-B surfaces and. thus the trapped particles can easily pass
outside of the separatrix.

In Proto-Cleo many of the trapped particles are trapped in mirrors of
the toroidal field, rather than localized in the helical mirrors. These
particles are more nearly circulating than the localized particles. Also
it was observed that the difference in containment times with and without
TTMP decreased as the current in the helical windings was decreased, which

lowered the number of trapped particles. Thus, trapped particles do seem
to play a significant role in the enhanced transport. The bounce period
was approximately T, = 107% sec. 100 bounce periods is about 1 msec.

Figure 2, taken from reference [4], shows that with 1% modulatien,
(%-= .01) the particle containment time is reduced to approximately 1 msec.
Equation (6) implies that the decrease in containment time varies linearly
with modulation and shows no threshold effect, which is the result shown in
Figure 2. Thus, conversion of trapped to circulating particles outside of
the separatrix, [5] is consistent with the results; both qualitatively and
quantitatively.

The helpful conversations with J. L. Johnson, H. Grad, D. J. Lees and
W. Millar are gratefully acknowledged. This work was supported by the
National Science Foundation under grant ENG-7203778 AOl.
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Fig. 1. Mod-B surfaces and the separatrix for the Proto-Cleo A=2
stellarator. The conductors are shaded and the + or - sign
shows the direction of the current in the helical windings. The
major axis is to the left-hand side.
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Fig. 2. Inverse of density confinement time, as a function of RF voltage.
The modulation factors (ringed) are for a frequency of 122 kHz,
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Neoclassical Equilibrium and Transport Calculations
for the Full Range of Collisionality*

¢.0. Beasley, J.E. McCune®, H.K. Meier, W.I. van Rij and J.D. Callen
oak Ridge Wational Laboratory, P.0. Box Y, Oak Ridge, Tenn. 37830 U.5.A.

Abstract: The new Collisional Plasma Model, used to obtain neoclassical
i

equilibria and transport in tori, is described. Results over the full
collisionality range (banana through Pfirsch-Schliiter) show the distribution
function, radial flux, bootstrap current and other important macroscopic

quantities, end are compared with earlier, more approximate results.

Introduction: The general approach to calculating neoclassical transport
is to approximate the Fokker-Flanck collision operator by a model valid
in some region of collisionality [1]. By use of a drift-kinetic equation,
one may obtain &n equilibrium distribution function, usually divided into
o part describing trapped particles, and & part describing untrapped
particles. However, since the effective collisionality of the plasma
near the trapped-untrapped particle boundary pitch angle is greater than
in other regions of velocity space, this region must be separately analyzed
in an approximate way in order to include the effects of the distribution
function in that region. Having the resulting composite distribution
function, one can then calculate the various transport coefficients, or,
more correctly, the desired moments of the distribution function,
yielding currents, pressures, velocities, fluxes, etec.

In this paper, we present the results of neoclassical calculations
obtained from an application of the Collisicnal Plasma Model (CPM). In
the CPM, en exact treatment of the Fokker-Flanck collision operator and
the drift-kinetic equation through a particular choice of an expansion
of the distribution function in velocity space, using a set of tunctions
described below, permits us to calculate the distribution function to
arbitrary accuracy in the Fokker-Planck - drift-kinetic sense. It is
important to note that this model permits a1l particles, trapped or un-
trapped, to be treated on the same footing, thus removing the difficulties
associated with the boundary layer. Moreover it does not entail any basic
restriction on the range of collisionality to be considered. As in other

" neoclassicsl calculations, we have so far chosen to calculate locally on
a given (circular) flux surface. If we relax this restriction, and use
the full set of Maxwell's equations to include finite-B effects, in the
Prirsch-Schliiter regime, such calculations would be equivalent to a
three-dimensional non-ideal MHD calculation except that a1l transport
coefficients, inertial effects, ete., are calculated self-consistently,
end are, in fact, an inherent part of results of CFM calculstions.

In this paper, we briefly describe the model, and how we obtain our
results. We then show the structure of the distribution funetion, radial
flux, bootstrap current, toroidal and poloidal drifts, pressure tensors
and heat fluxes in the banana, plateau, and Pfirsch-Schliiter regimes.

The Collisional Plasma Model: By choosing & suitable representation to

expand fﬁr‘), it is possible to write dovn analytically the elements of

the Fokker-Planck collision operator. The expansion is useful if relative-
ly few terms are needed to obtain convergence. One expansion we have
found to have these properties is a modified Laguerre-Spherical Harmonic

expansion:

- £z 2 -+
FE Y R TR e

Lyn,m

(eve)!'m (a:8)

where s refers to species, v the velocity, p = mB/k'IB, o is the angle
(in velocity space) between the magnetic field direction and Tr', and B
the gyro-angle. (In a drift-kinetic equation, only the m = O term will

appear; we henceforth drop this subscript.) Our drift-kinetic equation,

in the absence of self-consistent electric fields, is

s
L
.aﬁ 1 [vp v cos & _+_(%ETJE v sin o aau - %,[EDVE(JJ coseu)

-]
x(slner%f?-'*uose-—)] zcspf .

We further assume an axisymmetric equilibrium. Then using the poloidal

Pperiodiecity, we write

B ] ind

e _Zrm(r) e . ‘
Since our distribution function is approximately & Maxwellian, we may use ‘
the linearized form of the collision operator. Imour representation,
£ is approximately- (to one part in lca)

- - - 2 -, -V,
2(r,v) = £ (1) e pv /2 Li/'?(u"g) Yoo (@B) = i To(1) e pe/2

Then, symbolically, our drift-kinetic equation may be writtemn in the form
n'=mi2
4 =2
n'=n+2
(z)

i«»i Kygrant () Thege () -Z[cmn,m AR CE AN O
w'=0

i=g-2 1=

+3 (x5, 4m) B L AEF R () r (2) 22, ()]
Method: We calculo.tepthe equilibrium by treating an initisl value prob-
lem, where the plasma begins as & homogenmeous Maxwellian with imposed
radial density and temperature gradients, with and without applied
toroidal voltage. We then follow the time evolution of f(;,;). until
it reaches & quasi-equilibrium. In this time-dependent problem, the
various time scales inherent to the problem become spparent. Thesze
inolude the collisional time, the bhounce time, the various diffusivity
timey the velocity development times, and times associated with the flux.
(The ordering of some of these time scales will depend on the collisionality
regime.) The quasi-equilibrium of interest is one in which f is no
longer evolving on sny time scale except the latter.
Results: Space does not permit & detailed presentation of results. We
do show two typical trapped-particle distribution functions in the
banana, plateau and Pfirsch-Schliiter regimes (Figs. 1 and 2). These
are actually perturbations of f(a) | ves fiTm ? and £(v) |, oo and
are proportional to the number of particles at a given o ( or v), on the
inside of the torus (8 = 180%). The magnitudes of these perturbations
(in comparison with the Maxwellian, megnitude = 1) are given by 8F,

the scale factor.
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Fig. 1: f(a) at v = 2/K0/m Fig. 2: f(v) at a = 60°

It should be mentioned that we get good agreement for the radial
particle flux, T( \,*), in comparison with other work.
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Neoclassical Diffusion and Dissipative Trapped-Electron Instebilities in
the Transition from the Banana to Platesu Collisionality Regime®

J. D. Callen and K. T. Tsang
pak Ridge National Iaboratory, P.0. Box ¥, Oak Ridge, Tenn. 37830 U.S.A.

Abstract: A phepomenclogical procedure of separating velocity space into
various regions of collisionality (banana, plateau, boundary layer), cal-
enlating the perturbed distribution functioms accordingly, and appropriately
averaging over velocity space, is used to amalytically reproduce neoclassical
diffusion and facilitate investigation of dissipative trapped-electron

modes in this important transition regime.

Introduction: OFf the various types of low frequency drift and trapped-
particle instabilities [1], the most relevant mode in present tokamaks is
the drift-dissipative trapped-electron instability. This mode has pre-
viously been derived only in the banana regime where the trapped-electrons
are very collisionless. However, present experiments tend to operate in
the transition (v, ~ 1) between the banana (v, << 1) =nd plateau (1 << vy
<< 3-5/2) regimes. Ve investigate this transition region with & pheno-
menological model based upon separating velocity space into the various
regimes of collisionality.

Partitioning of Velocity Space: Since the collision frequency and bounce

time for a given particle are dependent on its kinetic energy, we can

separate velocity space into Pfirsch-Schliiter, plateau and banana regimes,

ag shovn in Figure 1. In the banana regime the effective collision fre-
]

quency for trapped-particles [veff('a) = ”ei(E)le = 3/Bn (TE/Eme)y /EsTei‘

in a Lorentz ges] is less than the trapped-particle bounce frequency ['lg =

fégr-:/aoq], and hence this region is defined by E > E_ = 0.97 Sou T, /o,

!

or v > 0.985 viﬂ* Vs where v = BT fm is an eleciron thermal velocity,
and v, is the ratio of effective collision frequency to bounce frequency
for a thermal, trapped-electron. In the banzna regime particles can be
distinguished as trapped or untrapped according to their pitch-angles in
velocity space. Between the trapped and untrepped regions, there is a
collisional boundary layer in which the bounce time is longer than the time
required for collisions to scatter particles out of this region. As we pro-
gress from the banana regime to lower energies in Fig. 1, we first encounter
the plateau regime, and finally for sufficiently low energies (v < 0.985

35/8 vi/h Vo

lieoclassical Diffusion: As an example of the usefulness of this partition-

) reach the very collisional Pfirsch-Schliter regime.

ing of wvelocity space, we calculate the neoclassical particle flux in
equilibrium by solving for the distribution function in the various colli-
sionality regimes and then appropriately adding up the various velocity
space contributions to the particle flux imtegral T = (m_/2n|e|By) J' a9

(1 + e cos 8) I v ¥) Cg5(£,). For & Torentz collision model and density
gradient only, we obtein [2]

e!./2

r=-k

g,
11 Pep "/ Tes

=X x
yhars Ky =0.T5e [1-089,4, e < Ep(%0)]

+ {ﬁ/ﬂu*) [e-h (2 + 2y, + yi) Sl (2 +ex, + xi)]

(B e B -3
3/%

in which x_ = 0.97 e ¥, = ¢/ x,. We can recognize the first, second
and third terms in sguare brackets in K:L‘L as the contributions from the
banana (including boundary leyer), plateau and Pfirsch-Schliiter regimes,
respectively. These analytic results compare quite favorably with the
numerical formulse of Hazeltine and Hinton [3] (ef. Ref. 2). The reason
why this separation of velocity space primarily by energy works so well
ia that energy scattering is weak in a neoclassical plasma; pitch-angle

scattering is the dominant collisicnal process.

Dissipative Trapped-Electron Instabilities: For the temperature-gradient-
driven version of these modes the dominant destabilizing contribution comes

from the trapped-electrons in the banane regime -~ region I in Fig. 1.
Teking account of our separation of velocity space, we find that as v,
increases this destabilizing integral does not change sign; however, it
does decrease as exp( - 4u,) for large v,. In the plateau region (II in
Fig., 1) there is & collisional breoadened Landau-type resonance, which, for
@ = w, in the presence of & termperature gradient, has a stabilizing
effect similar to that in collisionless drift modes [4#]. The effective

ky here ia s/Roq, where s is an integer, and not {Lq-mURoq << A/Boq_ beczuse

for vy ~ 1 the plasma is sufficiently collisional that the perallel varia-

tion of the potential seen by a particle is that seen within one bounce
pericd and not the average seen over many bounce periods. Finally, there
are contributions from the boundary layer between trapped and untrapped

yarticles depending upon whether the wave frequency is larger (region III)

or smaller (region IV) than the effective trapped particle collision fre-

quency. The contribution from region IV is small because colliasions
simply further smear out the already small perturbed distribution function
there. The contribution from region III, in which little diffusion takes
place in the short period of the wave so that the diffusion is localized
to the boundary layer, is similar to that calculated by Rosenbluth et.al.

[5) for dons in the dissipative trapped-ion instability. Magnetic shear

has & stabilizing effect on these modes that is found to be independent of

the degree of collisionality. Btabilizetion of the temperature-gradient-
driven version of the dissipative trapped electron instabilities occurs
when v, becomes large enough so that the destabilizing contribution from
region I becames smaller than the stabilizing ones due to shear and the
wave-particle resonance term. Specific numerical czleulations of these
effects are being performed.
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MULTISPECIES DIFFUSION COEFFICIENTS IN THE PFIRSCH-SCHLUTER
AND BANANA REGIMES FOR ALL TEMPERATURE AND MASS RATIOS
P. ROLLAND - F. WERKOFF

ASSOCTATION EURATOM-CEA
Dépantement de Physique du Plasma et de La Fusion Contrdlie
Senvice IGn - Centre d'Etudes Nucliaires
B.P.§5 - Centre de Thi - 38041
GRENOBLE CEDEX (France)

ABSTRACT : A general expression for the parallel friction is straight-
forwardly derived by using only the fact that the Fokker-Planck operator
conserves momentum. Assuming the galilean invariance of the F.P operator, we
obtain a simplified operator for unlike particle collisions, which gives the
correct expression for the friction force. The inspection of the influence
of the shape of the distribution function en the friction allows us to show
that the fluid description of the Pfirsch-Schluter regime fails out when
temperature gradients are taken into account. In the case of banana regime

our results differ from those previously derived for multi species in /7/.

| = FRICTION FORCE AND COLLISION OPERATOR. Starting with f, = foj + 'Eij where

""nj is maxwellian and Elj << Euj' the friction force /1/ is given by :

- + *
Rjk = nnj g dvv Cjk. = mjjd_Vv C(EH. fnk) + mj‘{d_v v C(fnj, fm) (§)]
where C(fa, fb) ig the full Fokker=Planck (F.P) operator /2/. The conserva-

tion of momentum gives us @

-

X, = !’ dv ¥ CCE L, L) - mk‘(ﬂv CLE s £ g ()]
For azimutal symetry and f regular we have @

= _.L. == :
jd_v ¥ C0E 5 £y de e S C) [ v v, vy =
where L_ is the Legendre operator Lp = [ ) 3 )] p= v—" and v is given
in /3/.
(In (3), the terms whose contribution to k.k vaishes are not written) Then :
"
Rjk--mj[ﬂvu ujkE]j+mk[ﬁw;‘ % Fi (%

Assuming that the F.P equation is galilean invariant - as previously done in
/3/ for lika partiecle cnllisions = we can derive /4/ a simplified F.P opera-
"

tor giving the correct expression (4) for R

T &=
k
Gy =5 By (B1) * VY, fDJAkgﬂ”,"kjflk =
The following coefficients are dehned H 1

5 2 P ( Wt T.mk)-!
A, =@, | d A n_ 2 " d J -
i m][_!vNqufu (2m) eLnDnnkL {T(m )]2

3ok

1/2 12
mj 315 (T, .c'mk) +('I-mk+'Ika-)
1].3'-‘2 e (1,m; \i72 }

1.’2
2 8 1/2 4
B, =m, ! , wi
ik mjjdvvnv Vi 5 = 302m eI.nDanZZk—§72 1 *_T

(6)
W2 (st v )

1
2 4 ] 4 72% 7 DK
Do=m |dvwiviv, f . ==(2m)7 e'Ln D n.n 252" —— T}
jk }’-— L} jk7ej 3 k*i"k _5/2 3/2
b 1k} = /273 ®1; + mT,)
In order to compare our result (4) with that of Braginsidi (/1/ eq. 7-3, 7-6)
we suppose m >> mj and we consider a special form for the distribution func-
tion :

R B SO 7

Our equation (4) gives :

Ak T T
ajl:. == mj T (Vj ~ V) where VJ- s ﬂoj e (8)
5 k J
The expression given by Braginskii can be written :
o,
R, =- =LA R/
s Tj Ajk 8 i’ (9)

The reason for this difference is that eq. (9) has been obtained by assuming

that R x Was a Galilean invariant. whereas eq. (4) and (7) show that this
e =

pruperty is fulfilled only when T'l T{ Akj' When m >> m;, this last

relation implies T = 'l'k

2 - MULTISPECIES COEFFICIENTS OF THE PFIRSCH-SCHLUTER REGIME. Recent calcu-
lations /5/, /6/ of the diffusion coefficients im the Pfirsch-Schluter regime

have led te discrepancies on the effect of the temperature gradients.
The inspection of the influence of the form of the distribution function on
the friction force gives some light on this point :

In his ealculation Samain /5/ uses a kinetic treatment and assumes that the
distribution fungtion is of the form :

2 i
flj = fnj (ﬁoj v Blj v vu} + even function of Vy (10}

On the other hand, Rutherford /6/ uses a Fluid treatment with a term of

parallel friction of the form (9), given in /1/. As a matter of fact, we shall

see that Rjk is generally nmot of the form (9) even when T, = Tk' mj << m .

For instance, if the distribution functien is of the form (10), we obtain :

Ry == (g Bog *# By Brod + (b By + By By an
1/2
B
Ry = 4 2 1a b .oy 22 zk{—h(v v+ 30 128y 3 ﬁ) } a2)
1

vhere V -l (B 3L ﬂ .). As we shall see later, fl is effectively of the
form (IO) u\ the | S.Jregzme, and (9) is no longer valid.

The linearized drift kinetic equation reads /3/ :

sinf
= 2 2 . _@v ®vsind ,, 2 =
gk T Gy b T PRy byt Taan O A fp =gl 09

v
where @ = = BGIB, p= ?'—. h=1+r cos 8/R. The matter and heat fluxes are
given by /3/

2
- (_en I = 1 aoh® ¢ "
Iy flnu @J‘i"" kG ™" 3‘“95 = Bk

_ [ _aen® i1
Qj f zm"gj‘ Edv V¥ g G

We expand fl in Legendre polynomials EI = ﬁ B {p) ¢ (8, v). Only ¢1 gives

(14)

a contribution to the fluxes. Integrating eq. (12) Emm p=-1to p = | gives:

2rcosf v nY A
q’lj = %R“cjs fnj (Jt!j + _J—Z Zj} whereﬁ'l (— = ‘3‘ —') :-ﬁ'z ? (15)
i

As we see, EI is effectively of the form (10) with BI # 0, as it has been

supposed by Samain, B, is propcrtinnnal. to T'. Eq. (14) gives:

2 m.
__2r )% “'k At oiop R
b= Te|% et 7z, B jka 7 ANy 72 By (h6)
(R )
2 w4, mkz 2 2
> ik e
R w2 z i k{zk At At zz Ak By ~ zj ng 157 2z Djk 23 an

2T
When the masses are very differem: we have ij = Fl Ajk and in eq. (16) we

'
recover the tem: f— of Samain /5/. If the diStribution had been chosen
a priori of the form (7) the integration of eq. (13) over all the velocity

' '

space would have given the wrong dependence -g— T

3 - MULTISPECIES COEFFICIENTS OF THE BANANA.REGIME. We shall use our F.P.

operator (5) within the standard techaic /3-7/. :
my
By 'z.zna qhd f,;+ e u, &, @)

1/2
For the passing parti:les (with n=ov (I - %) ) we obtain :

2
_ va oy [_ jt 1 | My
328 2<(1-2 72 { eBZ; ;s 2 T Ttatiat T Bab*Za
_A;) > a a a
h a,b ab
With the expression A-40 of /3/ for T]. we obtain : +
m B (mh A /2, +mlB /22,)
o= ] i QGFEA (_ﬂ-] ‘__j_ y E nh la’“a Ma ab” 2a
i Z.e A - S VP ik 2J E -y

(mA wha/z,m aﬂhi al22,)
7 By 2j)

= -—-L B “ﬁrﬁﬂjk{“ —d .H}.D ik &
e B b T Ay

These expressions are somewhat different from those of Comnor /7/, because
the collisions jj give a non vanishing contribution, although EJ: f i =0 /3/.
In the case of different temperatures our results differ from those of
Rosenbluth et al. /3/, because their e.i collision operator gives in this
oi in 13, s
(/3/ eq.D 18). As a matter of fact, the correct

n
linearization could be the following : f. is pragnttlnnal to the ratio of
/2

case zn expression different from our eq. (4). To obtain C

. s i I/z
linearized in v, (mEITe)

the shift velocity to the thermal velocity : EE ~ v (m /T ) + In diffusion
AheurLes the perturbed distribution functions are of the furm :

j Z":BJC.. Then |uj| = ﬁtﬁ%dk" i.e V} scales as T, and f must be linea—
rized in "i T-E (:—E)UZ. I"ollmfn:xg the same procedure as in /3/(Eq. D-IB to
D=20) we obtain for Cei an expression which differs from eq. D-20 by a factor
'JIB."Ti in front of Vi' and then this modified operator leads to an expression
of Ria equivalent to our eq. (2). In the case of e.i collisions and equal

c:npetal:ures and with
§ "2 “ab I HE 3 Mg Bab
*W o S
et p 222 0 S EP ynefiy p 2%l

. s m
: . 2 “ei 2 ie 4 4,2 e
defined in /3/, my A; =@ A, =W, 5o = mp 5o = 3 {2me Z{N;N, In D ’T—e'

, where the I are

it is easy to see that our results agree with eq. (B8-92) of Rosenbluth et

al. /3/.
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NEW FLUID THEORY OF THE DISSIPATIVE TRAPPED-ION INSTABILITY
H.K. Wimmel

Max-Planck-Institut fur Plasmaphysik, 8046 Garching bei Munchen,
Federal Republic of Germany

Abstrack:  An improved set of dissipative, trapped-fluid, drift equations for
anomalous plasma transport in tokamcks is established. The anomalous diffusion
coefficient due to the dissipative trapped-ion instability is derived from these
equations, and the result is compared with the diffusion formula of KADOMTSEV
and POGUTSE [1].

The macroscopic theory by KADOMTSEV and POGUTSE [I] of anomalous
diffusion in a tokamak due to the dissipative trapped-ion instability neglects
the effects of Ey and of Vé‘o , where 80 :'ho/NP is the equilibrium
fraction of trapped particles, Improved macroscopic equations are presented
that include these effects to linear order in the perturbation. Specifically, Ey
perturbs the distribution functions Le o the instantaneous loss cone factors
81. o = 1\_-,“ /1_';| et , and the instantaneous "equilibrium densities"
", (U Mo f{:) of the trapped particles, The latter quantities enter

in the colilsmn terms of the dissipative continuity equations for trapped particles,

The collision terms are also affected by the E x B drift of the particles,
because the drift contributes to varying the instantaneous trapped equilibrium
densities. On the other hand Uc?o + O provides for additional particle
sources, or sinks, in the dissipative continvity equations, The new equations
reud?

4w U = v (n: mw)+(.0t‘) /BN )

In, ) - N DM .
MEER Ui, ){#(Mg Mg, ...(_F ) " + Np‘g- v @
N, oy = N, +ac, (3)
v o= =z Bx Ve “
with
A-d, 2N, ¢
c= N o4 dode, 2Ne® ®
b LT
1-4, =N, @
N, = N, - 5 ——;Tf— ®)
g"_") - o_=Ne ¥ @
Bt E T. J\o o
’ME) B eN, e ®)
ot E, T.8, of
My, = My + é\n(mi-mu) + %(ME“MQ) )
My = My + & (me-m, ) - (mg-mp), (O

Here N.' i Ne , and n;, n, are the actual untropped and trapped densities;

N , N, and n_ are the total, untrapped, and trapped equilibrium densities,
P () o

and the remaining notation is standard, The approximations V (T/ NF)

- VB =0, v-v:—.o are used. The potential @ can be eliminated by

T4,
P = - (my-m,) an
L €
7N, (1-5) ,
with T =2 TeTi/(Te + TT)" q>= Oath= Bmux' This differs in sign as well as
in mognitude from analogous equation of KADOMTSEY and POGUTSE [T] :
Alternative sets of equations proposed by HORTON et al. [2] and LAQUEY

et al. | 3 | do not agree with the above system because these authors neglect
g Y-

the temporal variations of the loss cone factors &-_'e_ although they are pre-

dominant effecfs;und omit the effect of 5; . In particular their expressions

for Ni,t ' (BM‘-I,_/BfJEH , and Mi

Mgy are not correct.

By a critical=-mode, mixing-length method the anomalous diffusion flux due to the
dissipative trapped-ion instability can be derived from eqs.(1) to (11) for the case
of strong, isotopic, small-scale turbulence (WIMMEL f4]). This methed is
superior fo the one used by KADOMTSEV and POGUTSE [1] in that it
determines to what density gradient (VNP' V‘u,, or whatever) the diffusion flux
is proportional, So it is possible to decide whether the trapped-particle diffusion
is inward or outward near the magnetic axis. The diffusion flux density for a

slab madel is:
T
fe = ZaECNP V.ﬂU—Su)g <g£3 'ra:JSJ> / (12)

with g = M;-M, , or, explicitly:
_ A CT VMG Oo (13)
e = QUT(?QEN) Vel w K (SWT )

24, T 2, o
k/' = :Jz_ (/1 (?0 2[ +é\°

This result exhibits a more complicated dependence on S than the original
formula by KADOMTSEV and POGUTSE {1} It shows explicitly that the
diffusion flux is proportional to DN rather than V-’We . If the effects of Vd;
and E'u were omitted as was done b)r KADOMTSEV and POGUTSE []] , the
mixing-length method would yield, instead of eqs. (13), (14), the following:

. (14

LA
y A ( cTVm.,) A réMu (15)
vy =—o=l5. e 0 Sl
2 U_S-: 2 2..% NP V,z# Dx
a paradoxical result because it would predict inward rather than outward

diffusion near the magnetic axis.

{l] KADOMTSEV B.B. ond POGUTSE O.P., Reviews of Plasma Physics
(LEONTOVICH M.A. Editor) Vel. 5, p. 249 (1970), Mucleor Fusion 11,
67 (1971).
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(Proc. 5th Conf. Tokyo), Paper IAEA-CN-33/A14-3 (1974).

[3] LAQUEY R.E. ot al., Phys. Rev. Lett. 34, 391 (1975).

[4] WIMMEL H.K., Plasma Physics, to be published.
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ANOKALCUS ION TRANSPORT IN A MAGNETIZED DISCHARGE PLASMA

G. Popov
Institute of Electronics, Bulg. Aced. Sci.,Sofia, Bulgeria

Abstract: The transverse ion trensport in an Argon magneto-
plasma column was studied experimentally. The B-field depen-
dence of the wall ion flux for B > Bc can be understood only
if the anomalous part of the diffusion coefficlent is taken
inté account. Onset of cathode region ina%bilitiea causes rise
of the wall ion flux in the column.

The paper is aimed at elucidating the nature of enhan-
ced ion transport in a magnetoplasma column. Changing the boun=-
dary conditions at the beginning of the plasma column, we
looked into effects due to long-distance interactions in a
turbulent plesma column.

In our experiments we made use of the idea of ECKER /1/
who described the enhanced trensport processes by introducing
an effective electron-ion relaxation time. Recently this idee
was refined by several workers, e. g. /2/ who related the ef-
fective collision frequency corresponding to the diffusion
process to the anomalous part of the diffusion coefficient.

1. A plasma was produced in hot-cathode discharge tubes
with diameters 40 to 70 mm and lengths 50 to 60 cm. The expe-~
riments were made in Argon (0,2 to 1.0 torr) in order to sepa-
rate the beam and secondary electrons. The axial magnetic field
was produced by water-cooled magnetic coils. The unformity re-
gion (<£5%) was greater than the tube length. The tube and the
coila were exactly coaxial. The magnetic induction was changed
from O to 0,2 Tesle. Density and potential profiles were obtai-
ned using Langmuir probes, the axial and azimuthal correlatioms
of light-output and potential fluctuations beingimlse recorded,

The change of the boundary conditions was provided by
variation of the cathode thermionic-emission/discharge current
ratio, Iem/Id' The trensition frem glow-like discharge (GLD),
Iem/Ii < 1, to thermionic-emission controlled discharge(TECD),
Iem/Id)b 1, 18 connected with the change of the beem electrons
energy dissipation mechanism /3/ which lesds to onset of vari-
ous kinds of instabilities:

a) Because of similarity between GLD- and TECD-cathode
fall region the discharge balance equation for Iem/Id = 1 is
transformed into ”: 1, M =1 /3/ and the ﬁ-;instability
takes place /4/ (/‘- cathode efficiency,d = plasma efficiency,
M = ectron multiplication rate in the cathode sheath).

b) Ion-acoustic waves instability may be excited by the
electron beam from the cathode if the electron drift velocity
exceeds some oritical value (/2/, chap. 7, 11).

¢) Nonlinear interaction between the slow electirons at
the Ramsauer’s minimum and the plasma causes rotation of the
positive column head /5/ in the case of GID.

Therefore the onset of various kinds of instabilities at
the beginning of plasma column can be controlled by variation
of Iem/Id - ratio. We can also study their interaction with
the intrinsic plasme column instabilities.

The choice of a reliable and sensitive method for measu~
ments of the particle losses proves to be the most complicated
problem, ECKER /1/ suggested that the use uf simple density
and profile functions

U, = -a.1n(n /n,) + b(n,).1n(n /n) (1)
offers a sensitive method for studying the particle losses.
From the dependence of U, on ln(nofnr) we can draw a conclu-
sion about processes taking place in the plasma volume. A de-
viation from linearity occurs if the second term in (1) due to
Coulomb-interaction is nonzero., Such a presentation has the
adventage that it doesnot depend on the radial density profile
Fig.1 shows the effect of the magnetic induction on Ur as a
function of ln(nD/nr]. obtained in & diacharge tube with 50 mm
diameter, I, = 20 ma, Ium/Id = 0,1, p=0.5tor*apor B =0 &
deviation from linearity occurs only neer the wall where the
nonlinear plasme-sheath interaction takes place, For B>0,07T
nonlinear dependence is obtained, e. g. the collective pheno-
mena take place in the whole plesma volume. In our case the
curvature of the plot is opposite to that evaluated fromECKER.
A critical value, Bcazo.OTE T, was obtained by light-emiseion

and correlation measurements. We didnot observe the develop-
ment of zero-mode helical . e e e
instability accompanied by
concentration of the current
within screw-chaped channel.
In Argon, the helical in-
stability breaks, possibly,
into turbulence. ‘he radial
density profile for B>0.0§ T
is GauBian ™/,

2. In order to study
the effect of the boundary
conditions on the anomalous

i
ion flux to the wall. The 1 2 3 4 5678

transport we measured the -5 LS|
9
ion satturation current in Pig. 1

the wall vicinity, Iis’ was picked up by spherical Langmuir
probes. In the B-field region under investigation the ion
Larmor radius was always greater than the probe radius. The
Iis - values were corrected according to the B-field varie-
tion of the floating potential.

The ion satturation current density obtsined in thia
way depends only on the diffusion rate and the plasma density

profile if ambipolarity takes place in the volume:

ijg = = D(B)n (B)E(x,B) (2)

where nc(H) = plasma densify on tube axis, nD(B) =
= 0 (0) (14X (1, /1,).8) for BLO.15 T, and

n,(B) = n (0){1+ 0.15%) for B>0.15 T.
In the first approximation the density profile function,
f(r,B), can be given in the form:
£(r,B) ={'- J1(2.4r/R)2.4/R for B<Ec

—exp(-rE/rEYEr/rg for B>1.5 By (3

(J1 is the first-order Bessel function, r = (0'7"'0‘8)Rtub9

for r/R = 0.75, R = 2 cm we obtain (see Tablelin/6/):

tube tube

Jjg= 0.Te(1 +XBID, (1 + 28.45°[1] )77, B<O.OTT  (4)

dgg= 04501 +xs)(nﬂ(1+za.452['r_] ¥+ Dppd 4 B20.1T (5)
At B£0,07 T, j;, doesnot depend on B if Iem/1d> 14
k=2 Tesla~! and grows slightly if Iem',ldé‘l' £=4 1, For
B> 0.1 T correct j; -values

can be obtained only taking _a
30 g = . . E—1
into account the anomalous |_1h 15°20md, /R - 075 - 0.5 T
part of the diffusion coef- B dz9cm 5 310
20k . —1

ficient (in our case for
slightly turbulent plasma
with T, & T, /2/ Chap.11). [ == _

DEahm [cmzf'aecj =
1031y [e¥]x 2, [ev]) /2

(n [cm“?]ﬂ% |§m_'j‘ §/2 B[T]
Fig. 2 shows the I15 ve B
plot for two tube cross-
sections: at the beginning,
d‘ = 9 c¢m (a) and in the middle of the column (b), rj“tube’
= 075 Rype = 2 cm; peremeter being the Iemlld-ratio. At
Iem/Id:>1 the negative space charge near the cathode suppresss
the cathode region instabilities. IiE for B>0.1 T (Fig. 2b)
depends on the intrfﬁﬂic. turbulent=column diffusion and can
be descrived by eq. (5). The onset of cathode region instabi-
lities ceuses at lemst twofold increase of Iua for B=0,2T7T
which isnot taken into account in eg. (5). The long-distance
interections leasd possibly to the broasdening of the turbulence

Fig, 2

apectrum.

x:A Gaufian density profile may also be caused by end effects:
B-field inhomogenity, small rcathudejatuhe" ratio eto.
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Theory of Anomalous Electron Transport.
C. T. Dum
Max~Planck-Institut flir Plasmaphysik, 8046 Garching bei Miinchen,
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Abstract: A complete set of anomalous electron transport coefficients is
derived for ion sound and related instabilities, As compared to classical
theory, not only can effective collision frequencies be very much larger
but there are interesting differences in the structure of the tramsport

equations as well.

The effect of turbulence on transport phenomena such as resistivity and
heat-conduction is of great interest to many problems, e.g. turbulent
heating, shock waves, laser -pellet interaction and the solar wind. By
now there is good evidence that ion sound and related instabilities are
responsible for anomalous transport in all of these cases. Just as for a
collision dominated plasma [I]. one would like to obtain a closed set of
transport equations relating the macroscopic variables. In classical
theory the possibility of such a description arises from the existence

of a universal relaxation process, causing any distribution function to
relax to a Maxwellian. Thus for phenomena which occur on time scales long
compared to the relaxation .time 7 and on length scales long compared to the
meanfree path h-ve-r. the deviation fl of the distribution function from

a local Maxwellian can be treated as a small perturbation. Transport

coefficients are determined from £, which is proportional to the perturb-

1
ing gradients, electric field, etc. Small scale turbulence alsa leads to
very effective scattering of particles, but there is no universal
relaxation law for the distribution funcrion. The fluctuation spectrum is
no longer a given functional of the distribution but is determined in
general by nonlinear dynamic processes, sSuch as mode coupling and quasi-
linear flattening of the distribution. One can thus hardly expect to
obtain a universal, closed macroscopic theory of anomalous transport and
so far ,at best, only order of magnitude estimares of effective
collision frequencies have been given.

We show in this paper that for a very important class of instabilities it
is nevertheless possible to give a complete description of tramsport
processes, analogous to classical theory. We consider the effect of a

given spectrum of low phase velocity waves, v << v,y on electron

ph
transport. The predominant effect of such fluctuations, e.g. ion sound,
is pitch angle scatrtering, much like that of electron-ion collisions. The
distribution function, however, does not relax to a Maxwellian equilibrium
but assumes the selfsimilar form
£ @ = c5 e e’ ] m
o o
where the time dependence is through Yy (t), describing electron heating.
In our theery this relaxation to a selfsimilar isotropic distribution
plays the same role as the relaxation to a Maxwellian in classical
transport theory, and the assumption (vph.’vfu | teplaces m/M << 1. We
consider transport in a weak magnetic field ka>>l (k typical wave number,
DL electron Larmor radius) and inhomogeneity scales large compared to the
wavelengths, kL>>I. The kinetic equation for the electrons is then

fograsy vt Reogopm g @
where D may be taken to be the unmagnetized quasilinear diffusion temsor
EZ]. The main physical ideas become more apparent, if we consider, for
now, an isotropic (in the ion frame) turbulent spectrum. In spherical
coordinates (w,8,4) the only nonvanishing components of the diffusion

tensor are then

Ve, e v e ) )t > v’ ™

l)aB - D“ B% [ Tu (W’n'l‘e) \4'2 <uellwn> {velv)3 - W] i (4)
where the average is over the spectrum W(k) resonating with electrons of

speed v,u/(kv)<| Temperature and thermal velocity are defined by (3/2)

Tom w2 s = (3/2) m? = (3/2) vy w? , where for (1) 4,=0.2238, wey-u

is the velocity in the electron rest frame, In the absence of spatial
gradients and electrie field Eﬂ it can be verified that (1) is the self-

similar solution of (2) with the heating rate
Q, = (DT, /7)) 2 <l /) (wlkv)® > | <o fky> (5
where the effective collision time has been defined such that

R,==-nmuyft, (6)

is the friction force on distribution (1) shifted by the drift velocity u

g = (/) @' Py u, Gt < u oy m
Uy = 0,445,

The validity of such a description is verified by Computer simulation of
the current driven ion sound instabiliey, [ 27]. Assuming, now, small
gradients, electric field and drifr veloeity ulve << 1, we find the
distribution function in the form f-fu + tl, where t‘D is the shifted
selfsimilar distribution (1) with local parameters n(x,t), u(x,t) and
T(x,t). It is convenient to transform (2) to the electron rest frame, The
dominant terms are then assumed to be pitch angle scattering and the
magnetic term, both tending to isotropize f£(x,w,t). The lowest order
moment equations for £, are solubility conditions for i, and are used to
express the rime derivatives in terms of the local parameters. The

resulting equation for £ is

€)Y + wx @)+ (AF Faw) -{ R i P

Cung i ¥ 2 -tame?/2m) = 3/2] we¥ InT, + (8
-2
gl 375 [H:U (wf2r,) + Rew / (0 1) :I} E
where W =ww- (li3}w2 I and C: describes pitch angle scattering with
frequency
viw) = (u_,'he) (Hn.l'ﬁ')a. For (1) w=5, u, = 0.893,

For the classical Lorentz gas, Z o y=d, usnllz, (fn Maxwellian),

eff
the terms proportional to Vn vanish. Equ. (8) is linear in the perturbing
factors u, Vn 9T, and uik - Bui,f:)xk+ Buklaxi - (Zfa]ﬁik V.u and they may
be treated separately, according to their tensorial character., (Note
however that rhere is an implicit nenlinear dependence through the wave
spectrum). The rate of momentum transfer R = R+ _111 consists of the
friction force 311 = En + B“l proportional te u, the thermal force R.I = V'l‘e
and, in our case, R which is proporrional to V n. Similarly, the heat
flux g consists of terms proportional to the same perturbing factors, and
there are five viscosity coefficients. All these coefficients and their

magnetic field dependence have been found, e.g.
nl T

P}
k-

|:;=uv“Teh(J.vJ.Te'-K.’\(I'ux‘?.rez) :I 9)

2 T =
where :D-I.SD x)_=é.05!(ﬂete} = :AI.&ﬁf(nete), ﬂergni.ra B/B.
It is also planned to discuss the effect of anisotropy in the spectrum

on the transport equations.

[ 1] s.1. Braginskii, Reviews of PlasmaPhysics, Vol I, 205, 1965
[ 2] c.T. Dum, R. Chodura, D. Biskamp, Phys.Rev.Letters 32, 1231, 1974;

34, 131, 1975
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Renormalized Turbulent Transport Theory in Strongly Magnetized Plasma

Guy PELLETIER and Claude POMOT

Laboratoire de Physique des Plasmas = Université de Grenoble
Equipe de Recherche Associée au CNRS - FRANCE

Abstract : The turbulent transport coefficients are derived with the ave-
amrre

rage orbit theory formalism, A generalisation of the dressed test - parti-
cles method leads to a fluctuation — dissipation theorem giving the electric

fiels spectrum.

The usual dressed-test particles method in kinetic theory [1]
breaks dowm when the plasma becomes linearly unstable. Dupree-Weinstock
formalism [2] , [3] allows to describe a weak-turbulent state which can
be stabilised by non-linear effects ; a non-linear permittivity and a nom—
linear growth rate can be defined, including resonance broadening and fre-
quency-shift due to turbulent orbits diffusion. In this situation of a weak
turbulence non-linearly stabilised, we investigated the extension of the
dressed-test particles method [4]. We considered the test particles had no
more free motions but brownian motiors, experiencing a drag-force and a dif—
fusion generated by the turbulence. The wave absorbtion is balanced by the
Cerenkov emission of the test-particles dressed with their polarisation
clouds ; so a statiomary spectrum is obtained and the turbulent transport

ecoefficients can be calculated.

In this communication we expose the results of this theory in
a strongly magnetized plasma. Our results differ from those of I. Cook and
J.B. Taylor [5] im that they included non-linear effects in the permittivi-

ty only.

In a guiding-center plasma, the Vlasov equation is !

L

Qg 2 BxB 2 a gl 2, .0 )
ot 3 3 3

xl B )(1 m vﬂ

The averaged distribution function satisfies a Fokker-Planck
eqaation :

3 - ] a * 3 ] ] 3
s L —) <f > s (= —F 4+ — . Dpy—+t— . D —) <f >
STy g e R e et Ny 8
o i 7 # 1 1
The derivation of the equation (2) from the equation (1) re-
quiresthat the correlation time '[c is shorter than the diffusion-times
[k;f D;J_lh and (k] l:\j‘)-l ; it requires also, in this simple form, that e
and E* be stochastically independant.

For a locally homogeneous and quasi-stationary turbulence, the

diffusion coefficients are !
2 -
=%t G : L g ot
DI 2 B> T (v‘,,) " D‘L SR B w.’)
m B

with

W, A 2,~1 u = o ;

83 (v!) = <Eg> dt < E; LU(T) E‘:_,r > ais // or &
= [
U is the average Vlasov propagator [3] .

These correlation times can be calculted by means of the nor—

malized spectrum demsity, S} defined by :

k,w
-

E =< F2 > g+ ' R
(E*k,u‘ﬁi‘,m" SE bk.wﬁ(m-mj S(k-k')

and the broadened resonance function Bvw defined by :
¥

+ '(url.‘-l*u.* = ik.x
B Yy " r W T (o
o

2

3 k
So a dk dw a >
T {v”} = I , (—2“)3 J_zn _k’ s']:,m Re rk,u {vl)
L8 R

This resonance function has been derived in the litterature [4]
h % Wy, 1 s 2p 1
- ilw- =44 ¥, + =5 - - ip, - tkip
80 O E"’ ma e A Rl
I
Consider now the drag-force l?‘,,,r jthis is generated by the cor—
relation of the ballistic streams of test-particles with the collectif field.

The initial perturbed distribution function dftu is the sum of

two parts : the onme is the difference between the averaged distribution

function and this of an assembly of non—interacting particles, the other one
is any "smooth" perturbation the contribution of which disappears by phase-
mixing in the asymptotic limit. This perturbation is propagated by a Green

operator U, introduced by Weinstock [3], so the ballistic perturbed distri-

A
bution function is defined by :

b
8, =1, (5t “:o

The drag-force is related to this ballistic perturbation by :
+f ..b -
< = < >
Rc ﬁft > FI f:

b b
A ballistic charge §p, is assoclated to 6f  which acts as a source in the
Poisson equation. So we obtain a relation between the electrostatic field

and the streaming test-charge :

o Lk*ﬁiia

2
k En ENL

L is the non-linear permittivity, the non-linear effects appearing in the
broadened resonance function s: at
)
©
-+ + o+ ]
- e g - g >
Em i ] f ’ dv gk'm (vﬂ) lﬂ' 3“; ft
R ¥

Assuming TNL €0, the stationary spectrum is therefore ¢

- 1 b b*
a

Its determination requires the knowledge of the correlation functiom :
PROR. =
< 8E, (1) 8 (2) >
In the framework of the Dupree-Weinstock formalism, it can be shown [4] that
) b b = b
= 1) For t'6z ¢t < ﬁft.(lj ﬁft(?.) >=1, ("=t} 3n(l.2)
b b b
where g (1,2) =< &f (1) 6E_(2) »
{2 t £
b -
-2) g (1,2) =T ,(t-ty) BED(I.Z)
where U, is the two-particles average Vlasov propagator..
- 3) The test-particles providing initialy the self-correlation
1
= — - - <
By (1:2) S0x; = %) S(vy - vg) fto(l) >,

one finds that this correlation is maintained at time t through the ballistic
streams , that is :

b = 1

8. (1,2) = Upp(e = t5) g (1,2) = :; (1 =2)< £ (1) >

These properties allow to calculate the drag-force and the spectrum, one finds

3 &, M@ w by e +
AR ) O S (7. .
17 o, Ram)? TR 2w wPey | R e g alVy) ¥

% e gy () <E (") >

y = W
ferg >t Tod
2,2 2

T 4 IENLi

[ mot i <>
R

This two last results and also the two diffusion coefficients,
in which the spectrum is inserted, provide the basic equations describing
the turbulent transport. One finds that the resomant particles diffuse much
more than the mon resomant particles across the magnetic field ; this spa-
tial diffusion of the resonant particles would be a Bolm-like diffusion
(DJ. ~ 1/B) if the spectrum would be independant of the magnetic field as
the usual thermal noise ; in fact the non-linear effects introduce a signi-
ficant modification of the spectrum and therefore of the diffusion coeffi-
cient DL‘

The excitation of ion sound turbulence by a current gives rise
to an anomalous resistivity which can be calculated starting from the expres—
sion of the drag-force we found, provided the assumptions of weak turbulence

and of non-linear stability are valid.

(48] N, Rostoker (1961) Nuclear Fus. 1, 101

[21 Th, Dupree (1966) Phys. Fluids 9, 1773

[31 J. Weinstock (1969) Phya. Fluids 12, 1045

[4] G. Pelletier and Cl. Pomot (1975) J. of Plasma Phys. (to be published)
31 I. Cook and J.B. Taylor (1973) J. of Plasma Phys. 9, part I, 131
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The Effect of Turbulent Energy Transport on the Ablation Rate
of a Refuelling Pellet.
C.T. Chang
Association Euratom - AEK

Danish AEC Research Establishment Risg, Roskilde, Denmark

Abstract Under the same reactor condition, the ablation rate
of a given pellet in the presence of turbulent energy transport
is found to be more than an order of magnitude higher than that

of a laminar flow.

Introduction In the magnetic shielding model considersd pre-
viously(l), the ablated plasma emerges from the pellet as a

cold jet against the background of a hot fusion plasma. The
situation could easily cause the onset of Helmholtz instability
and eventually leads to turbulent energy transport across the
field lines. In this note, we like to estimate to what extent
the occurence of turbulence will affect the ablation rate of the
pellet.

Theoretical considerations In view of the lack of knowledge

of the spectrum of the turbulent flow, the exact values of the
thermal transport coefficients are difficult to assess. However,
ane may use the intuitive argument that the turbulent energy
transport coefficient is about the same order of magnitude as
that of a laminar flow corresponding to the maximum fluctuation.
According to Eraginskii(Q}, the perpendicular thermal transport
coefficient of a laminar flow is

xi =n.T.1.f(x)/m;

b M i

where S

2
Flx) = (2x +2.8050/(x"+2.700%40.677) | % = w1, ,

and has a maximum at x = 1.02, If we take (K}) = en,T./eB,

tur.
and approximate VI; = T,/r ;. where r_; is the ion Larmor radius,

we have the corresponding energy flux across the field lines as

Fy = KVT = n.T.<V.>/3 (2)
L R

H
Fig. 1. Schematic drawing showing the
equivalent boundary through which tur-

bulent energy transport across the field

lines takes place.

By averaging the plasma parameters across the field lines

and assuming the existence of a nozzle flow in the direction of

the Field lines':’ see fig. 1; we obtain the following system

of conservation equations

21rp2n1<v1>eT1 = Gh (rg = rp) (3)
anlrcn0<vo>iTc = G(h+3T1) (%)
2n T (1ve) = 2n T (1+1/8,) = 8% /2u (s)
B = 2nr12nlvlau(5) (6)

where subscripts 0 and 1 refer to the state of the fusion plas-

ma and the state of the ablated plasma near the pellet, re-

B2 2

" 1 ED s

spectively., e = Tf_fpl’ Bo = ZnDTOJE;— and is related to B with
respect to the confinement field B, by

B, = B/(1-8) 1)

6 is the ablation rate, h is the energy required for phase tran-
gition <v3 , are the average thermal speed in region 1 and

3
region 0, respectively. (Tio = Teo = To’ Til = Tel
assumed), Via is the ion acoustic speed near the pellet, a(e)

= Tl are

is the nozzle factor. (Fig. 4, ref. 1)

= From the above
10.0 T i
8ol 1, U8, ()% 107 ] system of equations,
6.0 - n 7 ] one can deduce that as
40 | » ; E a necessary condition
i of T1>ﬂ there exists a
20 + 7 eritical value of B for
given combinations of
1.0 b B o
0.8 E ] TD!h and rpBD. For g<B,
06 L i a nozzle exists only
04 b c 4 for those values of the
- 1 field trapping para-
02 L 5 meter e in the range
i shown in fig. 2. For
0.10 |- 3 > any value of E
aoeF ] B>B, any £
0.06F ] above the minimum field
ot ] trapping parameter(l),
L T 20k ] Ein. 0.012, is pos-
002} LEe L sible.
P vt B T R e e ) Computational result

ol 0.2 03 Taking the given con-

dition of TD = 20 keV,
Fig. 2. Critical value of g and Bc = 100 kG, B = 0.15,
permissible range of & for the h = 36 ev. and rp: 2mm ,
existence of a nozzle flow. for comparison purpose,
we have calculated the ablation rate and the state of the
ablated plasma corresponding to the two states of flow. The

result is shown in the following table.

Laminar Turbulent

£ 5 2.5 Fuh 0.02
g,ln_zs(cm-zsec_l) 0.176 0.289 1.33 3.58
td’lﬂu(SEC) 0.380 0.231 0.050 0.019
rl/rp 1.007 1.024 6.6Y 13,86
T,(ev.) 0.842 0.778 16.30 9.99

4 =19 -3
nl,lﬂ (cm ) 1.23 2.28 0.218 L2
In the table, g = G!Hnrpz. td is the disintegration time of

the pellet assuming a uniform ablation process.

One observes that as a result of the turbulent energy
transport across the field lines a bulge is formed arocund the
pellet. Both the temperature of the ablated plasma and the
ablation rate of the pellet are increased by more than an order

of magnitude.

References:

1) C¢.T. Chang, Nuclear Fusion, to be published.

2) 5.I. Braginskii, article in "Review of Plasma Physiecs",
vol. T, p. 250 (1950, Consultants Bureau).
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ON THE QUASI-STEADY STATE OF PERMEABLE PLASMAS

B. Lehnert
Royal Institute of Technology, 5-10044 Stockholm 70, Sweden

Abstract: Quasi-steady plasmas are divided into three types with
abstres-

respect to the density range. In plasmas being permeable to neu-
tral gas the immersed neutral density becomes related to the
diffusion rate. The equilibrium state and relaxation times are
affected substantially by neutral gas interaction.

1.Classification of Density Ranges: Neutral gas which penetrates

into a hot plasma of the characteristic dimension Lb’ average
jon density n, and temperature T, consists mainly of a slow and

a fast component of densities Nies Mg and temperatures Tn5<cT,

Tnsz, having the e-folding penetration lengths [l.é]
- P 1/2
Lnszliacsn-ncsthn—(ZanSImi) !{§+Elnsl 13
/2 _
Lnf_lfacfn nchb/n={}lem £(£+£lnf ] /n (2)

=< >
1ns)’ k- <ﬂenwen R Ten¥en”?

» v=(s,f), ! and a are cross sections of ioni-
en en

where T -ZmecenT/Sm (E+E
E:‘Lnu"uxnwln v

zing and non-ionizing electron-neutral collisions, on is the

total cross section of ion-neutral collisions ineluding charge
transfer, and w_  and w; are mutual particle velocities. The
lengths L | give direct information on the depth to which the
neutral gas penetrates into a plasma in a quasi-steady state;
such information is not merely given by adding the inverted mean

paths of free flight obtained from the cross sections ain s O

18 -2 ere

4 18 = TR
and o; . For hydrogen 2x10 <1/ccs—luuluc5<8xlu m ° in the range

105<T<107 K. Thus, three plasma classes are defined in respect
to the ion density range (Table 1), having different equili-
brium and stability properties and being affected in different
ways by the neutral gas-wall balance and its associated vacuum
conditions [2].

2.Permeable Plasmas: Wall interaction becomes especially impor-
tant to permeable plasmas. A distinction should be made between
two situations in respect to the circulation of matter. When
the neutral gas-wall balance with its pumping and sputtering

Table 1. Plasma classification with respect to density range.

Type PERMEABLE IMPERMEABLE
Propertie Dilute Non-Dilute
Ion density LN <N n_ <<ngn_ e n g <<n g<<n
Fast neutrals
Lbanf=n/nCf <<l $1 >>1

penetrate by free streaming| free streaming| diffusion

Slow neutrals

Lb!Lnsmlncs

penetrate by

F 2k
free streaming

»>1

diffusion

>>1

diffusion

Examples on
experiments

Most internal
conductor
devices, most

Tokamaks ,some
Stellarators,
and similar

Reactors,and
some toroidal,
theta pinch,

Stellarators. devices, and internal
conductor
devices.

processes has much longer relaxation times than the plasma-

=neutral gas balance, the system is subject to "closed circula-

tion" with approximately constant total mass.

Iif

instead the

relaxation times of the neutral gas-wall balance become compa-

rable to or shorter than those of the plasma-neutral gas ba-

lance, there is

"open circulation" and the total mass of the

system is no longer conserved.

In the quasi-steady state of closed circulation, the densi-

ties of the plasma and neutral gas components become related to

the plasma confinement which,
dient of the pressure p and on the diffusion processes being

in its turn, depends on the gra-

involved. Thus, in an axisymmetric magnetic bottle [2]

Y50

2
~(B"/nn &,

S)[nln, +n )EdV-],,xB) ,=(3nk/28,)¥,,T (3)

where [22) denotes the direction parallel with the main vacuum
field B, (;;) the direction perpendicular to this field and to

the magnetic surfaces, [12

(22} and (ll)’ 51ﬂc

) the direction perpendicular to both

and 0, the. regsistivities due to anomalous

and classical diffusion,V the plasma volume inside a magnetic

surface of area 5, and the last two terms represent the pinch

effect due to a current 122 and the Nernst effect,respectively.

Here a substantial fraction of the plasma pressure drop is as-
sumed to be balanced by the force ilszZZ
2.1.Density_Relationships: Egq.{(3) is now used in an order-of-
~m¢gn1tgde estimate of the density relationships. With PeE
=(Byly, ) ", /2KT 0,
(maximum) values within the plasma body, we obtain:

and subscript (0) indicating characteristic

(i) In dilute plasmas where T is large enough for the ioniza-
tion rate £ to become equal to its "saturation™ value Em:
=10_1um315 within almost the entire plasma body, we have
npg<n o and nns=no(l+3‘)!pc=cnn5t. in space.

(ii) In non-dilute plasmas nnfﬂna(lfgL)!pC=const. and n_ =0
within the inner hot region when Lig <<y
2.2.The_Pressure_Gradient: With the condition p(sb)«pD at the
surface S:Sb touching a wall, it is seen from Eq.(3) that the

pressure gradient is due to a balance between the ionization
rate which "pumps up" the plasma density, and the rate of plas-
ma diffusion which drains the plasma. This sometimes results in
a steepening of the pressure distribution [2]

(i) In dilute plasmas where kT becomes comparable to the ioni-
zation energy edi, Lp?p/|211pj should decrease in the outer
plasma layers at increasing To’ i.e. when £ approaches Em
within an increasing part of these layers.

(ii) In non-dilute hot plasmas where T approaches the transition
region H:ncf from below, Lp should decrease gradually in the ou-

ns
2,3.The_Relaxation Times: The presence of immersed neutral gas

ter layers to a minimum value LP=L at ancf.

affects the plasma energy and particle containment times,TE and
Ty The former is determined by 1/tp=(1/t  }+(1/7 } where T,
represents the losses due to diffusion and heat conducting by
Coulomb collisions, 1/t -_;;?;_—;;T; with a bar indicating mean
value formation over the plasma body, Fu=(ediE/3kT)+

+{T-T, )Elnv!2+fenge“, and fenis the average fraction of the
qnergy lost by an electron in a non-ionizing collision with a
neutral particle. The latter is usually defined as Tp:KI|EV;I|D
where vq, is the veleocity of particle diffusion across the mag-
netic surnfaces, and the particle flux EV;I is measured at 5=5,.
With this definition 7 =ﬁlﬁTﬁ;;:ﬁ;;Tf.

In the case of classical diffusion and heat conduction, not
only Ty but also TP can deviate considerably from the square
root dependence of T, due to Coulomb collisions. This is caused
by at least three effects. The first is an increase in n by
the vapid growth of £ with T, leading to an increase in
|vll|=Zn/LPT1 . The second is an amplification of v,; by wall-
-released high=7 impurities. The third is caused by the de-
crease in LP discussed in Section 2.2,

3 AEEllcatlcns' The following problems are consldered

(i) In earlier experiments Hlth Tukamaks at ng =3x10t _3, a
neutral gas density n r*2x10 m has been measured [3] With
relevant parameter data Section 2.1(ii) then yields 3‘-103
being consistent with the large observed anomalous losses.

(ii) The maximum pressure gradient cof non-dilute plasmas in
Section 2.2(ii) can become a driving force of instabilities.
Thus, the maximum parameter data obtained so far in Tokamak ex-
periments have been reached in the transition region H=ncf. The
stability limit of collisionless ballooning modes agrees with
the onset of the observed disruptive instabilities, but there
may also exist other explanations of the latter [i].

(iii) In experiments with the Princeton Spherator, a Bohm-like
behaviour of T, and ™ has been observed for 3x10%<T<10% K [w].
Since the confinement is efficient, the plasma density low, and

E
functions of the neutral gas interaction and the vacuum condi-

the temperature moderately high here, 1. and TP become sensitive

tions, as described in Sections 2.3 and 2.2(i). Thus insertion
of the Spherator data into the classical expressions for 1p and
Tp yields results being roughly in agreement with the observa-
tions. Therefore the latter need not be explained in terms of
anomalous losses at temperatures above 3x10° K.

At the comparatively large loss rate and high temperature in
Tokamak plasmas, the neutral gas should on the other hand have
only moderately large effects on the energy containment time.

[1] B.Lehnert,Arkiv f. Fysik 18(1960)251;
Nuclear Fu91cn 8(1968)173, 11(1971)485, 13(1973)781.

2 B.Lehnert, Roy.Inst. of Tecﬁ_clogy,TRITA-fPF 75-06(1975).

3 L.A. Artsxmov1ch et al.,Fourth European Conf. on
Controlled Fusion, Rome(1970),CNEN,page 18.

[4] R.Freeman et al., Plasma Physics and Contrelled Nuclear
Fusion Research,I.A.E.A., Vienna I(1971}58.
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WALL-CONFINED, 8 >1, PLASMA PHYSICS

Robert A. Gross
Plasma Physics Lab, Columbia University, N.,Y.,N.¥., U.S.A.

Abstract: Physics associated with wall-confined, high-beta,
plasma have been studied by experiments and computer simula-
tions. Energy transfer rate from a B>1 plasma to a wall has
been measured and compared with theory. Studies of plasma
confinement by a cylindrical wall and an axial magnetic dam
are described,

INTRODUCTION: This paper summarizes some recent studies of
high-beta, plasma-wall energy transfer and confinement, and
plasma trapping by a magnetic dam, A power cycle employing
wall confinement of a shock heated fusion system has been
previously described (1). There are several groups currently
pursuing various types of wall-confined fusion concepts. These
include the Novosibirsk investigations under Budker (2), the
Netherlands studies under Braams (3), and Swedish research
under Lehnert (4). Wall confinement of plasma requires a
transverse magnetic field with B> 1 to decrease energy loss
by heat conduction. B> implies that magnetic pressure
alone is insufficient for static plasma confinement. A com-
binstion of magnetic field plus physical walls can however
provide confinement. In a cylindrical geometry, longitudinal
plasma trapping may be achieved by one or more magnetic mirrors,

PLASMA-WALL ENERGY TRANSFER: The physics of 8>1 plasma-wall
confinement has a number of interesting effects. When a hot

plasma is brought into sudden contact with a wall, a thermal
boundary layer forms adjacent to the wall, and magnetosonic
waves rapidly propagate into the hot plasma interior, creating
essentially a spacially uniform pressure (both plasma and mag-
netic) which varies with time. This constant pressure is com-
mon in boundary-layer phenomena and is particularly applicable
to this problem because the magnetosonic speed is large and
the characteristic distance, the thermal boundary layer thick=~
ness, is small. |In response to the magnetosonic signals from
the cooling boundary layer. plasma is convected toward the
wall, |Induced currents are created and their magnetic field
stiffens the plasma and impedes motion toward the wall. Thus,
a transverse magnetic field in a B>1 plasma not only can
drastically reduce heat transfer to the wall, but helps re-
tard plasma motion toward the wall. Some of these interest-
ing plasma-wall effects caused by the cooling boundary layer
have been studied analytically by M,S, Chu (5).

An experimental study of the energy transfer rate from
2 hot, dense plasma brought into sudden contact with a cold
wall has been performed by B. Feinberg (6). He employed a
fast response (7 ~200 nsec) infrared bolometer to determine
the rate of energy transfer from a shock created plasma
whose properties were typically, Ti ~500 ev, L ~30 ev,
n~1 HIOI cm ®. This plasma contained a transverse magnetic
field, B~10"G, (B~2) and was brought into sudden contact
with the wall, The measured energy transfer rate to the wall
is compared to a simple classical plasma thermal conduction
prediction. At esrly time, the energy transfer rate agrees
with the classicz prediction, but after ~] usec, the rate
exceeds the classical prediction by about a factor of 2. Con-
sidering effects of convection and radiation which are not
included in the theoretical prediction, the agreement is
rather good., It is important to observe that if, during the
early time, the thermal boundary layer had been unstable or
turbulent, a much greater energy transfer rate would occur.
The fact that this was not observed is encouraging.

PLASMA COMFINEMENT: Radial confinement of a dense, high-beta
plasma within a cylindrical tube takes place in a subtle way.
As the cool, dense, plasma thermal boundary layer forms near
the wall, the radial density, temperature, and transverse
magnetic field distributions look like those illustrated in
fig. 1. Charged particles which spiral around the cylinder
axis experience increasing gradients in both density and azi-
muthal magnetic field, Both of these boundary layer gradient
effects tend to reflect particles back into the interior of
the plasma. The increasing radial magnetic field acts like a
magnetic mirror, and the density gradient causes hot particles

to collide with the cooler particles in the thermal boundary
layer and consequently be scattered toward the plasma in-
terior. The energy exchange in these scatterings is the
kinetic mechanism for the radial thermal conduction discussed
previously,

Confinement in the axial direction requires some type
of magnetic trap. We have studied a single strong magnetic
dam as 8 means to trap the plasma, Erection of a magnetic
dam in a coaxial system involves a number of interesting
phenomena. When the magnetic dam is turned on it must punch
through a layer of plasma and penetrate to the inner wall,
Todd (7) has studied numerically the problem of erecting the
dam and the physical parameters required to achieve penetra=-
tion to the opposite wall, Some of his numerical results are
illustrated in fig. 2. Exploratory magnetic dam experiments
have been carried out and the first results are encouraging.

Further details are available in ref, 8,
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R : A TOROIDAL DISCHARGE IN A GAS BLANKET
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M.J. Schrader and J. van 0s
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Abstract: A magnetized toroidal discharge with currents up to 25 kA is
anstracs

studied in a hydrogen atmosphere with pressures up to 0.1 Torr. Anomalous
plasma heating is found; there are clear Indications of weak plasma turbu-

lence at low ratios of electron drift velocity to ion sound speed.

Introduction: A toroidal discharge is studied to gather experimental in-
formation about the properties of the transition layer between a neutral
gas blanket and a fully ionized plasma core. The conditions are made simi-
lar to those expected to prevail in the outer layers of a thermonuclear
reactor with a protective envelope of low-temperature plasma and cold gas”.
If the outside density is sufficiently high energetic plasma neutrals are
stopped in the impermeable Iayerz) and thus plasma contamination through
wall sputtering is avoided,

Experiment: The experimental Ffacility RINGBDGB” is a Tokamak-like device
with dimensions RD =0.52 m, L 0.087 m, and BT = 3.2 T (maximum). The
discharge is struck in & quartz torus. The induction circuit consists of an
1.2 Vs iron core; the primary is fed by capacitor batteries. There is no
copper shell; plasma equilibrium can be obtained by careful tuning of various
vertical and horizontal magnetic fields.

The first results of the experiment as reported Earlierh) (quoted here
again as regime 1) were obtained at discharge currents I = 7.5 kA and
BT(aoJ = 1.65 T. Recently discharge currents in the range of 25 kA with a
duration of 3 ms were obtained at BT{Rol = 1.65 T and at various filling
pressures {regimes Il and I11). No limiter was used. The results, as pre-
sented in the table, as well as a number of newly installed diagnostics are
commented upon below.

With an HCH-laser interferometer the value for the electron density
derived from HS Stark broadening is confirmed. In the already rather high
density of reg. |l dispersion of the probing waves prevents observation of
more than 11 Fringes in the afterglow. Still, this allows a realistic extra-
polation for [ n_dL = 8 x 10!% m 2, which with an estimated optical path
of 0.1h m yields <n>om (6 + 1) = 1020 m™3,  Stronger dispersion allaws
one only to establish a lower |limit for the density in regime 111,

A double vortex was found with a low flow veloc'ity: this proves that
plasma equilibrium was maintained throughout the duration of the dischargek.
The current density profiles shown in Figs. 1 and 2 are obtained by

differentiation of magnetic probe measurements. When Tumn) is calculated

from the local conductivity on the axis the low value of 4.6 eV is found in

reg. |l in contradiction with a number of other measurements:

= The average ion temperature in the plasma core is found to be 12 + 3 eV
from Doppler broadening of the 4686 & He 11 line, under admixture of 15%

5)

helium”’. The emission was not detectable ih reg. 111, which indicates a

considerably lower temperature.

The local diamagnetism ABT(R) as measured with a magnetic probe, when i

tegrated over the plasma cross section agrees with the total diamagnetic
flux, MD, measured with an external loop. Also, the measured increase

AST just outside the plasma is in good agreement with A%/urs (rB = bore
radius of the coils). From the calculated pressure profile p(R) and the
measured <ne> we conclude that & <Ie + Ti> = 14.5 eV in reg. 1. If we
assume a flat density profile the temperature on the axis would even be
higher. In reg. 111 the central conductivity temperature is close to the

average temperature.

The anomalous plasma heating in reg. || and possibly to a lesser ex-
tent also in reg. 111, is believed to be due to the occurrence of weak plas-
ma turbulence. This is supported by further observations:
= In both regimes Il and 11l there is some Iindication that the Hu and the

SI:ark-hmadene‘t:i)HB line profiles have weak satellites near ulpe and har-
monjcs thereof ° .

- By means of a wide-band antenna and band-pass filters emission of r.f.
radiation around 2 GHz = corresponding to values somewhat below mpi -
was detected in reg. |l. In reg. |11 the radiation level was much lower
(- 25 dB). In cases of bad plasma equilibrium, due to improper choice of
BJ.‘ the radiation was strongly enhanced (+ 10 dB) in both regimes.

= Plasma turbulence made it impossible to draw conclusions about Te(r)
from preliminary Thomson-scattering measurements since the scattered in-
tensities at shifted wavelengths (AA = 10 to 50 R) showed shat=to=shot
vartations up to a factor of 2.5. Furthermore, the total amount of scat-
tered light appears to be too high by factors of 10 (reg. 11) and 3 (reg.
111) to be compatible with densities measured otherwise. A more precise
scanning of the scattered spectrum will yield information about distur-
bances e.g. by satellites at mpe and harmonics as reported by others for

comparable d!schargesT'a'gl "

TABLE OF EXPERIMENTAL RESULTS (WITH SHOT-TO-SHOT VARIATIONS) t = 1.8 ms
Regime I I i

Hydrogen pressure P, | 2-5 x 1072] 2,5 x 1072 101 Tarr
Tor.magnetic field BT(RO) 1.65 1.65 1.65 31
Discharge current I 7.5+ 0.5 24 + 1 20 + 1 kA
Loop voltage v 190 + 10 300 + 25 400 + 25 v
Current density Jp(RuJ 0.8 +0. [2.120.1 1.2 + 0.1 | MA/m®
Electron density <ng>
HEN interferometer - 6+ 1 Inconclusive | 1020/m?
Hg Stark broadening 6+1 5%1 20 + 2 1020/m?
Conduct. temp. TG(RO) 3.2 4.6 2.4 eV
lan temperature <I;3> - 12+ 3 undetectable | eV
Diamagnetism
total flux Ady ~2+0.5[|-19+2 =B+2 1076 vs
local field  AB(R)) - - 26 +2 -13+2 T
Vortex flow speed v, 74+ L2 + 0.5 kb + 0.5 [102 m/s
Ep 2.0 +0.2 | 1.9 +0.2 1.5 +0.2
<TE + le 3.5 29 5 eV
<Vde> / <:s> 0.30 0.38 D.22
T 19 37 18 us
"UE 2.DL nr f
< £ e}
3 z 1
2 E
Tiglo & 3 &
™
Plohtog
s
10 5+ -20 1
05+ 10F -1
o+—a0 of—o0
I “‘iﬂmlnraz ddp/rrg?
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Figs.1,2: Radial profiles of toroidal current density |.(R), local dia-
magnetism By(R), diamagnetic current density Jp(R), loed) pressure p(R).

Conclusion
- The plasma confinement in the toroidal discharge is partly diamagnetic
8 Ab, B

B =1-—— " a k
5 1 o always exceeds 1
uol

= There is evidence for anomalous plasma heating in reg. Il:
B 82(a)

<T +T,>»=
e

i i e<n > exceeds the central conductivity temperature
o e

|-

by a factor of about 3.

- The occurrence of weak plasma turbulence is evident even though the

average <v, > / <c > = 2.87 % 1ot L/<n > a® <T_ + T|>* is only 0.38.

- Whereas the loss mechanism in reg. |l is not yet understood, the energy
A ; .
confinement time TEF uoﬁpkol / V in reg. | and |1l agrees with col
lision-dominated classical heat losses (c.f. Ref. 4).
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POSSIBILITY OF USING TURBULENT FPLASMA BLANKET

A.V.Nedospasov

Institute for High Temperatures of the
USSR Academy of Sciences, lioscow, USSR

The problem of contamination of plasma in a stationary
thermonuclear reactor by the products of sputtering of the
walls apparently can not be solved by selection of the wall
material alone. The solution of this problem can be obtained
by means of special constructive measures which either prevent
penetration of impurities into the central zone of the reactor
or reduce the energy of the ions and neutrals stiriking the wall
below the sputtering threshold (30-50 eV).

The typical value of the radial temperature gradient in
the reactor is determined by the ratio of the axial temperature
to the small torus radius (a) and is equal to 10 keV/m. In this
case the energy of the neutral particles emitted after the
recharging is equal to hundreds of electron volts.

The sputtering can be reduced considerably by a sufficient-
ly thick (~10cm) layer of cold plasma near the wall. The
difficulty consisting in creating such a plesma is that it

T _ 402 W/em® coming from the

should pass 8 heat flux of q=~10
core, This difficulty can be overcome by reducing the tempera-
ture gredient near the walls by one order of magnitude by
turbulizing the plasma with any instability. Such inatability
cen be current convective instability excited by special
longitudinal current.
Owing to the fact that in the case of current-convective
instability the transfer coefficients grow with a decrease
in temperature /1,2/, the temperature profile should have
mildly sloping "wings™ near the walls. An identical pioture
is observed in a turbulent positive column of a gas discharge,
in which the current-convective instability develops at the
gradient of the plasma concentration /3,4/.

The estimation can be made using the formula for the

coefficient of the turbulent temperature conductivity /1,2/

2Y e T2
X~ 104~ ff;T‘}/T)

Here R is the great radius of the ‘torua.x:'i the longitudi-

(1)

nal temperature cond:ctivity, EG' Hz are the intensities of
the longitudinal e -ctric and magnetic fields,

Let us tsie E=,-° = 10% eV/em andx'o = 10%cn?sec for smootn
"gtitching" of theﬂtemperature profile near the boundary with
the hot plasma. The plasma concentration is taken conatant

(n-1013cm'3). The integration of the temperature profile

F;_;;(ﬁ)(?r/z/sﬁ (2)

with due account of (1) gives temperature profiles shown in
Fig. 1. The corresponding values of Ey, are given in the follo-
wing table

T, (V) 100 10 50

E, (V/m) 6.1 2.6 1.2

For Ty=50 and 70 eV in a reactor with & = 1.5 m we need

a current of 20 and 90 kA, respectively, while the additional
Joule heat is equel to~0.4 and 2.6 W per cm® of the wall.
Since the concentration near the wells must be equal to several

units per 1014cm_3, i.e. exceed the design value by one order

of megnitude, the required currents and Joule losses will be
much lower than those given above. This justifies the neglect

of the Joule heat in (2) in the turbulent region compared with
the heat flow from the central zone of the reactor.

The using of the solution with decreasing temperature of
the electrons implies good contact of the slectron gas with the
wall, It can be provided by photoelectric and thermoelectric
emission of electrons from the surface. Thus, we may indicate to
some meterials '(TBB2 i LaBg ; TN ; W) having thermoemissive
current density of ~ 1 A/cmz et temperatures considerably lower
then their meliing point. In this case the ratic of the number
of evaporating atoms to the number of electrons is in the order
oF 107510 " tie.. sontemdnation of die plasma due to the evapo-
ration is much less than the contamination during the sputtering;

It should be noted thet a very low plasma temperature in
the planket hinders the heat removal to the wall. In order to
inerease the temperature in the turbulent blanket without in-
creesing the losses, we can try to increase the turbulent
pulsations by breaking the magnetic surfaces.

The turbulent transfer is hindered near the equipotential
metal well., However, in view of inavoidable corrugation of the
magnetic field, the plasma can pass along the mapnetic lines
of force in the immediate vicinity to the wall.

Since these eatimations do not exclude principal possibi-
lities of formation of & turbulent blanket with I 10 em and
a plasma temperature of a few electron volts, the question of
such & blanket deserves more detailed discussion.

The author would like to express his gratitude to B.B.
Kadomtsev for valuable discussion having stimulated this work

and thanks V.E.Lukash and N.N.Vasiliev for their assistance.
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A STATIONARY FIOW IN GAS-KINETIC CONFINEMENT
OF A MAGNETIZED PLASHA

S.G.Alikhanov, I.S.Glushkov
The Kurchatov Institute of Atomic Energy. Moscow
USSR

Abstract. A stationary cooling wave, travelling across a
magnetized plasma is conpidered. Plasma flow rate, as a fun-
ction of pressure to magnetic field intensity ratio is deter-
mined,

Use of a magnetic field for plasma thermoisolation only
has been proposed by different authors before /1,2/. However,
as shown in /3/, without plasma motion across the magnetic
field a stationary state does not exist, This is due to ra-
diation power loss of a dense plasma, being in direct contact
with the walls, which is not compensated by the heat conduction
flow. Stationary solution for particular cases /4,5/ does not
allow to reveal general process regularity in a not plasma in-
teraction with cold walls, Knowledge of the plasma flow depen-
dence on pressure, magnetic field intensity and temperature
provides the possibility for loss evaluations for choice thermo-
nuclear reactor parameters, based on the gas-kinetic confinem-
ent principle.

Because atationary state is conaidered, all equations,then
have to be written in the system, where temperature and magnetic
field profiles are stationary, and the plasma flow with magne-
tic field penetrates the cooling wave. In one-dimensional case
for hydrodynamic, one-fluid approximation of egquations of motion,
Ohm's low and heat conduction /6/ it is convenient io write as

follow:

dv _ dr, H dH 2T
dx dex"'lqzm.q,da:)/ mv" 1’)
dH 4x61 s

Py (VH q de+canst) o

(1)

3T { T oV _o* (dH Y\ eBy  dHdr
dt 3% ax e +29’V d.:: 4X 6, \dac) Meq, dxdx
_dr d “il

dx T[ae HE )GT] dx gea SV(VH+

+cons£)1+@(5,. * ol pacT -ﬁ)i QNF}/["’E "5&4 (ﬁA 6 T]
where q=nV = Const, other deﬁigna‘bionl are the sam? with ones
in /6/.

The calculation were performed with a M-222 computer for a
wide range of parameters of interest for the CTR problem: preas-
sure was 32 to 3.2'109 atm, B =1041000. Fig I shows typical
T,H,V, m,tz profiles for one case. On condition that HV=const
for completely magnetized plasma H must increase to a cold boun-
dary but diffusion changes sign of the gradient near the wall,
and thermoelectromotive force in the region WeTg ==1. Hence the
magnetic field dntensity is of two-hump shape, so that increa-
8ing of H at given P approximates the second maximum to the cold
wall, decreasing the distance betiween the hot and cold regions.
Basic results of the work are plotted in Fig 2, where dependence
of flow rate of the hot magnetized plasma Vf on ratio P/H; is
shown. Circles represent the resulte of the calculations which
have been checked on from the standpoint of hydrodynamic model
and one-fluid consideration applicability. The solid line shows
an averaged dependence

Vgm3,314 103(5%0.32 )

here all is in CGSM system.
Hence, the power flow to the wall is given by

W= 8,28.10% pl+32/p 032 (5)
Fig 3. (upper line) shows dependence of the layer thickess on
the magnetic field in high temperature plasma regions. As shown,

calculated points perfectly fall in line with the dependence
£ 1,1010% /0912 &)

Results obtained can be compared to the estimate with rough
assumptions in formula(3) omiting all the terms, except those
for power radiation loss and electron non-magnetized thermal
conduction. .

Power flow at point (WeT,=1 appears proportional to P1’4/H(f]'4,
and the coordinate, where WeTe=1, £,~#}', which roughly cor-
responds to those obtained from exact solution (bottom line in
Fig 3 ). This can be explained by substantial radiation loss
fraction being in the region of WeT,%1.

In this sense formulae (4)-(6) will not greatly change with
the coefficients becoming of Bohm's form.

By use of formula (4) we estimate parameters of the thermo-
nuclear system, based on the principle of gas-kinetic magnetized
plasma confinement. Total plasma energy for nT -1015 is

ann)=4,5.10%(F) p*/p1+> (n
pressure in this cese is 106 atm.

Now it is easy to see, that the pressure range iﬂ)?DBa‘t'm.
which is of practical interest at reasonable choice of the length
tn radiua ratio of the syastem.

The authors are grateful to E.P.Veliknov for support and
interest in the work, as well as V.D.Konyukova for help in

the program preparation,
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IMPURITY PROFILES IN A STEADY-STATE D-T REACTOR
J.A. Markvoort and J. Rem

Association Euratom-FOM, FOM-Instituut voor Plasmafysica
Rijnhuizen, Jutphaas, The Netherlands
Abstract: The density profile of an impurity in a cylindrical model of a
gas-blanket reactor is investigated on the basis of the multi-fluid MHO-
equations. The effect of ion-ion collisions in the thermal force is found
to dominate the contribution from the electron-ion collisions, and leads to

an impurity profile that has a minimum in the centre of the plasma column.

Introduction

The level of impurities in a D-T reactor should be kept low in order
not to give rise to a large "Bremsstrahlung'' loss that might make a self-
sustained fusion reaction impossible. In this paper we investigate the be-
haviour of an impurity in a model of a gas-blanket L

Our reactor model is that of a cylindrical plasma column embedded in
a strong longitudinal magnetic field in which the fuel supply, a 50/50%
deuterium-tritium mixture, and the ash (helium) removal are effectuated by
diffusion, and where the fusion reaction energy is balanced by heat conduc-
tion in addition to Bremsstrahlung and neutron radiation; the neutrons are
supposed to leave the plasma without interaction. From the variety of pos-
sible nuclear reactions in a D-T mixture we consider the deuterium-tritium
reaction only. Furthermore, we restrict ourselves to the region where the
plasma is fully fonized and assume that the transport processes are describ-
ahle by the multi-fluid MHD-equations. These equations differ in one aspect
from the ones usually considered to yield a sufficient description: the
thermal force in the momentum equations must be taken along. lt is this
"Nernst'' effect that drives the poloidal current which together with the
longitudinal magnetic field assures the confinement of the plasma. To re-
duce the number of components we neglect the difference between a deuteron
and a triton by introducing a new particle "deuterium' with mass number 2.5;
subscripts e, d, 4, and ¢ refer to electrons, the "deuterium' particle,
helium, and the impurity, respectively.

The analysis consists of two parts. In the first part we take carbon
as a representative impurity and assume only electron-ion collisions to con-
tribute to the thermal forece. We show that the results of this calculation
- the equations are solved numerically by a Runge Kutta method - can be un-
derstood on the basis of a simple analytical analysis. From this analysis
it is clear why the relationship Vpd/nd "Vp"/?nk = Vpc."zcnc as found by
EraginskTi” for a plasma where the "'Nernst' term was not considered, holds
also in this case except for small radii where the radial velocities play a
role. Having established the range of validity of the analytical approach
we complete the model by adding the effect of ion-ion callision to the
thermal force.

The transport equation

The following assumptions are made in the medel. The kinetic energy of
the helium atoms created In the reaction is instantaneously given off to the
surrounding plasma, all species have the same temperature, quasi neutrality,
no viscous or inertia effects, no momentum transfer by inelastic collisions,
w Ty >> | the product of the cyclotron frequency and the collision time for
each component, no reabsorption of Bremsstrahlung, no cyclotron radiation,
the magnetic field has only an sxial component and all velecities in the
axial direction are zero. The plasma cylinder is placed along the z-axis of
the cylindrical coordinate system (r,$,z).

The momentum equation for the ith component is

n=—vPi+"i2TE(E+ViXE)*'?rj"j:e’d’h'r‘; i), (1)

where R, . represents the force per unit volume due to collisions of parti-
cles | and j (Ref. 3):

nk = 3%
=i . 2 1 BT (kT) 2 1202€d
R.. =-n.n.e. . (v.-v.)+ b o g R
i P2 i ey B § VIT netziz2ink
zieB mm, 1 J J
Uy Eij = [m.-&m.] T..n. ° )
i s | ]
The sign and magnitude of the charge of an ion of specie i is designated by

78} all other symbols have the usual meaning. The coefficient o appearing
in the "Nernst'" term is equal to unity when m, >> m but differs from this
otherwise. For an extensive discussion of the model and the equations used
to describe it, the reader is referred to Ref. 1.
Results

In Fig. 1 Tt is shown to what impurity profile our reactor model gives
rise if the effect of ion-ion collisions Is neglected in the thermal force,
i.e. the profile that an impurity would have in the model of Ref. 1. As
representative impurity we have taken carbon z = 6 and the equations are
solved numerically. These figures show that the "deuterium'’ density in-
creases with r while those of helium and carbon decrease. The carbon densi-
ty (z=6) is seen to change ten orders of magnitude from r = 0 to the radius
where T = 105 K is reached (the "wall"). The forces in this model thus lead
to a strong concentration of high z-impurities on the z-axis.

A simple analytical analysis is able to explain the numerical result.

If in the momentum equations all radial velocities are taken zero, then
upon elimination of the ¢-components of the velocities from the r and the
$-components we arrive at

dp; 0z dp g (z1) T(1-2“.’2)

" a7
FraR W T B b R

= constant, (3)

where i stands for the ions: d, 4, and c; n, = + an ¥ 2.0 As the tem-

n
perature is a decreasing function of r this shﬂw: that n will be an in-
creasing one while ny and n, are decreasing functions of r. By elimination
of dpe/dr two of these equations can be replaced by:
IR . S B
ny dr 2"11 dr zn, dr °

This relationship is identical to the one derived in Ref. 3 for an impurity

()

in a fully ionized plasma where no "Nernst' collision terms were considered.
Why this is so, is evident from the above differential equation, when dpe,n’dr
is eliminated; so is dT/dr. The neglect of the radial velocities can also be

d‘bfv%sz d‘p=vq¢‘vm=u.
In Fig. 2 we have plotted the deviation from relationship (4) due to

expressed in the form: v iy
the radial diffusion of '""deuterium'" and helium. Only in the centre of the
column this is seen to have an effect.

The fact that the "Nernst' term for ion-ion collision depends on the
charge number of both ions, indicates that this term does not cancel in de-
riving Eq. (4) if it would be included in the momentum equations for the
jons. Since the masses of "deuterium'' and helium are close together we can=
not use the formula derived in Ref. 3. To derive an expression valid for
collisions between ions of arbitrary masses we have to evaluate the average
momentum loss of fon 1 (mass rr|1) due to collisions with ions of type 2
(mass mz). This averaging means integrating over the distribution functions
of both ions in which the non-Maxwellian character due to the temperature

gradient is taken into account:

42,2
— } e z‘zzln.’\ J vy

bye2
o

m; I
fi = "i[m] [‘

The integrations can be carried out without approximations and result in a

force in the f-direction:

2 2,

iy, o R EE e 0 T I
dt1zg ~ 22w, dr * e BT 2 =
1712 (m]ﬂnz) m3e,

If in the momentum equations these extra ion-ion Nernst terms are taken

2

into account (in Rdll' le. and Rdc) we obtain with 22

instead of (4)

Ne <% Nyl and

m_ >> m,
<

4"y

dp dp m -1 m -1
1 %% e _3,4d /™ My
s T E”u y M (mymg) "c] E’"n m, * ”d] e

ny dr zn. dr 2 d

Contrary to (4) the velocity differences of these ions in the ¢-directions
are no longer zero. From the complete set of equations which can be derived
in this manner, it is seen that the impurity profile has now a minimum at

r=0. In the particular limits n, T and ny << ny e arrive at the fol-

d
lowing relationship between ne and T

ncT(HZCM) = constant and nCT(HJﬂ'Zc) = constant.
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ON THE PLASMA WALL INTERACTIONS IN T.F.R.
T.F.R, Group presented by P. BROSSIER
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Centre d' Etudes Nucléuires
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Experiments have been carried outto analyze the mechanism respoasible

for the damages observed in the first vacuum chamber of ’H‘R(l)

. We recall
that impacts, regularly spaced around the torus, had been observed, In one
of these spots the amount of energy locally deposited on the chamber wall
was sufficient to melt the 0.5 mm tick stainless steel wall, thus creating
2 leak ; the whole assembly had to be dismantled for repairs and the experi-

ment was shut down for 9 months,

In the new TFR vacuum chamber, the walls are protected from the plasma
by a 2 mm thick stainless steel shield, Since the observed impacts were located
below the troughs of the toroidal field, a target has been installed in a lower
port, in order to study the mechanism involved in the energy deposit on the
walls, The target was observed with a near infrared television camera and an X-
ray detector sensitive in the energy range from 4 to 100 keV. The current collec-
ted by the target was also measured, The other michine diagnostics bave been

listed in

The energy deposit is a highly localized phenomenon. Every impact is roughly
1 m? in area, The toroidal extension is = 0.5 cm and the poleoidal extension is
= 2.0 cm, Melting the initial vacuum chamber on such a small area requires an
energy of about 200 J. Since the observed spots have the toroidal field coils pe-
tiodicity (24) the total ameunt of energy released to the wall is of the order of
5kJ, which is only a small fraction of the total energy in the discharge (200 to
300 &J).

The last few discharges run in the first TFR vacuum chamber were characteri-
zed by low value of the electron density nE and a large number of runaways,
Accordingly the experiments described below have been carried out in this regime,

A few observations have been given i.na), The main findings are the following :

= in most of the cases the interaction occurs only when the average electron
density F.e is smaller than a critical density ﬁc_ For a plasma current I_= 130 kA
and a toroldal magnetic field B, = 25 kGs, A, = 102 w3, 1e 7, keeps below &,
during the whole discharge, the interaction, that is the erergy deposit on the
walls, starts early ( ~50 ms) and lasts until the end of the discharge. If
?‘e 2 ;{c early in the discharge,the interaction starts during the density
decay (fig, 1). The lower the density, the larger the amount of energy released
to the wall, The critical density “-c depends upon the discharge parameters

such as Ip, B but no systematic study of this dependence has been

ST
made. In a few exceptionnal cases, when the breakdowndelay is longer than
usual, an interaction has been observed evem though n; wad somewhat larger

than o
c

- inthése particular discharges, the amount of runaways is larger than usual. The
loop voltage drop observed (fig. Ib) at the time where the interaction starts
shows that, during the interaction, the runaways can carry up to 40% of the
total plasma current ¥ . The parallel cnergy of these runaways has been mea-
sured and is close to 6 MoV as compared to 10 MeV, or more, in normal Tokamak
discharges. In this regime the continuous acceleration of runaways is inhibited,
although their density and creation rate are larger than in normal discharges,
That the Tunaways behaviour is modified by the interaction is also shown by the
hard X-rays flux emitted by the limiter (fig. lc). This flux, which corresponds
to the runaway electrons lest onto the limiter, stops growing when the inter-
action starts.

- the energy deposited locally on the walls is carried away from the plasma
by electrons which are trapped in the local magnetic mirrors of the toreidal
field, They drift vertically upwards when the toroidal field is clockwise, seen
from the top of TFR, and downwards when the toroidal field is reversed, Those
trapped electrons have an enmergy close to 50 keV, The current collected by the
target, and the duration of the interaction vary from shot to shot , Observed
values such as 3.5 10“4 A and 200 ms correspond to an energy of 4 J per impact.
This figure is in agreement with the heating of the target as measured by the
infrared camera, Tt must be noted however that the amount of energy released to
the walls varies with the experimental conditions such as IP, B, n,,
28 with the limiter radius. Energy deposits as high as 180 J per impact have been

as well

@easured with the TV camera, Such an energy would be sufficient to explain the
melting of the wall,

= the 50 keV electrons impiging upon the wall are created near the plasma
Mgnetic axis ; by varying the distance between the target and the plasma it was
shown that they drift on the B = cte surfacescoming from a region of the plasma
Inside a radius r = 5 cm {see Ref, 3).

= In these discharges the electromagnetic energy emitted in the neighbourhood

of the(;;.ecl:mn cyclotron frequency and its harmonics has clearly a non-thermal
origin : the emitted power is approximately an order of magnitude above that

In "normal Tokamak discharges" and peaks up at frequencies close to 0,5

ce *
1'5'-{:2;... We interpret this spectrum as a continuous spectrum partially reabsor-

bed by the bulk of the plasma neary__ and its harmonics,
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- the plasma-wall interactlion is a relaxation phenomenon ; the elec-
trons leave the plasma in bursts which occur every 200 to 300 us, This is shown
by the modulation observed on a) the target current, b) the X-ray flux emitted
by the target hit by the 50 keV electrons (fig. 2) and ¢) the total emitted

electromagnetic power integrated over the 0.4 wo " 4 W, frequency range.

To conclude, we observe that the relaxation period (300 ps) is of the
order of the time necessary to decouple electrons from the thermal bulk, The
distribution function is theoretically isotropi:(s) up to an energy of the
order of 50 keV in our case, 50 keV electrons which are trapped in the toroidal
fleld modulation G&B/B may drift up to the wall without undergoing too many
collisions, We may then consider that the total number N of trapped electroms
collected on the target during one pulse is related to the total number NT of
runaways produced during this pulse by N = NT(EB/B)I'Q. Each pulse would corres-
pond to an increase of the runaway current of 1000 A. This is consistent with
30 % of the discharge current being carried by tunaways after ~ 10 ms, Im a
time of 300 ps a beam of runaways with a relatively large density current is
produced on the magnetic axis. It is possible that this beam is unstable, This

would explain the observed relaxations.
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FIGURE CAPTIONS

Fig, 1 - The interaction starts 160 ms after the beginning of the discharge (arrow).
Flg, 2 - Relaxatlion oo the target curreat and X-rey flux. Top times : 50 ms/div.

Bottom traces : 200 ps/cm.
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QWAAS a New Tool for Investigation of Plasma-Wall

Interaction in Fusion Research

P. STAIB, R. BEHRISCH, W. HEILAND ond G. STAUDENMAIER
MPI fur Plosmaphysik, EURATOM Association, D-8046 Garching, Germany

Abstract : A somple is introduced to the wall of the PULSATOR | tokamak. After ex~
posure to several discharges its surface composition is determined in a UHV analysing
chamber using different methods. Absolute calibrations give a mean deposition rate of

1x 1013 ulorns/cmz per discharge for Mo ( limiter material ).

The discharge times reached in todoy's tokamak machines is much longer than the
confinement time of the particles in the plasma, and so the plasma=-wall interaction is
a dominating process in these devices (1-3). This interaction leads to an impurity flow
from the wall to the plosma, the consequence being an enhancement of Zeff » @5 mea=
sured by other diognostics.

The experiment QWAASS ( Quantitative Wall Analysis by means of Auger and Se-
condary lon Mass Spectroscopy ) opens the possibility of measuring directly such inter-
actions by making a chemical analysis of o probe before and after its introduction to
the wall of the plasmo vessel. The analysis of the surface are performed by combination
of

1. SIMS, Secondary lon Mass Spectroscopy, the most sensitive methed available for

surface onalysis providing qualitative detection of oll elements ( and isotopes)(4).

2. AES, Auger Electron Spectroscopy, applicable for Z> 4, which yields quanti=
tative information (5).

3. EID, Electron Induced Desorption, which yields information on the binding of
sorbed layers (6).

By these methods both depasition ond removal of material from the sample can be ob=
served. Thus QWAASS is suitable for investigating (o) the material transport ( absolute
calibration ) eccurring in tokemak discharges, (b) the effects of pulse cleoning on the
first wall, (c) the omount of hydrogen on and in the sample (recycling ), (d) the depen=
dence of measured data on the sample-to=plasma distence, (&) the microscopic distri=
bution of materials deposited on the sample.

The experimental arrangement ( Fig. 1) consists of an ultra=high vacuum chomber
containing the analysis systems and o long manipulator, For surface analyses, the
sample is located at the center of the analyzing chamber, and the metallic valve bet-
ween the chamber and the plasma vessel is closed. After determination of the chemical
composition of the sample ( taking about 2 minutes ), the sample can be introduced
into the machine. The manipulator, driven by a remote~-controlled step motor, is first
introduced through a metallic fitting allowing o backlash of enly 0.02 mm with the
manipulator, thus achieving excellent vacuum isolation between the two vessels. Then
the valve is opened and the sample is moved to the wall of the plasma vessel, Since
the vacuum vessels are always separcted o background pressure of about 2 x ]0-9 torr
can be maintained in the analyzing chamber even for a filling pressure of several IO-A

torr.

SAMPLE AMALYSIS

I HE

|

SECONDARY |0N MASS
//SPECTROSCOPY (SIMS)

SAMPLE EXPOSURE

1]

~ AUGER ELECTRON
SPECTROSCOPY [AES)

Fig. 1 : Schematic view of QWAASS

At present QWAASS ismounted on the PULSATOR | tokemak ot Garching. It should
be mentioned that the somple of QWAASS is mounted at a position on the torus 90°
opart from the position of the limiter, and there is no line of sight between the twe. The
aim of our first experiment is to analyze deposited material for a certain number of dis-
charges with SIMS ond perform an absolute calibration of the deposited material .

In Fig. 2 SIMS spectra of the Al sample before exposure and after 120 discharges are

shown. The appearance of Cr*and Fe' ( stainless-steel liner ) and Mot ( limiter ) is ob~-

STEP - MOTOR

REMOTE CONTROL

vious. It is noteworthy that molybdenum oxide wos definitely detected, whereas no
oxide of iron or chromium was found. The total amount of material deposited at the
sample as determined by Rutherford backscattering (5) was 1 x 10 15 Mo nloms/cm2 and
3x 10]5 Fe and Cr otoms ( not resolvable ) for 120 discharges. Hence mean values of
0.8x10"

S5IMS is sensitive enough to allow qualitative detection of impurities deposited after

ntnm:/cm2 per discharge for Mo and 2,5 x 10 13 for Fe and Cr are obtained,

one discharge, however, a larger number of discharges was necessary for quantitative

analysis by Rutherford bockscattering .
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Fig. 2 : SIMS spectra of Al sample

a) before exposure to plasma, primary ions : 2 ke V' Ar+, 2,1 x !0-8 A

b) After exposure to 120 discharges, primary ions : 2 ke V Ar+,2, 1x10 R A.

After analysis the targets can be cleaned by sputtering with Art ions. The complete

disoppearance of Mo indicated that the deposition of impurities on the sample is homo-
geneous. In addition surface investigations performed with a scanning electron micros-
cope ( resolution 200 & ) combined with x=ray analysis show no droplets of Mo suppor-
ting also a homogeneous distribution. Assuming that the distribution of deposited im-
purities is homogeneous over the liner,and further assuming that the ceonfinement time
for the impurities is equal to the particle confinement time of about 10 ms,and a dis-

charge time of ]50 ms, the corresponding mean impurity densities are 9 x 10]0 i

for Mo and 3 x TO e o Fenid Cr. These volues amounting to about 1 % of the
p lasma density cre in rough agreement with soft x-ray spectrescopy measurements (8).

A comparison between these quantitative results of QWAASS and absolutely calibrated
impurity concentrations, if available, would allow determination of the impurity con=

finement time.
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INTERACTION OF NEUTRAL HYDROGEN AND PLASMA INCLUDING WALL REFLECTION

*
J.F. Clarke  and D.J. Sigmar
*
*oak Ridge Naticnal Laeboratory and Massachusetts Institute of Technology
U.S.A.

Abstract: We solve the kinetic equation for the neutral hydrogen in a hot

plasma taking into account gas feed, Frank-Condon neutrals, wall absorption
and re-emission of neutrals, electron impact ionization and charge exchange
yeactions, Steady state neutral profiles are cbtained showing the effect of

neutral hydrogen on the ion momentum and energy balance.

The presence of neutral hydrogen in Tokamek reactors is unavoidsble
(refuelling, outgassing) as well as desirable (wall protection, plasma profile
omtrol) . Cambined with the choice of wall reflection properties, cne can
achieve control of boundary conditions for the plasma, extending some depth
into the plasma. The full problem entails the simultaneous solution of the
coupled kinetic equations for the proton and the neutral hydrogen distribu-
tion functions. In this paper we assume the proton distribution function
given and using a simple model, address the steady state kinetics of the
various neutral companents, shown schemativally in Fig. 1. sz is the source
distribution of molecular hydrogen producing the distribution th of Frank-
Oondon neutrals, E‘ describes the net amount of atamic hydrogen reflected

P Ful
off the wall and £, describes warm charge wi f; o _‘__'l"
exchange neutrals born inside the plasma. In B
the figure, the superscripts + and - refer to v

-a +a
the direction with respect to z, the slsb model = z +

= o ol

equivalent of the radial coordinate. We assume 7/ 1™
: f fu |1
the mean free path of a neutral against charge Hy Hy

5 La
exchange (CX) to be much smaller than a, and i’4

Fig. 1 Slab model

that of a proton against charge exchange smaller or equal to a. The distance
6 << a in Fig..l characterizes the source of the Frank-Condon neutrals,whose
location depends on the shape of the plasma temperature profile near the
edge,~ The kinetic equation Ec:f is [1]

i 2o (B U - ne < Bl U3 fot Mo (er U fi

- ni{6ex u)& fn
n is the density. The indices on the density w, e, o, and i stand for neu-

(n

trals born outside the plasma region, electrons, neutrals bom inside the
plasma region and ions (protons). The first temm is gain from CX of a wall
neutral with a proton, the second loss due to electron impact ionization,
the third gain from CX of an "interior" neutral with a proton, the fourth
loss of interior neutrals due to CX with protons. A more rigorous CX colli-
sion operator has been given elsewhere. [2]. This simplified operator
allows the analytic solution
e z f

fe -(GU’//J.V) [, 42 fi (o +nwexp-Alz,2) ... u>0 ca

e =—fs'\r//uv)j az'fe {na+n~)exp+/‘\ (z,2').. <0 )
Here, A{z,,z)-f dz"n; r:'u-/v/u. &
M= 05 e, EU:{E:VA i Fv = { Gex Uy +(6ian.V 2 (3)

To keep the theory analytically tractable, we choose the model for the pro-

ton distribution function

foami J(v-oc) (143w /oi™) famyt &
a finite temperature "Maxwellian" containing a toroidal flow.velocity u. (We

have in mind the neoclassical pressure gradient driven ion flow [3,4].)

One obtains < :
vhere ):L_',:-QE[ﬁ' “{:- (ﬂpi—n:in‘- Gex EI[.{A(Z’,J’-)['] (5)

Alz,z) = [ dz'n: €V Sots(2) -
and E, is the first expmential integral.

1
If the density of wall originating neutrals n, is assumed given, BEg. 5 can

be solved straightforwardly numerically for n(z), which inserted in Eq. 2

carpletes the problem [1]. However, as can be concluded from Fig. 1,
nw=n1:c+nnvﬂ1£renmisthedensityofﬁ'rmk—mndmmutra}s andnnthe
density of neutrals reflected fram the wall. g is therefore dependent on

; the density of ensrgetic neutrals originating inside the plasma, and a
further integral equation for n, mst be fomd. Motivated by a detailed
study of the wall absorption and re-emission problem of warm CX neutrals, we
assume that on re-emission the neutrals have a flat distribution in energy
(0¢E'$ E) and in angle (o¢ 0'¢ ). Introducing a reflection transfer func-
tion R (E, u) [where (E, p) describes the neutral before absorption and

(E', u') after], ane finds f(zr the d.istnhutlm of reflected neutrals
falvi p') = (VWL Iv) (5 dE £ [ duR{p,E)f. (4, E 2=t D

This distribution is attenuated as the reflected neutrals penstrate into the

plasma, so that the neutral distribution due to wall reflection becames, at
+ e:r_‘-ﬁ{*d,l) cee 70

Fr =ﬂ(‘¢/‘-)fe,r, Alz,a)..  m<0 (8)

with A as defined in Eq. 6. A similar equation describes the Frank-Condon

point z

distribution E;E within the plasma. Thus, the total density of wall origi-

nated neutrals is given by th=_‘_z_deV(Fv+ch)

and the total density of all neutrals becomes npo= 0ok n, where n, has

(9)

been given in Eq. 5. This campletes the formulation of the prcblem, Com=
bining the i.ntegral equations 5 and 9
Nw = [ dz’' K, (22)n, + Sz n,_f a2’ k, +5F¢ , o

wharethek.emlsl( , are similar to that shom in Bq. 5 and 5. are
1,2

* Spc
Frank-Condon source terms. Numerical soluticns are in progress. A sinple
case results by omitting the contributicn of wall reflected neutrals (i.e.,
setting R (E, u) = o, Ble nH:). After S:i‘zr:ing for n fowe calculate the
3 x| i "
moments nu, = Ja'v vxfu and nOEO = fd'v = fo' the torvidal flov velocity
and heat content of "interior" neutrals. Typical results are shown in Figs.
2,3,4. Particularly noteworthy is the fact that one deduces from Fig. 3 a

finite friction ch =-mng v (\.1i - uO) between the toroidal ion flow

8

1.5 T T T T
6 -
e 7
m
§
X
= 0.5 ]
%* z/a
2 o 1 L 1 L
z/a o] 0.4 0.8
0 " L L Fig.3 Ratio nou./nsuy
] 0.5 1.0
Fig. 2 Neutral density n_ 0.75 =
velocity u and the neutral flow velocity 4,
which reverses over the plasma radius owing to 0.50
momentum transport from neutrals originating in z/a
the outer regicn. This friction leads tonen- 025 L o L o 1
o] 05 1.0

ambi-polar ion diffusion [2,4]. From Fig.4, the

. Fig. 4 B % i}
zmermgylmagm=—minium(‘ri-ﬁo)byo( 9 nUDfnl:l.

is seen to be reduced by the finite neutral energy in the plasma core and
reversed near the edge where the fast neutral energy exceeds the ion tempera-
ture. These effects will be explored parametrically, allowing the ratio of
neuatral and proton CX mean free path over device size to vary.

Mmm%m: We thank J.T. Hogan and S.P, Hirshman for valuable discus=

sions, numerical work was performed by R. Fowler, K. Rothe & B. Clark.
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WALL LOSS LIMITS IN HALL ACCELERATORS
P.J. Lomes and J.D. Kilkenny
Imperiel College, London, United Kingdom

Abstract: This peper demonstrates that wall impact can be & serious
problem Tor high current density Hall Accelerators. This effectively
prevents the scaling up of the stege length of existing devices in order
to obtain useful ion energies.

It is important when considering the merits of Hall Accelerators
in producing plasma beams, to know how they might scale up for application
in neutral beam injection into containment experiments. To date,
operation has covered the range 1Amp at 20KV to 3KA at 1KV (1, 2). We
would like to increase the number of stages at the higher currents to
give the 20keV cptimum ion energy required for injection (3).

Electric and magnetic probe and spectroscopic diagnostics have
been applied to the accelerating hydrogen plasma in the 2-stage device
of Cole (2), Density and tempersture estimates from the interpretation
of hydrogen Balmer line intensities show that wr is large (v 1000).
However, the effective plasma conductivity for electron cvrrent is much
less than the collisional value of o/1+(wt)®. We find that a fast
instability (frequency v1Mec/s) dominates the conductivity, in a similar
manner to Russian (4) observations in Argon. We determine the build up
and geometry of the ion flux by an ion probe, and the ionisation-rate
Trom the absolute H intensity. As cen be seen in figs. 1 and 2, the
build up of ion current is most promounced in stage 2, whereas ionisation
occurs in both. This contrasts with other work (5) in much lower
current density devices. We observe ~300KW of ~1lkeV ions at the cathode.
However the ion probe shows that the beam diverges with an helf angle of
& 45°, so that the beam power is wasted.

Ion trajectory calculations in the experimentally determined
electric and magnetic fields can account for the form and divergence of
the ion current. Ions created in the first stage tend to undergo wall
impact, whereas those created in stage-2 are strongly divergent. This
occurs because there is no mechanism to counteract the centrifugal effects
of azimuthel motion since E, and B, are too weak. The ions created in
stage tvo do not have their azimuthal velocity reduced by any reversal
in Br and so diverge in the field free region. The addition of a
Jjudicious smount of Bz would reduce both these effects if the consequent
VB, force were inward. An example of the un-focussed trajectories of
an H' ion is shown in fig. b for the 0.05T field o” fig. 3 with & discharge
voltage of 1.5KV.

We see that a many stage extension of +his accelerator would produce
no benefits since only the final stage would be effective; ions created
in earlier stages would be lost. In fact, calculations performed for
the fields of the six-stage device of Cole show that not only is this the
case, but his poor efficiencies " 10% or less (1) can be explained on this
basis.

A field which has such an inbuilt focussing mechanism is the multi-
cusp {6). This field would reduce wall loss, improving the efficiency of
acceleration, and also as & bonus, improve beam divergence. Here we might
find secale up of stage length much more worthvhile. However for maximum
effect it would be essential to control the ionisation region by means of
some pre-ionisation technique. The feasibility of such techniques has yet
to be demonstrated.

I gratefully acknowledge the use of U.K.A.E.A. Culham Hall

Accelerator facilities and I warmly thank Dr. H.C. Cole for many discussions.
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LOWERING THE IMPURITY LEVEL IN PULSATOR BY PULSED GAS INFLOW

B. Cannici, W. Engelhardt, J. Gernhardt, E. Glock, F. Karger,
0. Kliiber, G. Lisitano, D. Meisel, P. Morandi, S. Sesnic

Max-Planck-Institut fiir Plasmaphysik, 8046 Garching, Germany

Abstract: An increase of the electron and proton density is
achieved by fast inflow of hydrogen during the discharge. The
result is an appreciable decrease of zeff' The particle confine-

ment properties are shown to depend on the stability behaviour.

Most Tokamak discharges last longer than the particle confine-
ment time which means that, in the absence of other sources,
lost particles must be recycled from the wall. Assuming a recyc=-
ling coefficient of 1, the density is expected to be proportio-
nal to the filling pressure. Experiments on Pulsator show, how=
ever, that only the density reached in the first 0,5 ms follows
this expectation. Generally after =~ 20 ms a steady-state value
is reached which can be higher or lower than the filling densi-
ty, depending on the discharge current and on the vacuum condi-
tions. Frequent opening of the torus, for example, may lead to

a plateau density which is more than five times the filling den=-
sity. On the other hand, during a series of 2000 shots where no
opening took place, the plateau density decreased continuously,

the value 1.5 * 1013 en?

not being exceeded regardless of the
filling pressure, These cbservations led us to the following
conclusions: l)the recycling coefficient of hydrogen is less
than 1, 2)wall recycling may cause a considerable contamination
by impurities, whose influx decreases with progressive cleaning
during many shots. In order to control the density in an inde-
pendent way and moreover to lower the relative impurity content,

experiments have been started to replace lost hydrogen by

pulsed gas inflow. /1/

The experimental setup is shown in Fig. l. Access to the torus
is provided by four ducts, which are connected to the vacuum
pumps via large conduits. In the type AR operation mode (no
pulsed inflow) hydrogen is slowly pumped through the torus. In
type B discharges, after a start as in type A, a volume of

3

= 100 cm” filled with hydrogen in the torr range is expanded

into one of the conduits = 20 ms later.

Both types of discharges are compared in Fig, 2. In case A the
loop voltage, electron density and Z gy 2re nearly constant,
while in case B the loop voltage drops when the density is in-
creased by the additional gas input. Since the electron tem=-
perature does not vary appreciably in time, the loop voltage
decrease is mainly due to that of zeff' This is consistent with
the observation that the 0 VI line emission remains constant
during the current flat-top. Moreover, the absolute amount of
heavy impurities seems to be reduced by the gas input: The L~
line emission of Mo and of the wall components (Fe,Cr,Ni) as
well as the X-ray continuum emission decreases during the
discharge. This has never been observed in type A. The X-ray
spectra show additional striking differences (Fig.3): in case B
the continuum exhibits a more extended thermal slope. The K-
lines, excited by soft runaways, are much weaker than in case A.
Purthermore, the reduction of zeff is reflected by the reduction
of the emitted intensity. It should be added that Tb in case B
is increased by a factor of 3, i.e. roughly by the same factor
by which zaff is decreased.

From our experiments we can also draw some conclusions concer=-

ning the particle confinement properties of the plasma. Fig. 4
shows two type B discharges with the same gas input but with
different limiter g values. The density increase is slower in
the g3 discharge where strong MHD-modes are observed. This
suggests that the particle confinement time has been reduced by
these instabilities. Damping the MHD-modes by applying helical
£ =2 fields /2/ increases again the density. Clearly, a net ef-
fect can only be observed when the recycling coefficient r is
less than 1. As only the ratio?fp/[l—:) enters the equation for
the density evolution, an independent measurement nfﬁ:p is ne-
cessary. Unfortunately this is not possible at the moment for
the following reason: An absolute L: measurement at one of the
4 ducts is not representative of the whole torus surface, since
gas flowing from the conduit into the plasma causes an increa-
sed emission. This is supported by H- measurements performed
by means of a 7 channel system as indicated in Fig. 1. The emis-
sion at the plasma surface facing the conduit is much larger
than that at the inner side of the torus (Fig.5). Suitable mo-
difications of the machine should enable measurements of t'p.
Further, experiments with gas inflow should allow estimates of
the recycling coefficient. Summarizing we can make the follow-

ing statements concerning our experiments:

1) The recycling coefficient of hydrogen is appreciably < 1.

2) Replacing lost hydrogen by gas inflow lowers Zopp by reducing
the relative impurity level and probably the absolute value
as well. As a conseqguence energy confinement is improved.

3) Particle confinement is strongly influenced by MHD-stability.

References: /1/ E.P.Gorbunov et al.,Nucl.Fusion 11, 433 (1971)

/2/ F.Karger et al.,Tokyo Conference, PD-2,(1974)
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TRANSPORT OF INJECTED IMPURITIES IN ATC
S. A. Cohen, E. §. Marmar, J. L. GCecchi
Princeton Plasma Physics Laboratory, Princeton University
Princeteon, N. J, 08540, U.S.A.

Abstract. Using a new technique for producing short intense bursts of high-
Z atoms, we have injected aluminum into ATC and measured the time evolution
of the radial distributions of AIVII -+ AIXI. When intrinsiec impurities are
taken into account the inferred diffusion coefficient is in good agreement

with that predicted by neoclassical theory [1][2].

The effects of impurities in CTR plasmas have been considered by numer-
ous authors [3]. One important unknown is how rapidly impurities are trans-
ported through the edge region of a plasma. We have developed a new impurity
injection technique that makes possible a dynamic measurement of impuricy
transport in this region.

The injection system comsists of an aluminized glass slide in a vacuum
system and a 2 joule Q-switched ruby laser. A 2 mm diameter spot on the alu-
minum-glass interface is irradiated by the focussed laser beam. This produces

16

a 300 psec burst of 5x10°° neutral aluminum atoms with 3 eV mean energy. (The

9.) Aluminum neutrals with this

total number of electrons in the plasma is 101
energy should penetrate 1 to 2 cm into the ATC plasma before being ionized.
They then rapidly circulate along the field lines and, less rapidly, are trans-
ported across them. The radial locatien of each ionization state is measured
using an absolutely calibrated, scanning, grazing incidence, vacuum ultraviolet
monochromator. Observations are made of the strongest lines, An=0 transitions
to the ground state.

During these experiments magnetic probes showed that ne large MHD kink-
like modes were present and that the up-down and in-out stability was t 0.5 em.
Using a & mm microwave interferometer, the average electron density, < B, 7,
was measured. Within 4 ms after aluminum injection < n,? increased 5% above
the no-injection case. This change in < ne > decayed with a 7 ms time con-
stant. The 5% increase is consistent with the amount of aluminum injected.
Thomson scattering measurements of the radial electron density and temperature
profiles showed no change upon injection. The peak electron density and tem-—

13 -3

perature were 2.5x10 "em ~ and 1400 eV, respectively. The proton tem-

perature profile was assumed to be parabolic, with a peak temperature of 180
eV as previously measured on ATC for this type discharge. The proton density,
np, is assumed to equal 60% of the electron density. This is because ZE&E
was 4.6. Moat of this is accounted for by the measured oxygen concentration.
zeff is assumed constant across the plasma. The safety factor, q, was calcu—
lated to be 0.6 on axis and 2.5 at the edge.

After injection of aluminum, observations of different Al ienization
states were made along chords of the minor cross section. These were Abel in=-
verted and the density unfolded from the photon signals. The results show the
surprising feature that each lonization state appears in a particular shell of
the plasma, becomes bright, then dim, but does not move discernably from that
shell. The normalized radial distributions of three adjacent lonizarion statess
AlIX — AIXI, are shown in Figure 1. The time evolution for the normalized
line integral (across the minor diameter) photon signals of 5 consecutive ion-—

ization states is shown in Figure 2. The
MM MY ANIE
-~

peak absoclute brightness of each line is

showvn in Figure 3a. These three measure-

o

ments-the radial distributions, the time

evolutions, and the absclute brightness-—

ALUMINUM DENSITY [MORMALIZED)

]

o
MINOR RADIUS {em)

form a complete description of aluminum
transport in the region 8 to 14 cm. Figure 1, Radial distributions
for ALIX + XI measured at the time
To compare these results with theory of their peak intensity.

IMPURITIES

we have developed a one-dimensional computer

code that describes impurity transport in the

Pfirsch-Schliiter regime, This code advances

esach ionization state in space and time

according to the diffusion equationm,

ERS m
oA=L lor 2y agh
at r ar m, §opd
41, on a1
gl e el b g
n ar T

th
where Ij = density of the j'] state of ioni-

zation; e.g., =5 for AIVI; A = inward trans-

port factor; B = spreading transport factor.

A end B are functions of the impurity content

iy 2
in the plasma; o, = nrvj.fjeB; vpjzlufﬁ )

32,

nplnn.’B(.'uls) r'u—\p(kTp) ; and 8 = source

terms, These include radiative and dielec-

tronic recombination and electron impact

{onization.

Diffusion caused by the temperature gra-

4
e

dients or collisions with different Al ioni-

zation states are estimated to have a negli-

gible effect. The electron, proton and oxy-

gen profiles used in the code are those

previously described. They are assumed to be
stationary in time. The initial A1II radial distribution is calculated

assuming electron impact ionization of the aluminum neutrals. There is no

recycling of impurities lost at the edge.

The results of the code for Pfirsch-Schliiter Al diffusion in a background
hydrogen plasma; i.e., A=B=1, do not agree with the experiment. However, a
parametric study of the code, varying A and B independently from 0 to 15, did

vévedl anl excellent EIE £o Uhe ddte For-4=2.577 and 2216Y3. Home vesults ade

shown in Table II and Figures 3b and 4.
The code does predict the "stationary
shell" effect. For A=2.5, B=10, the cal-
culated radial locations (RL) and shell
widths (FWHH) for A1IX -+ A1XI agree with
the experiment (see Table II). Also, the
time evolution of the normalized bright-
ness of each ionization state (Figure 4),
and the absolute peak intensity for each
line, TFigure 3b, agree reasonably well.
We take the 5% oxygen concentration
into account by using the scaling laws
found in [1]. From these we calculate
that A=3.6 and B=13.8, which are near the
inferred values. We conclude that im-
purity transport in ATC can be explained

by neoclassical theory.

We thank C. Daughney for the Thomson scattering measurements. This work

was partially supported by USERDA Contract E(11-1)-3073.

VOUMIX XL ALUMINUM IONIZATION sTares

PHOTON SIGNAL {NORMALIZED)

=]

z 3 4 3 &

TIME [msec AFTER INJECTION]
Figure 2. Experimental measure-
ment of time evolution of line
integral Al photon signals.

100 —_—
[} (B)
| s EXPERIMENTAL CODE 1
A=25 B=10

P
=]
T

L

BRIGHTHESS (PHOTONS /cm? STERRAD. sec] x 107

e
T
i

IVMVOIE X X MI¥IX XX
IONIZATION STATES

Figure 3. Absolute peak brightness
of Al lines.(a) is measured, (b) is
computed using 1) with A=2.5, B=10,

Table II: Radial Distribution
(RL/FWHH) of
Aluminum IX, X and XI(in cm.)
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Figure 4
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ON HIE IMPURITIES W THEGHMICALLY:HEATEDPLASMA. QF-THE 1[)i 1n:m_s. This low level is consistent with the measured ZeFF: 2 from resistivity.

WENDELSTEIN 11 b STELLARATOR. The power by radiation can be estimated to a few kW and is small compared to the

H. Hacker, E.H'rnnov+, H.Renrier, H.Ringler, E.Wursching 25 kW input power, The effect of the lonization rate of impurities on the particle

Max-Planck-Institut fur Plasmaphysik, Garching, W.Gemany, confinement time is negligible.
+) Princeton Univ., USA EURATOM-Ass,
References

Abstract:  The impurity content of the plasmas was measured by spectroscopic methods, [113 H.Hacker of al, |AEA-CIN33-B1, Tokyo 1974

[21 L.C. Johnson, E.Hinnov, J.Quant.Spectr.Rad.Trans, 13 (1973),p.333
[3] E.Hinnov, F.W,.Hofmann, J.Opt.Soc,Am. 53, 1259 (1963)

The densities of the main compenents 0O, N, Care less than IOHUn-:3 compared to
plosma density Iﬂlacm_a. This low value does not explain the discrepancy of energy

and particle confinement times.

I. Energy and particle confinement
In the Wendelstein W 11 b stellarater [ major radius 0. 5m, minor radius 0.05 m;
main fieldBo £ 1.2 T; helical windings: | = 2, m = 5] with ohmic heating in H2

13 -
and He gas at densities n, = 10 em ~, electron temperatures E(TE,S 300 eV and 107 { n[em ] 0 [em .

ion temperatures kTi <100 eV have been reached.

)

As reported at the Tokyo conference 1974 [1] an anomalous electron energy loss J Wb
With
for both types of discharges was observed. The energy confinement time 'L‘"E = plasma He o Y
B~ 1T

energy / power input was in agreement with the assumption of the pseudoclassical ] - U N icsiie

electron heat loss, if the additional rotational transform -to produced by the helical =01

0V B30dg

current transform ¢ was considered 'I,"E ~ (1 i -G}'cp Jog , with & electrical 0 v 032 :I
conductivity. The behaviour of 6 , deduced from total resistance and the radial lo* 0WE032 gl "
temperature profiles measured by laser scattering, is observed to be classical, with oV 630 Al B 0VE0 A
an effective ion charge Z = 2. Ry g 0H 1032

ait cm e ol -
The particle confinement time TP was determined from the equation of particle 10* ] n* e
balance between ionization of neutrals and particle loss rate, Using the relative E WS gl E N I¥783
rate coefficients for excitation and fonization [2] we obtain the ionization rate ) - Lo
from measurements of the intensity of H and He lines. The resulting T were by a
factor 10 larger than T::_ and show a different behaviour with respect to changing s 8 8 W0 12 Co6 8 oo 1 [m)

plasma temperature, kTE.

- : o o - Fig.1 Fig.2
Impurities can affect the calculated confinement times if the additional radiation
loss is a significant fraction of the power input, or the additional ienizatien rate

is non-negligible compared to the ionization rate of the working gos.

Il. Impurities

1. Charocteristics of the device

Because of the characteristics of the stellarator W Il b [air core transformer, 8 Vp

laop voltage J the following procedures are necessary for running a discharge:

a) Preceeding cleaning discharge: Ne at 50 Hz, 2 - 4 hours.

b) Additional neutral flux by a fast acting valve during the discharge in HZ’ to
compensate for the gas loss. (Not necessary for He)

c) Starting the discharge with ¢,> @ ond sufficient far from rational values, to

provide the confinement and the cleanliness.

The discharge reacts very sensitivly to impurities. A small amount of neen - e.g.

0.5 % added - reduces severely the achievable plasma current.

2. Diagnestics

The normal incidence and grazing incidence monochromators are calibrated for the
measurements of the absolute intensity in the vacuum ultraviolett range by the bran-
ching ratio methad to visible lines [3 1. The visible line intensity is deduced from
a tungsten standard lomp. The observed resonance line intensity of the impurities is
averaged along a diameter in the harizontal plane. Recently we have improved the
scanning system by mirrors. This system allows now after an Abel inversion the des-

cription of the radial distribution.

Resuls

For proper discharges in Hy and He the measured impurity concentration (error about
50%) as deduced from the individual line intensities (ni indicates by nermal inci~
dence spectrometer ond gi by grazing incidence spectrometer) is given in Fig.1 and
Fig.2, In both cases the electron temperature varies from 100 - 250 eV in time.

The H, discharge is fed by an additional gas flux, which starts a few ms fter the

current,

The line-averaged density is determined by u-wave interferometry. ©, Cand N
i

have been observed as the main impurities. Their densities remain to below
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EXTRACTION OF IMPURITIES FROM A TOKAMAK

T. CONSOLI ~ R. LEGARDEUR - G.F. TONON

ASSOCTATION EURATOM-CEA
Département de Physique du Plasma et de La Fusion Controlée
Seavice I6n - Centre d'Etudes Nucféaires
B.P.§5 - Centne de TAL - 38041
GRENOBLE CEDEX [France)

ABSTRACT : In the electrodynamical divertor here described, the neutral atoms
emitted by the wall after being ionized in the low density plasma corona
surrounding the dense and hot plasma core, are expelled by an Eox T force.
This divertor may be made more efficient if a low density plasma flow is main-
tained and controlled between the linmer and the limiter by means of external

plasma injectors.

It has been proposed in a previous publication /1/ to expel the neu-
tral atoms (light and heavy) emitted by the wall of the limer of a TOKAMAK by
means of an electrodynamical divertor based on the Er x B, force. This force
acts upon the low density plasma corona which is located between the liner and
the limiter. This force permits the elimination of impurities and more gene-—
rally of any atoms ionized in the low density plasma coroma.

Tonization would take place it the mean free path of ionization A is less
than the thickness of the corona.

This mean free path Ai'= is a function of the density n e and of

the alectron thermal velu:i'fy v;:pgi the low density plasma which is submitted
itself to the same force and tends to depopulate. The elimination process
under these conditions would stop of itself and neutrals would penetrate
freely into the dense plasma core.

In this paper the improvements brought to the divertor (ef. REE.[/1/)
are described, and in partieular those concerning the maintenance and control

of the corona parameters.

DESCRIPTION AND PRINCIPLE. A radial Er steady state electric field is applied
between the liner (ground potential) Fig.l.l and a second stainless steel grid
Fig. 1.3, coaxial to the first and located just inside in che limiter shadow.
This grid can be either a complete torus or be limited to a certain number
of p sectors (p <number of toroidal coils) each sector forming an electro
dynamical divector. Even when the grid is a complete torus, its surface

could be only 5% of the total liner surface. In each sector the coaxial
structure is continued towards the outside in a vertical direction between
two successive Bd: coils (injection and extraction regions Fig.l.5 and 1.6

of the divector). In these regions the electric and magnetic fields are in

an horizontal plane. They are linked to the Er and iéﬁzlds in the torus.

The Hall injector Fig. 2 differs from the previously known /2/ and /3/ and
works under the following conditions : the magnetic field ill which continues
B, is constant and weaker, for example, FH = 3000 Gauss. A neutral gas (pure
Deuterium) is injected from the outside Fig.l.5 becomes ionized (region I

in Fig. 2) and heated by the Wy % Wy Tesonance (10 GHz in cthis case).

=3

Densities of 10'%en > with 10 <1, <107 eV can be obtained /4/. The Ey x B

force acts on this ionized medium, which is propulsed toward the plasme
torus. With intense pumping (Fig. 2 region II) one can obtain /2/ a ratio
ne lasma)

na (neutral atoms)
The plasma jet sweeps out the two halfs of the torus with the drift vy speed

Mo 10123

of the order of 3 x 107, that is 3.I09 neutrals by cm-3.

greater than the thermal speed. A plasma corona density of 10
can be achieved.

On the other hand in the divertor ejection regions Fig. 1.6 where By
approaches zero, a charge separation permits recovery of the electrons and

ions, like in emergy conversion systems /5/.

EVALUATION OF THE NECESSARY PARAMETERS. The fluid mouvement considering the
low densities, is similar to that of individual particles {(cf. Ref. 1). The

total number N of particles which could be extracted is :
202
w (rl-rz)Rl:
N Y e ———— e
“min pe T 2

t being the duration of one shot, T the energy life time, nlm the corona

density. N is the minimum number of particles to be injected in order to

min

maintain constant the demnsity np . IEN> Nmin' a larger density n?g could

e
be obtained.
Presuming that the injection time is equal to T, the injected density is :
2 2_.2
o _ mn a(!l rz)iu: P

inj vy ST *
A being the directed beam velocity, § the beam cross section and p the total
number of divertors. The-necessary powers for ionization and maintenance of
this flux are : VN % 1,6 % 10—19

PHP = e in watts,

vy being the first ionization potential in electron wolts, n = the H.F,
overall efficiency N[VE-Vi)

nc - Tpm
is the power required to raise the ion directed emergy from Vi (eV) to VE(av)
In a typical TOKAMAK having the following characteristics :

=1,3m, B=3m n_ =101, 5 = 102, p = 10,

rl =1,5m, T, 2 ap z
V, =20a¥, V= 10%7, 1= 0,15, £ = | 5,7, = 10%V, N =05,
ge = duuterion, aives N equal to3x 10°0 plen’, gt 10'%mn73 and

requires less than 50 kW for both ionization and accelerationm.

CRITICAL PARAMETERS FOR THE IONIZATLON CORONA. The divertor cannot eliminate

those neutrals coming out of the liner wall unless they can be ionized in
the shell of thickness (r, - rz), of density Toe and of temperature T .
Considering three typical elements : a light one, (D) two impurities (one
light (0) and one heavy (W) the necessary shell thickness is given in Fig.3,
under the condition that neutrals are emitted from the liner wall with an
energy of 0,1 eV. One can see that the corona plasma density and thickness

are such that all neutrals coming from the wall are ionized in typical TOKAMAKS,

IN CONCLUSION. The application of a steady state electric Field of the order
of few kilovolts /1/, being localized in the low density plasma regions, does
not disturb the confined plasma.

It has been proved experimentally /6/ that the main contribution to the pollu-
tion of TOKAMAK'S plasma comes from the liner (more than 907 of the plasma
energy is deposed on the wall).

The grid electrode surface being very transparent, lower than (5% of the liner
surface), the pollution due to its presence is small.

With the electron dynamical divertor the heavy mass impurities having been
expelled, their replacement by ions of low mass, reduces the radiation loss

in the plasma core.

b conf., TOKYO,
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Fig. 2 Schematization of one in-
jector.

I and 2 parallele plates at the
ground and at high voltage

3 region of plasma flow

I -Ionization region, II -pumping
Fegion, III -connection of the
Fig. 1 The electrodynamical divertor. ;::::\::T b hectomnisal plasod
1.1 Boundary of the toroidal B, field, 1.2 The liner, 1.3 The internal grid,
1.4 The plasma sectiom, 1.5 Thé plasma injecting channel, 1.6 the plasma
ejecting channel, 1.7 Toward the vertical axis of the torus.
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RUMERICAL CALCULATIONS OF IMPURITY TRANSPORT IN TOKAMAK PLASMAS
M H Hughes

Culham Laboratory, Abingdon, Oxfordshire, England
(Euratom/UKAEA Fusion Association)

Abstract: The effect of plasma contamination by high-Z materials released
from the walls and limiter by escaping ions and neutrals is considered.
Tonization parameters and impurity radiation losses are determined from the
steady-state corona model while neoclassical transport theory is used to
describe the fmpurity transport within the plasma.

Introduction. In the next generation of Tokamak experiments, with their
large energy fluxes and long pulse lengths, it is anticipated that con-
tamination of the plasma by high-Z materials arising from bombardment of
the walls and limiter will play a significant role in the plasma energy
balance. Transport theory indicates that impurities which enter the plasma
at the edge can diffuse to the centre of the discharge where they accumu-
late. Estimates of the effects of impurities suggest that the subsequent
power loss through line radiation and bremsstrahlung can prevent ignition
unless the impurity content can be kept sufficiently small. To investigate
the distribution of impurities and their effect on a Tokamak plasma we have
devised 8 simple numerical model for impurity diffusion and plasma-wall
interactions. This paper outlines the model and illustrates results
obtained using a modified version of Diichs' 1-D radial transport code [1].

Physical Model: The essential features of the model can be summarised as
follows. If the spatial distribution of the plasma temperature is known we
can find from the corona model the average ionization state of the impurity
atom at any point and correct those diffusion coefficients dependent on 2.
Subsequently, if we also know the electron and impurity concentrations we
can calculate the total impurity radiation losses at each peoint. We then
have sufficient information to follow the evolution of the plasma para-

meters and the impurity concentration.

The coronal equilibrium model is based on a code written by Mosher [2].
We suppose that the plasma is everywhere in a state of ionization equi-
librium; this assumption {s valid Lf the time T over which the macroscopic
plasma paramctcra change patisfies the condition

10‘2
T =
“E (cm ) ane; 5

Thus, for the simulation of large future machines where diffusion time-

scales ~1sec are expected the steady-state model is appropriate.

For the plasma transport we use Dachs‘ 1-D radial transport code in
which the ion thermal conduction is neoclassical while the particle
diffusion and electron thermal conduction is pseudo-classical, i.e.

02

D= = Yz 2 ed

eff el

0,457
1.07 + 2

where Y = + 0.29 .

eff
Alternatively we can use the empirical law suggested by Soubbarameyer and
Mercier [3] which is

% F 2
Do=wy =400 Z 0 (1416970 v, Py -
This law seems to predict quite accurately the behaviour of existing

Tokamaks.

For the impurity transport we solve a single diffusion equation for the
sum  ng =§nz over all charge species. The impurity diffusion flux is
that given by neoclassical theory [4] with the coefficients smoothed into

the plateau regime.

Boundary conditions. The Duchs code includes an influx of cold neutral gas
at the boundary together with some number of generations of hot neutrals

produced by ive charge collisions; the version of the code

used here can follow up to 20 generations of hot neutrals. From the hot
neutral caleculation we can distinguish the escaping flux I‘ju of each genera-
tion. Moreover, the temperature T; of a particular generation is calculated
by averaging over the temperatures at the points of creation. We can then
define a sputtering coefficient ﬂ'(!‘f) for each generation to determine the
influx of heavy atoms released from the walls by neutral bombardment.
Similarly, escaping ions can release Impurities to give a net influx
—prtynt 0, 0
T
r, = ahr +?jl «r )y
of impurities.
The sputtering coefficient for protons incident on niobium, measured
experimentally by Berrisch, can be fitted guite accurately by the formula[5]
-3
@ = 20— (- 0.017E)
[e/2 + 2/8°]
where E(keV) is the energy of the incident particle. We have used this
formula multiplied by a factor 3 for stainless steel. The threshold energy

for sputtering is calculated from i
R (m1 + mz}
thr 4m

1™2
where my and m, are the atomic weights of the incident particle and
target material and Q is the sublimation energy (e.g. 4.3eV for iron).
The model described above has been used in a study of the proposed JET
machine, The main parameters for these calculations are as follows: major
radius 2.93m; minor radius 1.28m; toroidal field 30 kG; Tokamak current
3MA. The rapid penetration of the skin current during the current rise
phase in a Tokamak fs not described by 1-D codes without making some ad hoc
assumption about the diffusion in this regime. To circumvent this diffi-
culty we assume that the full current is initially distributed throughout
the plasma volume and maintained constant in time. The electron and ion
temperature profiles are initially parabolic with peak values of 100 eV;
the electron density profile is also parabolic giving a mean density of

5% 10 em™.

Results: Using the pseudo-classical scaling lew, the temperatures of the
escaping protons and hot neutrals rapidly become large enough to initiate
sputtering of material (assumed to be iron) from the walls. Impurity atoms
entering the plasma diffuse to the centre where they accumulate, forming a
peaked distribution as shown in Fig.l. After 3 sec the accumulation of
impurities in the central core begins to modify the plasma profiles by
excluding current from this region. At later times the build-up of the

impurity concentration results in cooling of the core. For example, Fig.2
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Fig.l Radial distribution
of impurity concentration.

Fig.2? Radial distributions of
electron temperature and density
(pseudo-classical scaling).
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shows the temperature profile after 2%
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6 sec. Impurity radiation cooling has

by this time caused a significant ~e
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depression of the central temperature

resulting in an unstable configuration.

H

electron density (x 10

When the particle diffusion and
electron thermal conduction coeffic-
ients are replaced by the

temperature (keV)

Mercier-Soubbaramayer form the most
important difference is a Inrgl

increase in the outflux of escaping

g
particles and a corresponding S, w»m
Fig.3 Radial distributions of
temperature and density
(Mercier-Soubbaramayer scaling).

increase in the influx of cold
neutrals required to maintain the
total number of particles. The
incoming neutrals are ionized in a narrow region near the edge (~ 10% of
the plasma radius) which is consequently maintained at a relatively low
temperature (Fig.3). Thus, the only escaping particles with sufficient
energy to release material from the wall are the higher generations of
neutrals emanating from the hot central region. The net result is a much
smaller influx of impurities compared with the previous case (by a factor
~ 10). The build-up of impurities in this case was therefore negligible.
It appears therefore that it may be possible to shield a Tokamak plasma
from impurities by a thin shell of cold plasma.
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WUMERICAL SIMULATION OF THE ENERGY
BALANCE AND IMPURITY DIFFUSION IN
TORKAMAES

Y.N.Dnestrovskii, S.E.Lysenko
I.V.Eurchatov Institute of Atomic Energy,Moscow,USSR

I.N.Inovenkov, D.P.Kostomarov
iioscow State Iniversity, WMoscow, USSR

1. Influence of magnetic field ripples on the
energy balance.

At low collision frequencies, the ripples of the magnetic
field are the main factors responsible for the transport process—
@3 in plasmas.

In this case f1] % T 2
X, =484 z(m) n )

7
Here A; is the ion heat conductivity,.2 A is the depth of a
ripple along the line of force. In the paper [1] it was assumed
that A is constant on the magnetic surfaces A = A (Z). We have
used a more exact formula for X/, by replacing a9/2 in (1) with
the value < a32 > averaged over {), where § is the angular
coordinate in the small cross-section of a torus.

The magnetic field ripples can be described by the formula

H:\IJHW=H0{" %CDS&-S"{?;B}C“NV} (2)

where ¥ is the angular coordinate along the magnetic axis,

N is the number of magnetic coils. The numerical g¢alculations
of the magnetic field have shown that the function §(r, 9)13 well
approximated by the expression

§(2,8)= Smax I, ( /S_’L'.-Z_M)/ID(.&/‘/J!Q, 5’)) i

llere J o is the modified Bessel function, B G607 ig the
parameter depending on the coil configuration

(v, 0)=[v?+2va2cos &+ (Az)zjf/z ,

A
Ar is the departure of the & minimum from the magnetic axis. In
the region of maximum corrugation ( #=¢ , Txa , AT<< T ),
one can use an asymptotic formula for the Bessel functioms, expand
J into power series of AZ and expand cos # into power series of
# . As a result, we obtain <a®2>=§32 ¥ (o, u)

Via) -4 | oxp (- 207 f Vesia0d , w
i N{z-0 BNAT
§ = 8(2) = Bmax exP[ﬂ_“k—_j] , A= .

S 77
Lerp(wb?) | f= (1-23sia?6)" 2]sint| arccos (£ sin) .

Wwhen M =0 Eq.(4) exactly matches the results obtained by Stringer
[2] , where the dependence of § on f was neglected. Fig.1
presents J(«) 4)as a function of « for #M=0, 45,07, 1 . Near

the plasma boundary, o ~0.05-0.% . Itis seen that J (o, s)~d05+ 0.1
if Mo in this region. The present model has been used
for calculating the energy balance in the tokamak T-11 installa-
tion ( R=70¢m , Q= 20 cm, N =24, n=10"(42_22/0a2)cm*3)
with the injection of hot neutrals of the energy f,=20teV and
current ¢~ 70 A . ¥ig.2 shows the dependence of the ion tempera-
ture T¢max on the current ¢ for three different positions
of the plasma column inside the chamber :

I) the plasma column is displaced S¢m inside the chamber, = 0.3,

may=0.066 , (II) the plasma column is in the centre of the cham-
ber ws= 0. %, Bmay=0.02 , (III) the plasma column is displaced
outside the chamber w=0.7, 5,5 %46 . For comparison, we have
drawn a dotted line for Fma,=0.06 which matches that obtained
by Stringer model [2] .

2. Diffusion of the impurities.

It is well known that the impurities play the essential role
in the tokamak plasma dynamics. We have described the results
obtained from the calculations of the density profiles for light
impurity ions (carbon and oxygen). ke tave taken into account the
diffusion of particles and such atomic processes as ionization by
electron impact and radiative recombination. The initial system
of the eguations is of the form ,_,

Dhe__ J'z_ 2 5 [e + ne ;_Eo(l-jhj— RJH”JH)

2¢€ e

?_;%,, — 1 ?Tt e p (5
wmio=-f 2 el +”e{I‘~4 Pl 15 (L R3) ¥ Riag Mins |, Jt2
2t

where fles Te s ®a s Tp, o, Tp,n;, T, are the densities and tempe-
ratures of the electrons, protons, 1mpur.|.1_r,y atoms and ions, .
fe, Mp, [j ere the neoclassical diffusion fluxes 3], rg_ls
the f£lux of the impurity atoms, Li and Rj are the ionization
and recombination rates [ %,5] . The radial profile of the impu-
rity atoms No was determined from the stationary kinetic equation.
It is assumed that Ty =Tp . We have used the following initial

and boundary conditions

y =0 ;

rwz‘.a

neiﬂ; hep | (hp+2h_,':?j~he)zl=:0 3 L
he(t:0)=”9(?;0)=["eo*“w(‘f"?z/az)],m et (e)
nj(2,0)=0, (j=h2-.,2)

Here [jp is the partial proton-impurity flux. Conditions (6)
assume that the particle losses from the plasma are determined
solely by collisions with the electrons. Ve have assumed in the
above calculations that Tp (2)=sconst , thus neglecting the thermal
diffusion.

Fig.3 presents the results of the calcu}.atien% for tokamak
TM-3 ( R=40cm ,0=Bem). The radial profiles of 0%, C€*,Zeff are
shown for £=10,20, 30 ms@c. The dotted lines correspond to the
electron and proton profiles. Fig.l&‘}:rsaents the similar curves
fjor ox%gen in tokamak ST ( R=109cmya={2em).

ertain features characteristic of these processes should
be pointed out. 6 g
1) In a time +~5msec the density profiles of the C 6% ang 0%t
nuclel arrange themselves to the density profile of the protons
with an accuracy of 2+3 per cent according to the Braginsky
condition (?/pz(lnhnp?)=42 €n bz ). At this stage, the impuri-
ties should move towards the plasma column centre, the diffusion
Tate of the protons being sufficiently low.
2) When the impurity concentration reaches flz >0.03 Pp the proton
density profiles rapidly flatten, causing the flattening of the
impurity profiles.
3) With the concentrations up to Ha ~ 0.1 Pp  the amount of
impurities lost from the plasma column is appreciably less than
that of the protons.
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PLASMA-WALL INTERACTION THROUGH RIPPLE

CONVECTION IN TOROIDAL DEVICES

F. Engelmann®) and A. Sestero

Centro Gas Ionizzati, Associazione
EURATOM-CNEN, Frascati, Italy

#) Also at the FOM-Instituut voor Plasmafysica, Rijnhuizen,
Associatie EURATOM-FOM, Jutphaas, The Netherlands.

Abstract: It is shown that under certain circumstances ripple
convection may lead to a strong localized plasma-wall interac-
tion in Tokamaks. The relevance of the result to recent

findings on TFR is discussed.

As any deviation from axisymmetry in toroidal devices
leads to the formation of loss-cones, in such a case a certain
number of charged particles can reach the chamber wall in spite
of the presence of a limiter. In particular, if a sufficient
number of highly energetic particles (e.g. electrons) can enter
these loss-cones, a strong plasma-wall interaction, usually
localized in certain areas, is to be expected. We specifically
consider here the effect of the presence of a .toroidal field
ripple in Tokamaks, but the situation is gquite analogous in
Stellarator geometry.

The loss-cones created by the ripple are related to the
free VB-drifting of the particles trapped in the ripple mir-
rors, occurring at a velocity

€L

Vp = eBR ' (1)
where EL is the kinetic particle energy perpendicular to the
magnetic field B, R the torus' major radius, and e the elemen-
tary charge. For a group of particles of density n this implies

a vertical energy flux

2
n E

eBR £ (2)

which may be considerable for large E .

Through this mechanism electrons may convect to the wall
from the plasma edge or even from its interior. In the first
case, this happens if the effective mean free path X for scat-
tering the electrons out of the loss-cone is larger than the
extension of the limiter shadow h, i.e.,

= Y

 Vets

h r (3)

where, for EL more than three times larger than the bulk plasma

temperaturel).

(1+%Z n

eff!

“1n A
vogg = 22w E (4)
eff = Effz B_/B g

with 2 .. the effective ion charge, SBe the amplitude of the
field ripple, m the electron mass, and ln A the Coulomb loga-
rithm., Combining Egs. (1) and (3) yields for R = 100 cm,
h =3 cm, B= 40 kG, SBE/B = 5%, and Zeff =3

el

Rty . gt | |
el TR (5)

when € is in keV and n in em™3,

On the other hand, for a system of N = 24 coils and a strongly
corrugated liner (radius of curvature of about 2 cm), the area
hit by the convecting electrons extends less than 1 mm in
toroidal direction, corresponding to an effective concentra-
tion of the energy flux by more than 2 orders of magnitudel).
Melting of the surface material after 0.4 s is then possible
if F Py 8 Watt/cm?, equivalent to a loss of 200 Watt per ripple
over 1 cm in the direction of the torus' major radius. Condi-
tion (5) then requires the presence of electrons with at least
El = 2.5 keV, having a density n = 3:10! cm™?, It may be noted
that charge neutrality in the shadow of the limiter can presu-
mably be ensured through ionization of cold neutrals by the

convecting electrcnsl}.

In the gecond case, the effective mean free path A must
be larger than the distance from the wall to the hot inner
plasma, that is condition (3) must be satisfied with h being
now this latter distance, and in Eg. (4) n being replaced by
the plasma density np, as well as SBe by the ripple amplitude
8B, in the plasma interior. Taking noh = 5:108 cm and B, /B
about 1 to 2 “/oo (R, B and bogs being as above) yields
€ 2 50 keV. As at the lower limit of this energy range only
deeply trapped electrons (typically those whose oscillation
amplitude is less than half the maximum amplitude possible)
have a high probability of reaching the wall, surface damage is
to be expected if there are electrons of this kind with a den-
sity of about n = 1.6-10% cm'3 or larger. For isotropic dis-
tributions, such a density corresponds to somewhat less than
1% of the plasma electrons trapped in the relevant part of the
ripple mirror. An important property of ripple convection from
the plasma interior is also that the extension of the convect-
ing beam in toroidal direction decreases considerably from
inside to outside, due to the increase of the field ripple.
Using the constancy of the longitudinal adiabatic invariant
and taking SEiISBE about 0.02 to 0.04 yields, for the example
considered, a decrease of the beam extension L by about a fac-
tor of 3 to L, ® 4 cm at the wall,

In conclusion, the conditions to be satisfied for ripple
convection to create dangerous plasma-wall interactions are
stringent, but by no means forbidding. In particular, the ef-
fects observed on TFRZ) seem to be marginally consistent with
the properties of ripple convection of a group of highly ener-—
getic electrons originating from the plasma interior.
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THE EFFECT OF HEAVY IMPURITIES ON PLASMA
MOTION IN A MULTIPLE MTIRROR MAGNETIC PIELD
V.V,Mirnov, D.D.Ryutov
Institute of Nuclear Physics, Siberian Division
of the USSR Academy of Sciences, Novosibirsk, USSR

Abstract: It is shown that by inserting a certain amount of
heavy impurities into a DT-plasma one can considerably

decrease a longitudinal plasma expansion velocity.

At a temperature T = 10 KeV the fusion power output in a
pure DT-plasma is known to be aproximately 30 times greater
than the bremsstrahlung losses. By inserting the impurities
with a charge % >»>1, the bremsatrahlung losses rise by a fac=-
tor of h!EZ’/h.H » Where Ngzand hyare, respectively, the den-
gities of impurities and of hydrogen isotopes (the density of
impurities is mssumed to satisfy the condition hz# £ NMu,
under which the electrons have mainly a "hydrogen" origin).
Therefore an ultimate permissible density of impurities is
determined by the condition:

2%y, £ % 1)

On the other hand, at the densities ngzafh,h?ﬂ the
impurities can considerably affect the scatiering frequency
of electrons and hydrogen ions, Dawson et al.“l have sugges-
ted to use this circumstance to decrease absorbtion length of
a COrlaser radiation in a plasma (the absorbtion length is
inversely proportional to the scattering frequency of elect-
Tons on ions). IL Lls evidenl Lhat by ilnseriing lmpurities one
can reduce an absorbtion length by the order of magnitude
without violation of the condition (1).

In the present paper, it is noticed that in the same way
one can apreciably reduce the length of a multiple mirror
traptz’ﬂ. Indeed, if M,Z%[M,21, the hydrogen ions scat~
tering path decreases by a factor of h;za'/h," in comparison
to the case of a pure plasma. The scatiering path reduction
results in slowing down of a plasma diffusion along the mul-
tiple mirror magnetic field. This allows to reduce installa-
tion length needed to provide the chosen confinement time.

In the case of Ny ZZ',‘I‘LH},’I the hydrogen ions mean-free
path ')\h“ with respect to the collimions between them themsel-
ves is connected with their mean-free path ‘A,ﬁ with respect
to the collisions with impurities and with impurity mean-free
path ')ln by the relntionships: —)‘Il o }31 /ZR' = _}\HH nltfﬁli“'

For the quantitative illustration of the impurity effect
on the expansion velocity, the case will be examined when the
spacing E between two mirrors is smaller than the minimum
scattering path, namely, lﬁ. Thereby, either among electrons
and light ions, or among heavy ions there are groups of trap-
ped and untrapped particles. Respectively, for the longitudi-
nal diffusion coefficients of the various components according
to L2] one can write down the following estimates:
ﬂe""\ﬁ'eluilr‘d‘) sju"'VTw 1lﬂ_J’K‘TH 9:"" VTZ}HI,KL @)
(the mirror ratio K is supposed to be large, K> 1, and the
width of the mirrors is assumed to be smaller than the dis-
tance B between them). Here, in the order of magnitude esti-
mates, we neglect the difference between deuterium and
tritium masses.

The estimate (2) shows, that the electron diffusion is

faster then that of the other species. However, in the case

when plasma expands to vacuum the electrons move together with
light ions due to the effect of a polarization eleciric field,
Ag to the heavy ions, they can be regarded as immovable (due
to their very small diffusion coefficient) within the scale

of & light component expension time.

Basing on estimates (2), let us compare numerically the
cases of confinement of a pure DT-plasma and of a plasma with
a small heavy ions admixture. For the paremeters T ~ 10 KeV,
n~3-10"7 cu~>, the length Li of the multiple mirror machine
providing a pure plasma confinement for the Lawson time,
{:,_4*-3-'10'“' sec , under the mirror ratio K = 3, must be of the
order of 30 m . If 10% of impurities with Z = 10 are inserted,
the length of the machine can be reduced to 10 m (to obtain
this, one should note that for a given confinement time, the
installation length is proportional to the square root of a
diffusion coefficient). However, in this case the mean-free
path 1“ equals to 0.6 cm , so0 it is rather hard to satisfy
the condition [ < 7\;_; with a reasonable installation diame-
ter. Therefore we shall analyse the case of ')i“«fx <-<—X“_

Over this range of parameters the impurity flow is purely
hydrodynamic ( ')\H«E ! )y whereas the light ions motion is
diffusive as before, The expansion velocity of a heavy com=
ponent is defined by the balance of two forces: the accele-
rating force, which is due to the polarization electric field,
and the friction force against the magnetic field, which is
connected with a longitudinal ion vchosity:‘rl“ui,l'zlwei'h!E
(this estimate holds for not too large mirror ratios, K-1~K),
Hence, taking into account that Yz~ }\-HV“E Man, ana

Z
E~T/lel , one gets Uy~ iy [Z' € J,)igzL. . Comparing it

with (2), we find the condition E(ZS/"]H for the heavy
component expansion to be slower than the light one. For the
numerical example considered above this inequality gives

fs_ 5 cm , this estimate being quite acceptable if an inatal-
lation radius is smaller than 2 = 3 cm .

Since in the case of t( Z 3y ]11, the heavy ions can be
considered as immovable within the scale of a light component
expansion time, the exact equations describing s light compo-
nent flow can be obtained in the way analogous to that used
in [3]. Thereby it is quite sufficient to take into account
only the collisions of electrons and light ions with heavy
ions (Lorentz plasma model). As it was shown in[sl, the tem-
peratures of all species can be considered to be equal
(Te=.Ty= Ty= T) and constant (¥1{%X = 0) along the plasma
column in many cases of practicel interest. Under these
essumptions the equations for deuterium and tritium densities
have a form:

Siz
-%_%1:,1 o JTT,%—WW%\%;W[(ZHW + l’l-r,ﬂ?h_%ﬁﬁ + hn‘,‘_g—?‘ﬂ
where N\ is the Coulomb logarithm and N;=M,(X) is an initial
distribution of impurities (the polarization electric field
is excluded by means of a quasineutrality condition). These
equations allow. to predict exactly a time-space evolution of
a DT-plasma with heavy impurities in a multiple mirror magne-
tic field.
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ELEOPRON CYCLOTRON RESONANCE HEATING ON TM-3 TOEKAMAK AT
MAGNETIC FIELDS UP TO 25 kOe

Alikesev V.V., Bobrovskii G.A., Poznjak V.I., Razumova K.A.,
Sannikov V.V., Sokolov Yu.A.,Shmarin A.A.

I.V.Kurchatov Institute of Atomic Energy,iloscow
USSR

Experiments on additional HI-heating of plasma at elec-
tron cyclotron resonance (ECR) frequency and its second har-
monic are continued. Thomson scattering measurement of elec-
tron temperature has been used.

The perspective of ECRH for reactor is strongly depend-
ed on results of investigations of this method at large mag-
netic fields. In the experiments the HF-generator which pro-
vided the heating at the magnetic field Ha= 20-25 kOe was
used. The power of the generator was =<g0 k¥ , the pulse dura-
tion was up to 1 msee . The heating was investigated at H,
which corresponded to the first an%cond harmonics of ECR,
and the averaged deusity m, = (3-10)10'%ca™,

The results of the experiments are similar to those ob-
tained at the resonant magnetic field H =10 k0e/1/

1. The maximum additional A (nl) neasured by a diamag-
petic loop at the ECR-frequency aere the same in the both cas-
es: 4 (nT ) = ( 6-8 )‘1014 e\".cm_j,'

2. The typical features of the runaway electrons heating
are ocbserved when Ee is decreased (A(nT) value the addigi-
onal EC-emission and the plasma column shift drop slow after
the heating pulse /1/ ).

3. The A(nT) value is decreased somewhat by the higher
density or discharge current.

The increase of the electron temperature AEB, averaged
over the column cross section, has veen measured by the dia-
magnetic loop, the increase of Te in the center of the co-
lumnaT (0) has been measured oy 90° Thomson scattering. In
the latter case the ruby laser with Q -switched mode was em-
ployed.

As the valueaTB(O};orresponds to the heating of the
bulk electrons and the valuenfe characterises the heating
both of the bulk electrons and of the runaway electrons, the
ratio between aT, anddl,(0) may be arbitrary. For instance,

the ratioaie/ATBCU)azrgﬁ%v was registered at the first and

the second harmonics of ECRH of the plasma with Ee"'E‘-1012
This fact seems to correspond to the heating of the bulk ele-
ctrons in the narrow c_em:ral region of plasma column. On the
other hand the ratio:-%:mjc—;l%gg{observed at the second har-
monic in the plasma with Ee'v‘l-.'ll)lgm-is the result of the
heating either of the bulk electrons all over the cross sec-
tion or both of the bulk electrons and of the runaway elect-
rons. However, in any case, the Tefﬂ}increase, obtained by
scattering measurements, proves the heating of the bulk elec-
trons during the HF-pulse.

It should be noticed that the Tefﬂjmay increase in part
because the ohmic heating becomes more significant. This can
be attributed to the improvement of the plasma confinement in

the inner regions of the column at additional heating of the

plasma periphery.

3

om-.

The additional HF-heating makes it possible teo investi-
pate the fundamental properties of plasma in bokamak. The
confinement of plasma with high /SI produced by ECRH has
been investigated. The exXperiment was fulfilled at the se-
cond harmonic with ./{f/cm HF-generator(Hz = 5 kOe). The Fig.1
shows some characteristics of this regime. One can see
that no ill effects are observed at /BI;E.E. It should be
noticed, however, that the marked part of the additional en-
ergy seems to be accumulated by the runaway electrons (as
the scope traces show).

An other interesting possibility is the estimation of
the runaway electrons confinement time by the measurement of
the delay time of their additional energy, provided by ECRH.
For this purpose we investigated the EC-emission of plasma at
./Z'—"l.a em aud_)z"_'a.o cm. This emission (at Hz::-13 kOe)is the
one of the runaway electrons with longitudinal energy EﬂMOkeV
and %2 60 keV accordingly (Fig.2). As the electron distribu-
tion function is approximately exponential (as X-ray measu-
rements show / 1 / ), the registered EC-emission is attribu-
ted to the electrons with threshold energy. The time of de-
lay of the additional emission points out that the runaway
electrons are contained not less than 2 msec at E”:‘IOLr.eV and

not lesa than 9 msec at Ljy: 60 keV.

2 4 8 8 10 2
£C- Hbperlse
emission —-—-m " &

= f2cm e

2 4 & 8 o 12 /%

Fig 1

- tmsec

amissiorn

'wl*wu

N

Fig 2

/1/. Alikaev V.V, et al. 5th Conf. on Plasma Phys. and Contr.

A =2em }

A= 1 2cm

Nuclear Fusion Res., Tokyo (Japan), 1974, Paper CN 33/A9-4.
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Fast Magnetosenic Wave Heating at the Second
Ion-Cyclotron Harmonic in Tokamak Plasmas
John E. Scharer, Tak-Kuen Mau,
Donald T. Blackfield and Brian D. McVey
University of Wisconsin, Madison, Wisconsin 53706, U.S.A.

Abstract: Hot jon and electron absorption effects are included in the disper-
sion relation for second ion cyclotron harmonic heating. It is shown that mode
conversion problems can be eliminated for UWMAK-II parameters by imposing suf-
ficiently short parallel wavelenghts (ky = lOm“ll. The density of toroidal
eigenmodes for reactor size plasmas is considered.

It is well recognized that in order to ignite a tokamak reactor, a sup-
plementary heating mechanism in addition to ohmie heating will have to be
employed. Magnetosonic wave heating at the ilon-cyclotron frequency and its
second harmonic has been studied by Adam and Samain [1], Perkins [2], and Weynants
[3). The significant ion heating and wave penetration to a tokamak plasma core
that are predicted make the compressional hydromagnetic or fast wave a most in-
teresting candidate for supplementary heating in a tokamak.

= # {RiF
Assuiitng ab & Dt ¥ BT wiiviar conponant of wave quantities, the wave equa-

tion is obtained as k x (k x E) + (w/c)li - £ = 0 where i is the dielectric
tensor as defined in Stix [4]. By noting that in the magnetosonic regime that
3 ;Il is small for both ion and electron
terms, one can obtain a tractable dispersion relation in which first-order Ffinite

the Bessel funcrion argument A, = ki p

gyroradius effects are included by expanding to first order in A Further, the

A
Ku component of the dielectrle tensor 1s so large compared to other elements

involving the z component that the dispersion relation can be obtained to a very
good approximation by expanding the 2 x 2 minor of the Kzz component. The dis-

persion relation then becomes (k, = k ) to fourth order ia k;

2 2 2
(w/e)” K -k (wfe) ny
2 2 2 2 =0
(w/c) ny (w/e) Kyy = ky -k (1)
where
5 - 2 o a, .2 2 X o a _ . g
K = 1+ L Gop Fauky v ) (2] + 2_)) = Ky D (wov fawky 900 (2) + 25 % =250
a=i,e a=i,e
2 2 v a _ o a
Koy Ko tRLE (mpuvnluk" &) [25 - 22y + 2 )1,
a=i,e
5 2 - 2 2 2 | it oot
Koy ™ Ky = LTGS2k v ) (2] = 25) + L T (usy Lk nu){zzj 220 -2;425)

a=i,e w=i,e

and Zc; denotes the Fried and Conte Plasma dispersion function Z({w + lﬂu)!k“vc).
The dispersion relation then includes wave absorption due to ion finite gyro-
radius and cyclotron damping effects and electron transit-time damping.

We now present results for Eq.(1l) which yields the same dispersion relations
for the cases treated in Weynants' paper. The particular case we wish to study

is that of the UWMAK-TI counceptual fusion design reactor [5]. The deuterium

plasma parameters are GxIDi].fcml. 100 T T T T T T ]
B 5 i kg 210" %cm™!
TD = 15.2 keV, TE_— 13.5 keV, h_l Re)j

B_ on axis = 35.7 kG, R = 13 m,
9 060]

and a = 5 m. They are obtained from

a global energy and particle balance
020
assuming trapped particle scaling. We

assume that the k" spectrum excited

=020|
within the plasma torus is the same e
as that excited by a launching structure

=060} m
located near the walls in the vacuum
region.

Figure 1 shows a plot of the e ]
1750 1800 1850 1900 |950 2.000 2,050 2.100
fast magnetosonic (F) and lon @
Yorco
Figure 1

Bernstein (B) wave modes for the UWMAK parameters for very small k". A region of
mode conversion is noted for 1.90 < w.waDq.QB. This is quite detrimental for
ion heating for waves penetrating from the high magnetic field side. The ky = 0
case can be expected to be the dominant Fourier spectrum of a single excitation
structure. Fast wave tunneling and Ion Bernstein electron Landau damping can be
expected to assist in power absorption of the wave incident from the high field
side.

1f the parallel wavelength is decreased so that k; = 100", the mode con-
version 1s eliminated as shown on Figure 2 for the same plasma parameters. Note
that even though mlk"ve‘l, the dispersion relation is little affected from that
Eor cold electrons. Appropriately spaced and phased poleoidal hoops or wave-
puide feeds mounted in the outside torus wall could be envisioned to provide
the desired excltation spectrum.

For large reactor devices such as UWMAK-IT, the density of toroidal eigen-
modes such as those observed on ST [6] approaches a continuum when the width of

the individual modes due to absorption effects and the multiplicity of radial and

TTTTTTTTT

poloidal mode LB G O

, o1
A =ky p

1=kip;72 kg =10m~!
numbers yielding o.08f- Ra)j —— T
Imij— — o

the transverse wave-
0.06|

number are taken into
account. The toroidal, i
poloidal, and radial 0.02

mode numbers are given

for a uniform bounded

-0.02}- -
plasma by n = k) R, \\ //
m, and a boundary -004~ \\B 7 .
- v o
value equation invelving S
20085 ""T", -
T T O T 00 A O B Y MEANEEE AN RN RN
Bessel functions 5 5 35 'u/ X} ey
Wep
Figure 2

and their derivatives of large argument kja and the wave and plasma parameters
[7]. The width of a given mode can be estimated from equations for second
harmonic damping averaged over the minor cross section as ?i(mm) ~ ki zTiRJ
miﬂcna ~ 4 x mﬁsec'l which can be shown to be large compared to the mode separa-
tion fun,m,k ). It is desirable to excite low m numbers in order to obtain
core rather than edge heating. A launching structure which has a significant
amplitude of low k“ in its spectrum will excite waves which undergo mode conver-
sion, change the antenna loading, and possibly heat electrons via Landau damping
of the Ion Bernstein mode. Thus for large reactors it will be difficult to de-
sign a launching structure which provides a particular amount of core vs. edge
and ion vs. electron heating.

Skin effect losses for a stainless steel wall at the operating frequency of

54.4 Miiz are small compared to the plasma absorption.
Sy L s i
Vg (300°C) ~ R 8 fa ~3.4 x 107sec << v, (20.,)
1f a carbon curtain is introduced to reduce the Zeff and impurity line radiation
to lower the ignition power requirements, the skin effect losses become
. kol
YEEISUO c) - ﬂwﬁu.’a ~ 2 x 10 sec = << Ti(zﬂcn).
Thus it appears that a carbon curtain does not obviate the possibility of fast

magnetosonic wave heating in a reactor if the wave energy can be introduced

between the carbon curtain and plasma column.
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TRANSFORMATION OF ELECTRON SOUND WAVES IN A HOT-ION PLASMA
N.F.Perepelkin, O.M.Shvets, M.P.Vasil'ev, A.G.Diky.
Physical-Technical Institute, Academy of Sciences of Ukr.SSR,
Kharkov, U.S5.5.R.

The current-carrying plasma instabilities in the anomalous
resistivity regime were studied in the "Uragan" stellarator in
works [‘1,2] . Intensive long-wave K<<lk¢ noises with frequency spec-
tra W-Wpg s.nd.v-ZhJP;have been observed,and these noises were ex =
plained as a result of the transformation of the short-wave
(KsmKd-ﬂ—]:-.cn sound waves excited in a nonisothermal plasma (TQ>)T).
However,at a quasistationary current heating these noises were ob-
served in the form of separate short bursts followed by the bursts
of hard X-rays from a traget in a plasma,as well as by microwave
(UHF) superthermal noises.These circumstances caused some diffi-
culties for interpretation of resulta,In this respect the current-
less plasma,where the quasi=-stationary acceleration of electrons
is absent,is more suitable for investigation of the turbulence,

In this work the microinstabilities of a plasma with hot ions
were studied during the ion-cyclotron heating(ICRH) in the"Uragan"
stellarator.The noise spectrum in the vicinity of w,,; was investi-
gated by two methods.In the first method these noises were picked
up by means of the magnetic loop outside the plasma. Relative in=-
tensity changes of these noises were studied varying the magnetic
field within the resonance curve of the ion-cyclotron wave (ICW)
absorption. In Ehe second method the fluctuation=spectral charac-
teristic mztﬂ) =§é§"_(%) of the thermal UHF emission of the hot=ion
plasma was determ:i;:ted (see [1]) and compared with similar charac-
teristic of the UHF standard black-body radiation,Here Em(m,EM
are the fluctuating and statistical parts of the varience of noise

on the exit of square-law UHF detector; U is the

frequency of fluctuations; 8 =107A% =1 Geps is

the bandwidth of analyzed freguencies Sl and the

UHF band-pass; Afl is the bandwidth of the low-fre-

quency analyzer,

Ion heating in the stellarator was realized at

magnetic fields W =3,8 kOe;7 kOe;12,6 kOe, that

being in agreement with the condition of ICW ex—

citation in plasma for two gases; hydrogen and

deuterium at pumping frequencies §=5,2 and 9,4

Fig.1 Mcps.The typical behaviour of plasma parameters
is illustrated in fig.1, where; 1 - current in the coupler (
9,4 Mcps); 2 — plasma density 1,7 1012 5,v"d.l.v 3 - diamagnetic

signal 1,87.101%4

ev-cm_z'/div; 4 — UHF noises A=2,5 cm; 5 - inten—
sity of radio noises Q = 290 Mcps(time scale is 0,2 msec/div).The
distinguishing feature of plasma behaviour at fast switching-off
(~10 sec) the pumping generator is a slow decay of the diamagne-
tic signal (3) and the UHF noise (4) and a rapid decay of noises
in a radio freguency band (5).The behaviour of ion temperature

(T),plasm density (M¢) and radio noises (W) at changing of mag=-
netic field strength in the vicinity of ICR in deuterium plasma

n

[';; - is shown in fig.2(at t =0,7 msec).Regime of
ol 7 l “\ i‘Le experiment was chosen from the condition of
04 i ;‘ i 2 | maximum excitation of turbulent noises,These
l],ﬁ W d =0 conditions wereT,>»Te which were realized
092 100 108 1jf when %;1.@119 noise intensity |/ decreased
TR H//HEI at the transition to the higher magnetic
Fig.2 field —H—.:-‘l where plasma density increas-—

Her

ed and %ah‘l‘he similar character of ICW absorption was observed
in a hydrogen plasma,

The spectrum of plasma radio noises for the moment of 0,7 msec
was obtained by means of a magnetic loop.Fig.3 gives the relation
of spectral intensitites éj—:‘ as a function of frequency L (here

ﬂ =1,015 and H =1,045,s8¢e fig.2).In this spectrum there are

H HCL

= two maxima at frequencies
'-g! T Ly 2 close to the lower hybrid
fgi:gﬂ ; resonance W, and 2w, .In ex-
N 100 {000 perimental conditions We>pe
» Meps tnis spectruw is satisfac-—
Fig.3

torily described by the
following relation: W= Wy lls fi‘éi{*m@; at changing discharge
parvamsters fle, H and § anda mg ,Frespectively.sxdditional probe
measurements showed that E—‘; £10 with } =445 cm.All our data allow-
ed us to come to the conclusion that the turbulent noises ab W-wpl
are fast magneto-acoustic waves close to the lower hybrid reso -
nance which propagate across the magnetic field with the velocity
Vi = Ve o«

UHF elmission (see fig,1(4)) took place at frequencies rnear W=
(m?;a*-w:e)i and its power Ph was proportional to Te «The fluctuation

(AN spectrum of this UHF emission obtained at

—!— F— the condition: flg =E-‘10qzcm_5,T;=5OO ev,

re'eﬁﬂ ev, H:},S kQe, I:5,2 lcps is presen-—

J

ted in fig.4 (solid line) where for a com-

o parison the spectrum of UHF-standard semi-
Q, Meps conductor noise source is shown too(broken
Fig.d line).The odd harmonics of the lower hyb -

rid resonance W-w, and -3« may be explained as a result of scat-

tering of thermal UHF radiation on plasma fluctuations with Wt o
Eﬁi—“‘w“‘_f 5-‘10"2) allowed
W

%0 estimate a level of turbulence at w-w, as m‘: ~ 1072 1077

Relative intensity of the first harmonic (

The analysis of all available experimental data showed that the
plasma fluctuations at wW-w, during the ICRH might be a result of
an electron sound instability [4,5).According to this theory, a
short-scale electron sound instability with w = Kyl lumei"“ + i+
+ Kz)’l me)l can be excited in a nonisothermal (T.>>Tdplasma by a
trangverse current when a current velocity is I, <V .In cur case
at b =300 ev, TeﬁBO ev,H3_=‘IO+20 Ce the transver-current veloci-
ty was U= 107cmesec™ L, = 1,2 «10%cmesec™", The long-wave plasma
noises at W-w, and -2 are, in our opinion, a result of non-1i-
near transformation of electron sound waves in the low-hybrid re-
sonance region of inhomogeneous plasma column,

The conclusion about possible transformation of short scales in
an electron sound spectrum is in agreement with the results obtain-
ed earlier in the"Uragan" stellarator [1,2] when the ion sound de-
cays in hot electrons plasma have been studied.

The authors are grateful to Prof.K.N.STEfANUV and Dr.V.A.SUPRU-

NENKO for useful discussion,
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WAVE PROPAGATION AND RF PLASMA HEATING NEAR AND ABOVE

THE LOWER HYBRID FREQUENCY IN THEW Il A STELLARATOR

P.Javel, G.Muller, A.v_.H. van Oordt, and U.Weber
Max-Planck-Institut fur Plasmaphysik, Garching b. Munchen

and

R.R.Weynants
Laboratorium voor Plasmafysica, Associatie EURATOM-
Belgische Stoat, Koninklijke Militaire School, 1040 Brussels

Abstract:  Strong absorption of electron plasma woves which leads to @ very localized
energy deposition via the resonance cones is observed. lon heating by parametric decay

is demonstrated.

Intraduction. The torget plasma used in the RF heating experiments now being conduc-
ted on the W 11 A stellarator [1 ]is produced with radio-frequencies and sustained by
electron plasma waves, Owing to the self-consistent propagation of these waves, the
energy fransfer can be studied under conditions quite similar fo present lower hybrid
wave experiments. An important aspect is the occurrence of resonance cones. In a pre-
vious poper D_] we reported on the kinematical aspects of the cone propagation, Here
we describe some of the pronounced effects of the cones on the wove-plasmo interaction

processes, in particulor on the electron and ion heating.

Experimental apporatus, The machine characteristics are R = 50 em, a = 9 em, and
l!o =5kG, and the rotational "r:nsfotm is i_nsihe range 0<£%0.2. The gos used is
Hz at filling pressures of 5, 10 " to 5. 10 7 torr. The coupling structure is a metal
inc's 300 W cw at 35 MHz < f =200 MHz. Breakdown requires
from 30 to 200 W in the specified pressure and frequency ranges, After ignition, the

ring 10 em in diam,; P

plasma can be maintained with a power as low as 1 W, and the coupling efficiency
ranges from 70 % to 100 % without the use of a malching network. The diagnestics
comprise Longmuir probes (only ot high pressures) for n, and T, 4 mm interfercmetry
for ng, end electrostatic analyser for Tj near the plasma boundary, and Doppler-broad-

+)
ening spectroscopy ‘of Ba' impurities for T; and coaxial RF probes.

Interdependence beeen resonance cones, density and temperature profiles, With increa-

sing power, at fixed frequency, the line densih;ﬁ\e dr vories as shown in Fig.1. A cor-
responding set of radially resolved ion-saturation current measurements is also shown.
These results can be explained in terms of the existence domain of the electron plesma
waves. Under the conditions studied here, the maximum attainable densities are such
that the corresponding lower hybrid frequency (Flh) equals the applied frequency, These
densities are indicated in Fig.1 for a square profile of 6 cm or o parabolic one of 9 em.
For the higher frequencies the lower hybrid density  is nat reached since profile broad-
ening resulis from a sudden density redisiribution in which the total number of particles
is conserved for power levels critically dependent on ¢ . The profile flattening strongly
affects the wave propagation. The angle of propagation of the cones with respect to the
B {4‘—@.? )"z :

Toe

where f__ is the electron plasma frequency and F"‘ practically equals f i If the cone

magneltic axis is given by

encounters a high density as soon as it enters the plasma, the energy will have to travel
a long way before reaching the center. In order for the energy to pervade the whole
plosma column, (a) the lower hybrid layer should be present along the density profile
and (b) the absarption length must be longer than the said path length. Collisional ab-
sorption lengths ore expected to be of the order l.c = (iﬂ-l i% .4):%ev_]w (where y

is the collision frequency of elecirons with ions and neutrals), i.e. typical values of
100 to 1000 m. Londau damping is expected to take even longer, In contrast, an energy
packet leaving the RF structure would reach the center after passing 2 (5) m through o
square plosma profile with a density value equal to 50 % (90 %) of the lower hybrid
density.

Figure 2 shows a set of radial electron temperature profiles for different powers at f =
35 MHz. With increosing power, heating preferentially occurs towards the outer plasma
layers, At fixed power, parabolic profiles con be found at the higher frequencies, and
a strong non-uniformity develops ot lower frequencies even under conditions where

the maximum density remains well below the lower hybrid density, These results point
to absorption lengths at least two orders of magnitude smaller than Lc' These might be
brought about by the observed parametric decay of the electron waves into another
eleciron plasma wave and an ion wave with a frequency slightly above the ion
cyclotron frequency.

Of course, decreased heat deposition in the center is not enough to explain the ob-
served temperature minimum, From the heat balance equation it is cleor that this

power has to be more than balanced by a loss which is nat due to conduction. On the
basis of the measured field distributions and the density decay times, we conclude that
ionization, heating of the newly created particles, and radiation constitute a plousible
explanation.

lon Heating. lon heating might occur s a result of ion=electron equilibration with a
power input Pei =1.3- 10-26&. n!,2 TT— /%ﬁ:lcm_:?ne in L'.\'r:-3 and T.r ineV).iisa
function of T/TI which varies only slightly oround o meon value of about 0.3 in the
range 1.5 £TE/T;4IG. Equating Fﬂ. with the ion losses (elastic collisions with neutrals,
diffusion, ond conductivity), one expects Ti o be about 0.6 to 2 eV for densities of

5.10'% 1o 3.10" Ve ™2

and p10 " fore with o T zn2/3 dependence. Fig.3 showsa

typical radial distribution of Ti and the corresponding Te' The presence of o Ti mini-

mum connot be accounted for by equilibration heating since Pei is practically uniform

over the plasma radius. Equilibration is also insufficient to explain the high ion temper~

atures measured at low density (low frequency) and the observed power dependence.

However, the parametric decay phenomena mentioned appear o supplement the

equilibration heating adequately:

(i) The spatial field distribution of the ion waves shown in Fig.4 is "cone-like" (see
alsa (i1)}, and similar arguments as for TE can be deduced,

(ii) Preferential heating at low frequencies is expected on the basis of the Manley-
Rowe relations, which are found to opply.

{iii) It is found that the increment of TI. with respect to the value before threshald is
correlated with the measured instability omplitude.

It was not possible to determine to what extent the ion heating ot low frequencies is

favourably influenced by the fact that the lower hybrid density can practically be

reached.

Conclusions. The experiments confirm in toroidal geometry the good source perfor=

mances reported in ReFE].Freliminury efficiency evaluations tumn out to be quite fa=
vourable at high frequencies although both particle and energy losses are expected to
be accentuated at higher power levels since ionization and heating increasingly occur

in the outer layers.
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PLASMA HEATING IN A TOROIDAL TRAP BY A HELICAL
H.F. MULTIPOLE MAGNETIC FIELD

R.A.Demirkhanov, A4.G.EKirov, S.E.Il'insky, S.N.Lozovsky,
V.B.Maiburov, I.Ya.Kadysh, L.Ya.Malykh

Institute of Physics and Technology,
Sukhumi, USSR

Abstract: The results of experimental studies on plasma
heating in a stellarator "R-02" by a helical quadrupole h.f.
field are given., During the heating, the h.f. field energy is
transported predominantly to plasma ions. Possible mechanisms

of heating ere discussed.

The methods of plasma heating at frequencies W< u}E.L
attract some attention last time. The experiments in this
field are presented, in particular, by TTMP method /1/.
Another possibility is indicated by us in /2/. In the present
paper which continues /2/ we glve experimental results of the
ion heating by a helical quadrupole h.f. field.

The exreriments have been carried out on a circular
stellarator "R-02" with a plasma resistively heated in advance.

The parameters of the machine are the following:
the quartz discharge chamber = D = 130 cm, d = 8 cm,
Bo= 15 kGs, io= 1,57 ,

I kA,
p$ 2

The h.f. field is generated by 8 helical windings. They
make 3 turns around the minor section of the chamber when one
turn along the torus is made, the winding system being similar
to a helical stellarator winding. A whole set of windings
and condensers forms the closed IC-line fed at a resonance
frequency by a four-phase oscillator with independent excita-
tion and maximum power~#40 MW. In the neighbouring windings,
the hef. currents are shifted in phase at 90u. As a result a
yalical guadrupole (mo = 2) h.f. magnetic field (W= 8.106aec'1,
B.’ =~ 150 Gs, pulse duration T = 1,5 msec) rotating around
and running along the plasma column is created. Six periods
(n, = ©) of the h.f. tield with the period lemgth A = 68 cm
are arrapged along the plasma column,

The plasma density avereged over the dlameter has been
measured by the microwave interterometer with A - 2,3 mm,
the specific plasma energy averaged over the cross-section
has been registered by diamasgnetic probes. The electron tempe—
rature was deduced frouz the plasma conductivity 6~ J“ + The
temperatures of impurity ions were estimated according to
Doppler broadening of spectral lines (SiII, SiIII, OII, OIII
etica).

The ohmically heated discharge was unstable and the plasma
escaped rather rapidly. On switching the h.f. field the
discharge was getting more stable /3/ and the plasma density
reached the value corresponding to the density of neutral gas
(He or Hz) before breakdown.

The h.f. field interaction with the plasma shows a well-
defined resonant character. At a certaln density value in the
range of magnetic fielda Bo = B+15 kGs there exist such va-
lues of B, at which the h.f. power is effectively absorbed
by the plasma which is intensively heated in result. Two regim-

es of the resonance heating for plasma

Eotep | densities n = 2.4°10"%cw™? and

s LLE—J'_'_”\!’\J‘ | ne 5-10130111-5 are shown in Fig.4 where
i | the specific plasma energy is presented

| | Vs Be It follows from the experimental

duhe Thst B,~ '/, it the same time,

for a hydrosau plasma, the h.f. energy
effective absorption at the same magne-
tic field occurs at the densitles which

are four times the density for helium,
feee,(By) o ~ ()2, 45 a whole, the
stationary magnetic field resonance va-
lue satisfies fairly well the relation:

(Bu]res =dw- k :g' d={+2 o
Virnm; ke X

The relation (1) being fulfilled, the specific plasma
energy dependence upon the h.f. field strength is shown in
Fig.2. It is seen that the h.f, fleld strength threshold value
exists at which an intense hea-

ting belngs. = =3

Eapr®eeger

The meximum specific plasma
energy averaged over the cross-
section obtained from diamagnetic
measurements is=1,6=10 av-cm'a,
the corresponding diamagnetic tem—
perature being T4=T, + El‘iz 450ev
at the plasma demsity n=2,5*
o‘1015cm

The spectroscopic measure-
ments averaged both over the dis-
charge duration and the plasma
cross-gection give the Si** ion Fig. 2.
temperature Tis= 250 ev, The spectroscopic measurements carri=
ed out at various strengths of the h.f. field show that the
ion spectroscopic temperature is proportional to the diamagne-—
tic temperature: Ti.d.": Tis' The electron temperature estimated
from the conductivity 1a Te=50 ev.

All these facts indicate that it is ion component of the
plasma that is effectively heated. One of the most probable
treatments of the observed plasma heating effect is the mecha-
nism of the resonance excitation of proper helical modes of
the plasma column by the h.f. field. The theoretical analysis
leads to the following expression for the h.f. field By -com~

ponent excited by a helical h.f. current in an uniform e¢ylin-
drical plasma column with the radius :r:,‘D in which a stationary
longitudinal homogeneoua current flows:

- ma-t k3 Cf (1+me g
Bylr)= FJea () HTIFg )= w;‘

Lm (me-1)

Pt R ﬂ o Q .

Figi=l+ng + Gt @
_=tlwtemgp-k,z) T kale ¥
z "Joze . v 31’ =" JJ. 1
f
where r, is the radius of the current sheath, q |,“ﬁ-i.s the
sgab:.lg.ty safety factor, B,, is the poloidal mag;nel;:.c field,
c >
& " hmm;
The resonance condition V7 ——2=|Fgq] = o (3)
\«411 [

coincides, naturally, with the diapersion law for helical mo=
des B4/ (in their stability region). It followa from (3) that
(B) e ~Vnm; (the remaining parameters being fixed) which
agrees with the experimental data given above.

Dissipation of the h.f. power absorbed by the plasma at
the resonance is realised probably by means of nonlinear mecha-
nism of parametric excitation of short-wave cscillations which
can erfectively dissipate due to collisions or Landau damping.

The temperature of helium ions was not determined becaunse
of low luminosity of Hell lines and small light-power of the
apparatus. We have also not yet defined the percentage of im-
purities in plasma.

These two circumstances lead to some uncertainty in the
treating the experimental results since the cyclotron frequen=
cies of impurities (SiII, SiIII, OII) are in the region of ope=
rating values of B,, and the effect of cyclotron heating of
impurity ions is not excluded.

We express our ackmowledgements to V.A.Miloserdov for
help in work and F.M.Nekrasov and 4.G.Elfimov for useful
discussions.
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PLASMA ELECTRON HEATING AT FREQUENCIES ABOVE THE LOWER-HYBRID
FREQUENCY BY PARAMETRIC EFFECTS IN A BOUNDED PLASMA,
V. BHATNAGAR, G. VAN 00ST, A.M. MESSIAEN, P.E. VANDENPLAS, A. PAITHANKAR,
W. VAN HOVE

Laboratoire de Physique des Plasmas - Laboratorium voor Plasmafyeica

Association "Ewratom-Etat belge” - Associatie "“Euraiom-Belgische Staat"

Ecole Royale Militaire - 1040 Brussels - Kominklijke Militaive School
Abstract. Two parametric instabilities have been simulraneously observed
above a certain pump threshold. The pump and the first decay wave are iden-
tified as Trivelpiece-Gould modes of the bounded plasma and the second decay
wave is identified either as an iom—acoustic mode and/or an ien-cyclotron
mode. Spectroscopic measurements show strong increase of electron temperatu—

re with increasing pump amplitude.

During the last few years plasma heating via the exeitation of para-
metric instabilities has been of considerable theoretical and experimental
interest ; see e.g. 1 - 4. As an example, the pump wave (e.g. Trivelpiece-
Gould (T-G) mode, fw(f‘rpe'fce) excites, abhove a certain threshold, an ins—
tability which produces simultaneously two decay modes i.e. an electron mode
(e.g. T-G mode) and an ion mode (e.g. ion-acoustic (IA) mode, f 3 fci or
ion=cyclotron (IC) mode, f o fm:). The decay modes then interact with the
plasma particles resulting in plasma heating., Such parametric instabilities
have been observed in the present nonlinear experiment in which hoth the pump
wave and the decay waves obey the linear dispersion relation of the bounded
plasma systems.

A schematic diagram of the experimenral apparatus is shown in Fig.l.
The pump wave is excited by one section of the split-cylindrical coupler
shown. The pump and the decay modes are detected by spatially movable RF dou—
ble probes and a spectrum analyzer ; k” is measured by the interferometric
technique. Electron temperature is measured spectroscopically (helium line-
intensity ratio technique). Basic plasma parameters are N0=1x101°m‘3 :
Ba=0.8-8kG % Teﬂaeb’ ; length of the column =Im ; diameter =I1.Z2cm and helium
gas pressure =4xI10°% Torr,

The dispersion diagram of a warm-electron, cold-ion,magnetized plasma
waveguide (plasma radius =a , metal tube radius =d) is shown in Fig. 2 for
the azimuthal mode n=o. V.E“ l"g and ‘V’,l represent plasma sound speed, electron
thermal velocity and Alfvén velocity respectively. Warm plasma effects ap-
pear above the l»"‘3 line. There are four sets of modes viz. T-G modes, surface
wave, IC modes and IA modes that exist in the frequency domain shown. By
linear excitation, existence of these waves and their dispersion characte-
ristics have been experimentally ven‘.fieds. At higher RF power, excitation
of the IA and IC modes by nonlimear coupling has been observed, In general,
the frequency spectrum is complicated with side bands and harmonics appea-
ring on both sides of the applied signal in the T-CG mode region. However
for certain ranges of parameters, the situation schematically shown in Fig.3
is observed. Below threshold, the frequency spectrum consists essentially
of a single peak at the pump frequency. Above a first threshold (a few Volts
on the coupler) a sharp lower side band and a low=-frequency decay signal
(kHa range) appear in the spectrum. Above a second threshold (which can be
lower or higher than the first one depending on plasma paramerers), a ra-
ther broad lower side bandand a broad low-frequency decay mode (MHz range)
appear as shown im Fig. 3.

The frequency spectrum containing the kHz signal and one side band is
shown in Fig. 4 for certain parameters. The amplitude of the side hand(,“f)
is about 20 db below the pump (fg) amplitude but that of the low-frequency
mode Efa) could pot be compared due to the frequency-dependent capacitive
coupling of the probe. The frequency condition fo=f1*f2 is satisfied. Axial
wavelength measurements of the pump and decay waves provide ir.”ffojr-'o, Bom™ !,

k”z(j"]h.?.b‘cm'l, k

ug(fa}ﬂ.lm'l and roughly satisfy the condition k =k

wo  y1

'k.vz' The high-frequency (i.e. the side band) and low-frequency decay
waves sarisfy the dispersion relation of T-G mode and IA mode respectively,

Figure 5 shows the spectrum containing the mode that appear in the
Mz range with f‘u-‘rf]+f2. But it is difficult to verify the kj-selection
rule since the frequency spectrum of the decay wave is rather broad. Never-
theless, the low-frequency and high-frequency decay waves lie in the IC and
T-G mode regions.

When the pump amplitude is increased beyond both threshelds we find
that : (i) The spectroscopically measured TE reaches a value which is rough~
1y twice that of the imirial Te as shown in Fig. 6. (ii) The figure also
indicates that electron density decreases. Such a decrease in density has

6

also been observed by Hendel and Flick in their study of TA decay instabi-

lity., When the pump amplitude is several times the threshold, there is a

saturation of Te and the pump power alone is able to sustain a plasma in the
machine with modified parameters.(iii) Concerning the IA decay wave, we fur-
ther find that j‘e (IA) increases when TE increases while always obeying

w/ky = Vﬁ'?mj: and the cerresponding decrease of j, (T-G mode) is such that
fa:f'1+f2 remains fulfilled.

Two parametric instabilities have been simultaneously observed in our
linear machine and these are accompanied by a doubling of electron tempera-
ture and a decrease in plasma density.

Acknowledgements. We thank F. Alberta, J. Neefs, F. Van Goethem and F. Van
Thille for their skilled technical assistance.
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QUASI-LINEAR APPROACH TO THE ABSORPTION OF AN RF FIELD AND
HEATING OF A MAGNETIZED PLASMA
M. Bornatici
Department of Physics, University of Calabria, Cosenza,Italy
F. Santini
ASSOCIAZIONE EURATOM-CNEN sulla Fusione, Centro Gas Ionizzati
c.p. 65, 00044 Frascati, Rome, Ttaly.

ABSTRACT: The absorption of an RF electric field and heating of
ABSTRACT

a parametrically unstable magnetized plasma are discussed in
the guasi-linear approximation. Comparative heating of electrons
and ions is considered for the resonant parametric excitation of

a lower-hybrid and an ion acoustic mode.

INTRODUCTION: The possibility of transforming the electromagne-
tic energy of an intense RF electric field into thermal energy
of plasma particles through the excitation of parametric insta-
pilities is considered among the various schemes proposed for
the heating of a thermonuclear plasma. Particular attention is
given to the frequency range around the lower hybrid resonance
) where instabilities can be prametrically excited via both
the three wave resonant interaction and the mechanism of inver-
se nonlinear Landau damping. To estimate the rate of plasma heat
ing due to an instability requires a nonlinear description of
the instability which gives the level of fluctuation at which

2
the instability saturates( ).

A gquasi-linear description of the
instability although insufficient to give a full solution of the
heating problem allows nevertheless to compare the ion and elec-
tron heating to establish whether an efficient direct heating
of the ions is possible. On the other hand,once the level of

saturation of the instahility is known the electron and ion heat

ing rates are formally obtained from the guasi-linear energy egquations.

Here by making use of the quasi-linear approximation we
evaluate the absorption of an homogeneous RF (lower hybrid)
field and derive how the electron and ion temperatures increa-
se for a plasma which is unstable with respect to the resonant
decay instability.

OUTLINE OF THE GENERAL PROCEDURE: The presence of a spatially

( 1e it 1
homogeneous and monochromatic pump field & P J-—‘(_r[.-e scc)is
described by expanding the distribution function .}K of parti-
cles of species (and the self-consistent electrostatic field)

in terms of harmonics of the pump frequency We ,

BACEAYS 2 (u“z A (e O g et (g

Here each component E‘ u- {)of the background distribution func-
tion and [.),_, (&]:LJ._,(:)M fillare slowly varying functions of time;
Ww=V-vV, is the particle velocity in the frame oscillating with
velocity Uz, dfg=1, y&x:_?:with 1y =9y Bafmyc .§;=§-\3ufand

Wrtfar= Viw 4fa M) £, €

tensor of the species ol

Silu b . el
‘‘ecwhere My(w.) is the mobility

Expansion (1) is now used in Vlasov equation to obtain an
equation for the k = 0 part of the distribution function (in

fact this corresponds to an infinite number of eguations, one

for each I-‘K(n)) and an egquation for "{‘_)df

nonlinear terms. By combining these equations one is left with

where we disregard the

s EM 3
a set of guasi-linear-type equations for My which can then be
used to express the velocity moments of F,l,h)in terms of the fluc-
tuating self-consistent field.

ABSORPTION OF THE RF FIELD: The anomalous absorption of the pump

field by the particles of species ¢/ is related to the work,ave-
raged over the pump period 2T[w,, performed by the pump on the
particles, . ¢

. T (™) e’ “ ) =

\ s Jw 2wty e Bud=gqRelfye|u Ry (v ) dul(2)
<Eplt) ;“(m-qd(ﬂ(dj_g « (%) =q Repbor |1t By (1,
By making use of the eguation for the first hamonic of the back-

1) -
ground distribution function I one finds that, at the lowest
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. .
significant order in the pump field,(fp (t)- 3,&»*4’: (‘*‘5)‘?’, (w,-wu)J
with Ct]k the Fourier component of the potential. We note that in
the random phase approximation this term would be zero. By

making use also of Poisson's equation and the expression for

the growth rate ﬁfh(‘”

L“'- <" L. LkE tcﬂ”(ﬂ.« i)
E_ (& ) ks (e )22 ﬁl’ PE U (3)
Epl)d >4 2 Laf. D( gt cll Ak WE,

where £, (w,)= F. y.{.El::qu fux{w, ) is the (linear) dielectric
function with absence Df pump field; b’“ _Lf.' i3 K- M (w_,)E /Wa .
X«x 1s a phase angle; f (W) -k H’ (hJ w.,}”,srrls the spectral
energy density.
From (3) one gets the average work performed by the RF
field on the plasma (3) 3
CEple) Ay =<E ) 21, - zzw{ 15—(“—[%” €L st € (euiha)
From (3) and forﬂ «“’ <<-ﬂ£1t followsl(E j >{(E‘:3 >I O(ﬂ fw)
so that the absorption of the pump ta_kes place essentially
through the electrons, (EP J> & (E jg>.

ENERGY BALANCE AND PLASMA HEATING: The time variation of the

kinetic energy density of particles of species & , averaged
over the period 31"'&16) 'n‘,‘(d li',),__‘mn(ﬁ,,(‘m JE, Mfa[.dsu.), at lowest
order in the pump a.rnplltude is expressed by the eguation:
I ,-JE (w »
o, ? o) 22{[ 7.3 ")n ) 0y £ ()] gk(m“e) ¥ (5)

+ same term with (I, o wo_!uul}

a result which is independent of the phase relationship of the
unstable modes. The terms on the r.h.s. of (5) proportional to
"]]; refer to the sloshing energy, while the terms proportioc-
nai to the imaginary parts of the dielectric susceptibilities
E;! are related to the thermal energy of the particles of
species & , i.e., characterize the rate of heating of the par-
ticle species (ﬂ-aT /;)t » By using (5) and the Manley-Rowe
relation one ohtains the energy conservatlona-%[zhk 71("' Jﬁ-(t‘—f f]_)

where L&J, [? (Lu £}+ Wy(w, [,

'Jand,at the lowest order in ‘-\J}!.d

(M)
2t

,J—Z(gm"f;} :ngu 5;’ (49~ [9,]) %E (wy=1w, (¢ )

FINAL REMARKS: As a specific application, we consider the reso-

nant decay of the pump into a lower-hybrid and an ion acoustic

mode in a Tokamak-like plasma. With W,=(u, =30

pi max pie (L.eey
14 =3

13
Mex10 7, M= 107 em ), T, = 300 eV, B, = 50 kG, £,=750 v/em

and a RF power input of 1 MW, we obtain [j": 2.1075ec—.I and

3 € (wrlolfgs 10

absorbed RF energy goes into thermal energy, i.e.,

By comparing (6) and (4),only 5% of the
before wave
saturation, the pump energy is mainly converted into wave and
sloshing energy. Also from (5), "\aTe/Jé )/(QT"['KPM. One can conclu-
de, therefore, that the g.l. regime of the instability hardly
affects the ions.

In the presence of nonlinear saturation, it is reasonable
to assume that (6) is still valid with £, representing also
the nonlinear dissipation, if in such regime (3‘;=9, ng:m“"i')
?Ej{”"nrr << 1. Indeed, this is in agreement with the request of
a heating time C}~ 1 msec, since from (E)/‘SE ]['h,r?‘—’i,,-?tg Wby
which is satisfied for the above plasma figures. Whether the
saturation occurs at that turbulence level and what is the ratio
Edu [E_—: E(DTC hl;)/(‘)-r"f){-jis related to the specific nonlinear
phenomena, which can occur.

ACKNOWLEDGMENT: Useful discussions with Dr. Engelmann are
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ON THE THEORY OF ELECTRONCOUSTIC WAVSES IN PLASMA
M.L.Tsintsadze, D.D.Tskhakaya
Institute of Physics, Academy of Sciences of the Georgian

S8R, Tbilissi, USSR

Abstract: The character of electroacoustic waves in plasma
with the negative dielectric permittivity at the stromg HF
fields when the HF wave pressure is greater than that of hyd-
rodynamical is investigated. Under these conditions the elec~

troacoustic wave is the wave of compession.

The propagation of the electromagnetic waves in plasma
can be accompanied by the electrostriction effecis which are
manifesting in the fact that HF field pressure changes the
density and at the same time the medium dielectric permitti-
vity. These modulation processes lead to the generation of
the sound oscillations which are propagating in plasma with
the negative dielectric permittivity in a form of solitons

/17. In these works HF electromagnetic field was assumed weak,
2

2 We 2
E‘m o EXELNQ)\ _":f t‘r. ? %H
where wf’ g 4w 52 198
Elwe) = | - Tg‘ ’ W, = e »
g W T wE T
& = e s ' 3 Te 5% TL 5
e eg

n,=- nonperturbed density of particles, W, -HF field frequen-
cy. The condition /1/ is equal to that of HF pressure small-
ness in comparison with the hydrodynemical pressure. In the
case of stationary waves, when 8ll values depend upon the
argument £ = X —ut the relative perturbation of the

density is 1-Te z= Y
Ng L

s, where \/ = is the projection of
the hydrodynamical velocity onto X axis (we consider small
perturbations V < W ). Since the hydrodynamical pressure is
greater than that of HF, the force caused by the full (hydro-
dynamical + high frequency) pressure is directed against the
wave propagation. Hemce, V <O and always we have the wave
of exhaustion M -n, < O , However, if AF pressure is grea-
ter than hydrodynamical one, the full force changes its di-
rection, the velocity being V>0, and the soliton has a
character of the compression wave.

The electromagnetic wave propagation is described by the
system of Maxwell equations and the equations of the plasma
hydrodynamics. We will not restrict the amplitude value of
HF field assuming that electrons in HF field may possess high
velocity (up to relativistic values). With HF field the search
values contain together with the slow dependence upon the
time, the fast dependence with the characteristic time s’,r/./_,u ]

The fast changeable ion motion is neglected. If the spatial
1vi

dependence is considered sufficiently smooth [ >>
(L - the characteristic distance of the variation of slow
or fast changeable values) the procedure described in /2/ can
be used. By means of averaging over the period EE/E/;Q the fast
changeable motion can be isolated from the slow one. Since
we take into account the relativistic character of the mo-
tions of electrons in the transvers HF field the momentum of

the fast changeable motion may be found in a form of /3/:

HEATING

o= Po(5) Cor(roet = %,8) , Py= P (5) Sinl(wet = =05) .
When the condition of the quasinsutrality is realized

the equation of fast changeable motion has a form

2 R i
N n Ce o ()
—i= =g ME] - Pol Ko+~ 1-37#%0
Ag? cgii ) CE*Ll2} aH < '{ \ Ko
2 g 4
ko =( P )% K P )/2
L =i = [ § gy #
where p,,, - maximum value of electron momentum, The mementum
e B
P,is connected with HF field amplitude by P, = fw—'-’-
°

The propagation speed of the sound wave and the relative

change of the density are determined by the expressions

a [ Me ; i 2
wt= gte = K, e,
e X
Brwe: 2 A DR eEl,
No K

g % N .
where 5% = TE and the value A determines the maximum
deviation of the density from its value n, on the infinity
% — o , For a compression waves A >0 , and for the

waves of exhaustion A< C . The value A satisfies the

equation:
2 2 2
2 Re 2 LB me v/
At el 2 el - & - § = ;)LM}A - &3
™
Tﬂ K,,, =20 .
wl¢a ¢? is accounted for the above formulas. If \r‘.(l-m)]?
2 2
lii- ‘_"—‘;_ the equation (2) has a solution vanishing on the
CP i

2 q..4

infinity /1/. In the nonrelativistic limit Po << ™meC
-4 R PR
this solution has a form Re(s)=%_ ch R?Uﬂ")l‘g‘x 25“,

The analysis of the solution of equation (3) leads to
E S

the following conclusions: if % K._>2 l Ek‘-‘-*-){ % ':':1 the
only solution satisfying the conditions
2 2
o S 4
| &l e >0 (4)
has a form
[
s s H VI
A=asfateaTowl® 5
n..i me 2 . 3
' a 2 Lg s.
a= E—(Mf * m:)k... = | &lwe) e e

For realization of the first condition (4) it is necessary
i
that | &(ws)] >3M£(%) As it follows from (5) A>0 , we
o e 2 ! .
have the compression wave and W = 5~ , If K _»>2 |t.(‘-‘°)| we

obtain in the nonrelativistic limit

2 - 1/
N )
° 2y

2 2z
Por the weak HF fields, m- Km< 2 |E(s2 :—1 ::—";-(this con-
dition is equal to that of (1)), the solution of \:he equa—
tion (3), satisfying the conditions (4) leads to the re-
sults of /1/.
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Electromagnetic Resonance Cones in a Bounded
Inhomogeneous Plasma

F. Leuterer

Max-Planck-Institut flir Plasmaphysik, EURATOM-
Association, D-8046 Garching bei Miinchen

Abstract: We study the performance of a simple azimutally symme-
tric gap for coupling r.f. power into a plasma filled waveguide.
power flow and input impedance are computed in terms of normal

modes.

We consider a cylindrical waveguide of radius a, filled with a
cold inhomogeneous plasma and oriented along a magnetic field.
70 a gap of width d around the plane z = o we apply an r.f. vol-
tage U = Uo elut. The boundary conditions for the electromagnetic
fields to be met are
E,',{e,u.)E o i
£, {2iee)= Hovf
By superposition of two independent solutions y

for —dfy 2250 % )
(1) (2)

we get the unigque solution for the fields in the waveguide

Yabb ) [ D45t 0) /8.5 8,0 )] Eolh 2) 2)
where yd(k,r) is the electromagnetic field vector V=
{E,. H,, By, Hy, B, H,{ , and

a3 (2} "

(é,r) :.f-t f”ir’J

A &, r -'/) . 3} (3)
«3 (%, ) '_;”,f&_‘,n) ;,";f (h,a)

The field in coordinate space are obtained by reversing the Fou-

and ¥

rier transform in equ. (2). Since along the real k axis equ. (2)
shows singularities whenever

byg (k=K a) =0 , (4)
which is the dispersion relation for normal modes in the plasma
filled waveguide, we apply residue calculus tc obtain the follow-
ing normal mode expansion for the fields:

. . -t
'e”‘ﬁ-hf’ff‘f/(_) i g’é‘ﬂ é) ,nf %>"”/z

ffd(e,r).—éf,z s (o, v) Frlwtr-) il lintt) p A< (s

. ; v N/
w  td i L) | i (2-%) ,-wfi(;‘z*.'C“’f/z

with 1';5 l'én,"): A,c.}l’én, ")/l; [44'3 (k a';]
7 e e

Computing Poynting’s vector and integrating over the cross-section
we can evaluate the power flow along the waveguide and also the
input admittance of the gap which is:

277, = 2w Z Fuylh,a) [Hei 6] 6l
VER 2 2 i £yt - 2l () s G (2l i) ; B~ Vlofes -
A more rigorous theoretical derivation can be found in /1/. We
have numerically computed the fields, the power flow and the in-
put impedance for the parameters i = d.¥ ) ‘-UF"%)LL =03 enpl- (% )],
a¥p =5, for which we do not yet have a lower hybrid
layer in the plasma. But depending on « we may have a cutoff
layer mn(r) = w within the waveguide. The main characteristic
of the solution is shown in fig. 1 where we show the magnitude
of the real part of the Poynting vector,! Re {S(r,z)“ as it de-
velops due to interference of radial modes if we take more and
more of them into account in computing ya(r,z). The resultent
maximum moves radially if we move away from the exciting gap,
wntil it reaches the opposite wall where the energy is reflected.
Its trajectory is known as the ! resonance cone' from a number
of electrostatic calculations /2-4/. The power flow thus is spac-
ially confined, its radial extent increasing with the gap width
d. Integrating over the cross-section we get the axial power flow
which is seen in fig. 2 for various plasma profiles how it deve-
lops with the number of modes being taken into account. For a
homogeneous plasma, fig. 2a, we see that for a gap width d = o
(6(z)-exciter) each further mode still contributes to the power
flow, while for increasing gap width we reach pretty soon a
saturation, i.e. the higher modes don’t contribute anymore to
the power flow. In this example of the homogeneous plasma this
is solely due to the (sinﬁxﬁ./l‘ﬂé } decrease of the external
excitation of the higher modes. The resulting input impedance
also shows kind of a saturation and is listed in table I.

Let us now look for effects due to a density profile. In fig. 2b
we do not yet have the cutoff layer within the waveguide. In this
case all the essential features remain the same as for a homogene-
ous plasma: There is still a pronounced maximum in the Poynting
vector due to interference of the radial modes. For gap width

d % o we get again saturation of the axial power flow.

For steeper profiles, where we get a cutoff layer within the
waveguide, the axial power flow now shows saturation even in the
case of a b-function excitation although from the external spec-
trum, g(k) = 1, all the higher modes should be excited with
equal strength. They are however less excited due to their ra-
pidly increasing wave impedances. The onset of this saturation
occurs the earlier the farer away the cutoff layer is from the
wall. In fig. 2d for example only the first three radial mecdes
are of importance. Lacking the higher order modes, the power
flow is no longer confined to a narrow cone, but the "cone' is

smeared out over a large radial extent.

All profiles treated have one thing in common: the real part of
the input impedance remains nearly independent of the gap width
d within its range treated, although the actual distribution of
the power flow changes with d. The imaginary part however is
nearly proportional to d. This fact might be important in de-
signing a coupling device for high power plasma heating.
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Table I. Input impedances for the various profiles
treated, Z2/2Z, = X + iY.

« 2o 0.8 0.65 0.5
x 0.03 0.12 0.23 0.47
¥ c.08a% o1 4y 0.15 4% 0.27 94
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Fig. 1 Development of a resonance cone due to
interference of up to 17 normal modes.
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ABSORPTION OF THE MICROWAVE POWER IN A TOROIDAL
PLASHA

V. Kopecky, J. Musil, F. Zhcek

Institute of Plaswa Physics, Czechoslovak Acedemy of Seiences,
Nedemlynskd 600, 180 69 Pregue 9, Czechoslovskis

Abstrect: This paper deels with the experimental verificetion of

the possibility of effective absorption of the micro-
wave energy in the toroidal plasmn st high magnetic fields ssti-
sfying condition w«<c, , where < end «, are the frequency
of microwaves and the electron cycletron freguency respectively.

Recently has been shown that the microwave energy cen be
effectively absorbed in an inhomogencous plasms also at msgnetic
fields which are higher then msgnetic field corresponding to ECK
i.e. 8t “eey >4 (1-6]. This finding hss the fundamentsl impor-
tence especially for h.f. heeting of plasmas. The experimentsal
results obtained up to now sre, however, not sufficient to judge
the perspective of such absorption for h.f. hesting of CTR plas-
me. One of very important tssk is to verify this electromagnetic
weve energy absorption end its efficiency in toroidal configura-
tion, see for instance [4].

Such study wes carried out in the toroidal device Inter-
mezzo. Besic parameters of this device are following: stainless
steel vacuum toroidal chamber, msjor radius 35cm, minor radius
4.Tem, limiter radius Jem, continuous toroidsl msgnetic field of
up to Z.5kG. Inside the vacuum chember two identical spiral slow
down structures are diametrically placed. These structures ere
coaxislly fed from the magnetron GO 5A 51 (f5= 2.35CHz, P = 0-
~2kW) or from the megnetron 62 SA 51 (f3= 1.25GHz, P = 0-30kW)
in pulses T = 200-500psec with repetition frequency “re = 50Hz.
The absorption of the microwave energy at high msgnetic fields
“-k/ >4 requires a preionizetion [6]. The initisl plasma is ge-
nerated by the dlrect heated cathode and the plasme density N
can be vsried from = 10807 to ¥ = 10%%cn™?

Wein results of our experiments are given in figures.

N /i, Fig. 1 shows the depen-
dence of a mesn electron
W' Kri256E; Pos3v. density N . of the hyd-

rogen plssma crested af-
ter sbsorption of the mi-
crowave power with frequ-
ency 'f'l= 1.2%GHz and fE=
= 2.35GHz in the initial
plesma on the magnetic
o’ __ fie1d*g/. Since the de-
Wi gree of ionization ofour
FIG. 1 initiel plasma was very
small (£ 1%) and practi-
cally all the sbsorbed energy went into neutral gas ionization,
the density Nabs cen be in the first spproximstion considered as
& messure of the sbsorption of the microwave power in the initi-
al plasma. From these messurements it is clearly seen that

(1) ot high magnetic fields “te; >4 the absorption of the mi-
croweve power practically does not depend on the magnetic
field;

(ii) the density of the plasma created st high msgnetic fields
AL BT considersbly higher then st low msgnetic fields
gy, <1

(i11) st &g/ 22 an overdense (F/N »1) plusma cen be genersted;
after sbsorption of the microwave power in the initiel hy-
drogen plasmn at pressure p = 1.5210_4Torr creates plasms
with density
8) N/W, =15 for imz JkM end  f,= 2.35GHz
b) N/N =70 for P; =5k and f;= 1.25GHz.

Fig. 2 shows the dependence of the power reflection
coefficient |BJ2 of microwsves (fl- 1.25GHz, Pmc— 100W) delive-
red into toroid by the first spirsl structure on the density N
of the plasme genersted independently by the varisble microwave
power at freguency f2= 2.35GHz by meesns of the second spiral
structure. The plusma density N was regulsted by the change of
the microwsve power f, from O to 2kW. The wessurement was car-
ried out et“}%:;‘ = 2 and ““¢fu, = 4. The cheracter of both curves
given in Fig. 2 is the same. From these curves it can be seen
that

0.1 ARGON p35.10" Terr FIG. 2

PTTOW . | -1 250m:

(i) at I\T/Ncé.l the reflec~
tion is high and the
system slow down stru-

cture - plasma repre-
i sents for the incident
% 3 o wave practicelly a
Wi, short circuit;
(ii) in the intervsl léN/N <10 the reflection strongly cec-
reases from lﬁ|2 0.9 to |H? 1;

(i11) et P»/NE%J,O the reflection is very small llﬁgé 0.05) and
the system slow down structure - plasma represents for
the incident weve almost total impedance mstching.

The further importent re-
3
oo Yamfu, sults of our measurements is the

!

dependence of the mean electron
3ol
30| 1m0

density of the hydrogen plasma
Nabs’ crested after sbsorption of
the microwsve energy I in the
uu.tlal plﬁ.‘:lﬂa with N= axlﬂ]‘lcmh3
HVoRGEN g - 1508 Ter g G =4, on the incident po-
"2“:'“; ”i"'m.’""' wer glven in Fig. 3. This depen-
ol dence can be divided into three
regions:
(i) region of & strong increcse
X 5 2 % of Habs; here it is clesrly
— 7 _lew] seen the threshold of the in=-
FIG. 3 cident power f{rom which an
absorption steris; this fact
supports the ides thet sbsorption mechwnism 1o nonlinear one,
in the interval Pince

230" w00

10'] 50

~——inifisl plasma density

(ii)region of the linesr increase of Nab
€<T to 1% > kw;
(iii)region of & slow inecresse of Nabs at P:i.nc’}' 14kW.

5

The considersble deceleration of the density increese in
third region is now under study. It is not excluded that the de-
crease of the density incresse is csusea by a strong decrezse of
the density of neutral particles. In this region the degree of
plasms ionization is already high snd it spproaches to 50% (cal-
culsted from the mesn electron plasma density).

Very important results of our ceasurements is also fact
thet the reflection of the microwsve power delivered into a den-
se {!{/NC»I) plasms is very low not only st sSmall powers of in-
cident wave {(see Fig. 2) but thet it remeins aslmost zero also in
the whole sveilable intervel of incident power Pmc: 0 to JOkW
end the system slow down structure - dense plssma represents for
the generator a matching load. We can expect thut the same situ=
ation will take plece also in the case when considerably higher
powers Pmcr)Ok‘ﬂ will be delivered into the dense plosms.

Conclusion: Our experiments clesrly demonstrated the possibility

of the efficient absorption of microwave energy in
the dense (N/N_»1) toroidasl plasms ot high magnetic fields™el>.
The existence of such sbsorption seems to us very promising for
h.f. heating of CTkK plesm&é. The plasma heating csn be reelized
at relatively low frequencies in bunds of cm &nd dm weves end
this is greast advantage. Today there are cm and dm generstors
of very high powers of the order of iW end grester which are
sufficient to heet plasms in large volumes.

Very important is elso the fact that the system slown down
siructure - dense (N/Nca‘* 1) plasme represents for the incident
weve matched load and the microwave energy from generator cen be
practically without losses transferred into plasma.

The authors would like to thsnk Drs. J.Datlov and L.Kryske
for developing of the directionel couplers at f = 1.z5GHz which
enabled us to perform messurements given above.
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NONLINEfR BEHAVIOR AND STRONG DAMPING OF LARGE AMPLITUDE
ALFVEN WAVES

E. Berger, G. Miiller, E. Riuchle and P.G. Schiiller

Institut fiir Plasmaforschung, Universitdt Stuttgart, Federal
Republic of Germany

Abstract: The influence of the amplitude of torsional Alfvén
waves on wave field and wave damping in connection with
plasma heating were observed experimentally. Strong wave
damping is explained by turbulent resistivity.

Introduction: Propagation of large amplitude Alfvén waves
and associated plasma heating was observed experimentally /1/.
There results a steepening of wave fronts to switch on shocks
because of the relatively low frequencies and large plasma
radii. Strong wave damping was found at pertubation ratios

By jﬁcz of about unity.

In this paper amplitude effects of almost monochromatically
excited torsional Alfvén waves propagating in a cylindrical
plasma parallel to a homogeneous axial (z-direction) magnetic
field Boz up to 9 k" are reported.

Experiment: Experiments were carried out in a guasistationary

(200 < usec) plasma generated by a discharge between electrodes.
Plasma parameters: length 1 m, diameter 5 cm, filling pressure

15 cm 3, To =Ty = 2-3 ev.

Alfvén waves with azimuthal wave amplitudes By up to 5 k/7 were

0.15 torr hydrogen, ng = 2 - 10

excited by a ringing capacitor discharge in a frequency range
of 600 kcs/sec. A coaxial wave gun was used as antenna.

Measurements: In the case of small amplitudes (By <£100/7 )
normal wave propagation was found. Under the condition of small
nonlinearities (BYS_SOO /") harmonics of the excitation fre-
quencies were observed. Fig. 1 shows the original excited B,
component of the wave at r = 8 mm (the point of maximal wave
amplitude) and the Bz component at the same position, created
by nonlinear wave-wave interaction . The Bz component is com-

posed of a dc and a double

frequency part. The nonlinear

f\ / terms (wgrad)v and j x B
8

Iy AJ"‘ o in the equation of motion

/3
"L WY M
NS

are responsible for the ob-

served nonlinearity. Per-

turbation theory leads to

the relation

o B, (20 ) o= Br(u)o)z

Fig. 1 : Bf and B, SE i B which could be verified ex-
perimentally. The measured

I B, (2wg) as function of By

B, 12w,) is shown in figure 2.
%{m}/z

For the above amplitude
6 range, the damping decreased
with increasing amplitudes.

4 If the amplitudes are further
raised, a strong increase

4 of the damping was observed.
kr Fig. 3 shows the observed
@ az ac as damping constant d [Efnce-
for two different magnetic
field strengths Bcz = 5 'k
and B =9 k/" as a function
of the wave amplitude By .

dz)

Fig. 2: Amplitude of double
frequency Bz as a function of By

In the low amplitude case, the Alfvén waves are damped by binary
collisions (Spitzer's resistivity). The ohmic heating of finite
amplitude wave causes an electron temperature raise connected
with an increase in electrical conductivity, which leads to the
reduced dissipation. Electron heating is observed by the appear-
ence of multiply ionised impurity lines, such as 0 II, C III,
CIV on the axis, where the wave current density is concentrated.
Ion temperature increase up to 20 eV was measured by Doppler
broadening of He II 4686 line. These measurements show that the
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electron temperature raises faster than the ion temperature.

Pigy: 3z
Damping constant d
e ( Boce™) as a
50r function of the
amplitude Bf

[}

005 Lopm Fig. 4:

Normalized radial
amplitude profile Bp
and connected current

(S
=
w
-
=
{n]

density jz for two
L different wave ampli-
tudes.

Jz,lr(L wnits

45

— Bgmop

-

[ o 0 .

The region where the increase of the damping rate begins does
not depend on the perturbation ratio By /Boz but on the amplitude
By only. At these amplitudes the current density jz of Lhe wave
is so large on the axis that the electron drift velocity exceeds
the ion sound velocity combined with Te > Ti' This is the
condition for the appearence of the ion sound instability,

which results in a reduction of electrical conductivity and

the strong wave damping. During the excitation of the wave
electrostatic fluctuations were observed in the freguency

range 50 Mcs/sec - 500 Mcs/sec by means of electrostatie
probes,as used in /2/.

A decrease of the electrical conductivity on the axis leads
also to a radial displacement of the wave field to the outer
region. The dependence of the radial wave profile on the
radial profile of the electrical conductivity is known under
linear conditions /3/. The measured normalised profiles of
B, (r) and the related current densities jz (r) are shown in
figure 4 for different wave amplitudes.

Conclusions: Nonlinear effects at the propagation of torsional
Alfvén waves can be observed at perturbation ratios of some
per cent already. At relatively small amplitudes of 10-20 %,
strong wave damping is observed which does not depend on the
perturbation ratio but on the wave amplitude only. This and
the fact that the conditions for the ion acoustic instability
are satisfied, leads to the conclusion that under the given
experimental conditions the torsional Alfvén wave are damped
by turbulent resistivity.

/1/ R.C. Cross and C.N. Watson-Munroe
Phys. Fluids 11, 557 (1968)
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Phys. Fluids 15, 825 (1972)

/3/ G. Miiller, E. Riuchle, P.G. Schiiller
Plasma Physics 15,925 (1973)
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R.F. HEATING BY MEANS OF BOUNDED ALFVEN WAVE RESONANCES
IN MAGNETICALLY INHOMOGENEOUS PLASMAS.
A.M. MESSIAEN

Laboratoire de Physique des Plasmas — Laboratorium voor Plasmafysica

Asaociation "Euratom-Etat belge" - Associatie "Euratom-Belgische Staat"

Eecle Royale Militaire - 1040 Brussels - Kominklijke Militaire School
Abstract : A gradient in the steady magnetic field such as occurs in large
low aspect ratio tori only affects the magnetoacoustic resonance spectrum
by internal coupling of different azimuthal modes. Furthermore the conflu—
ence between compressional and torsional Alfven waves increases strongly the
absorption. This effect combined with the excitation of a bounded plasma
resonance provides an attractive heating method.
Introduction. Recent heating experiments made in the ion cyclotron domain on
the tokamaks TM-1[1] and ST[2] have shown the important role of the magneto-
acoustic (M.A.) resonances [3,4] in coupling rf energy to the plasma. Even
in large machines these resonances should play an important role [5]. Here
the effeer of steady magnetic field inhomogenmeity om these resonances is im~
vestigated. This includes also the study of the effecr of the confluence be-
tween the fast M.A. wave (characterized by the perpendicular wave number kJ}:
see details in 3,4) and the torsional Alfven wave (kJ.Z)' The behavior of k7

1z

and kis is given in fig.l : the confluence occurs for w = w, and the zeroes

g
2 = : . y

of kJ.a at w = wg, and "'3.':‘[”‘ Typical absorption spectra in the homogeneous

case are given in fig.2 for axisymmetric (n=c) and dipolar (n=1) excitation.

Resonance "A" occurs at w = wy and the M.A. resonances for w > woye Recent

related work appears in ref.[6,7,8,9] and preliminary results of this study

are given in [4],

Model. The problem is solved analytically using a plane slab model with -:—:p
):§

ﬁ= ik, and §D= Bo(zﬁa (see fig.3). Choosing an external eu':mz excitation
characcerized by #_ = Foosh(hz)exp(ik,a) (with h = V@f,— ké) the model studied
is analogous to the cylindrical case with an axisymmetric excitation, the
correspondance between axes being x~r, y+8, z+3. The exciting field induces
a scattered field outside the plasma (= e@(—h[zl}). The fields induced in
the plasma can be derived from the solutions of the following differential

: 2= 2 .
equations (ko ' souo} E

L. |
T RSt i Y e 2 g
[Efi«o{ : ) klrlsx*"knslﬁyo
m
e L N R
a2 5 o 1 " Y o€, Fx

The € 's are the cold plasma permittivity tensor elements (including phenome-
nological collision frequencies v, and v, and kinetie corrections of order

zero in R*V/mcj. Eq. (1) describes the fast (M.A.) and slow mode of Fig.l,whe-

Te Wy Loy and wgy are now x dependent.Except near the confluence(m}:fr):w),

these modes are approximately decoupled and (1) can be then represented by

{2
&2 thoeg
[=—+K, (z) 1B, =0; B, =—2Z8 2)
a2 13 2 ’ ¥y X Ty
2
& kS g
[&—+x2,(x)18 =0; B_ ==L Zp
v x) 1 s o ; £ T T, (3
g
; - . B = . k2 o=y 0., Phiw 3. .73 =5
with B,; EII+512 3 By Byl*aifz : k.l..? X ¥ i kJ_Z Zeq kg‘ Re(X)=o

defines the confluence plane. The slab problem is solved for fk”PA}2<<mé{(r¢-
gion of the first M.A. resonances for typical values of large machines [5]),
EO(:J:{IW:J'UZEG(O) and constant density. Then X=Iz+m is used as a new va-
riable. The domain Re(X) is divided in five domains (see fig.3) in which ap-
propriate asymptotic solutions are derived. For |XF<](|=JI¢;7<;:§/£3|, a fourth
order differential equation is derived from (1)[4] and its solutions are gi-

ven in [10). This enables the proper connection of the solutions of (2) and

(3) across the confluence, The tangential fields are then matched at r=ta
:[P(a::-a)—P(m:a)
2
Zawun|F\

and a normalized absorbed power is computed (% 1 with
P=Ral (BxH").7 1.

Discussion of the results. 1) The spectrum of magnetoacoustic resonances(2,0;

2,0;8,0..) is only slightly affected by the inhomogeneity of B i they remain

even if the confluence is in the plasma at the resonance frequency(see fig.
4). Of course, the fields inside the plasma become very asymmetrical (see
fig.5). E} The mean absorption level is strongly increased (even at very low
v) when the confluence %2(X¥)=o lies in the plasma. The frequency zone in
which this condition is fulfilled widens as 0 increases. This region of en-
hanced absorption has sharp edges and becomes the resonance 4 of fig.2 in the
limit o=p. 1) The results pertaining to uccll:”b'el or u>>|1:f,lr'”| are qualitati-
vely similar except for the detailed coupling between Ey(fast wave) and E'E
(slow wave) at the confluence (see fig,5). 4) If the homogeneous plasma is
excited by a dipelar Ez field another set of resonances is excited (0,1;1,1;
[3,

2,1 of fig.2). The first of these,(0,1), cccurs near w=u, if (k,,vAﬁ«mg

;
4,5]. Inhomogeneity gives an internmal coupling to the dipolar resonances
even though che Ea excitation is symmetric[11]. This is seen in fig.4. In
particular, for sufficiently high a, the first dipolar resonance (0,1) leads
to strong enhancement of the field in the region with high damping due to the
confluence. This last property suggests an interesting heating mechod for
large machines : for well chosen w, any excitimng structure such that }:;«
fum:/!-")z will excite the (0,1) resonance, enhancing absorption due to wave

confluence. This heating is very effective : in the case of fig.4 the absor-

bed power P bit is ~JO times larger than for electron TTMP at TﬁZ

ab

108K (compa—

rison made both near and far from a M.A. resonance). Contrary to TTMP, Paba

remains largely independent of T@ or v down to very low values of these para-

meters.
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FILAMENTATION INSTABILITY OF AN ION-SOUND WAVE
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ABSTRACT : Ion-sound waves propagating in a non-isothermal unmagnetized
homogeneous plasma are unstable against modulation in the direction perpen-
diculat to their propagation for all amplitudes. The relevance of this and
other more general instabilities from the viewpoint of plasma heating and

confinement is briefly discussed.

THE GROUND STATE. We consider an unmagnetized homogeneous maxwellian plasma

in the presence of an intense electrostatic wave

E
=+ o > - -
l'In Zk—ﬂ kn cos (ko.t-mut), Im (BD) 0.
The ground state of the plasma is adequately described by the collisionless
linear theory if /1/

lm W

>
u, >0 {u:u,n’kovti) Vel ew /T.

where v, . is the ion-ion collision frequency, Yef ™ (Zl‘in'mi)l'iIZ is the ien

thermal speed, and ¢u == Eofkn‘ If we also assume

ke Yee X0 > gV and ko)‘ill ok @

where '\D is the Debye length, then

2 2 2 .
ug >>u = (kv )% T2 5 T > 2T, (3
where w . is the ion plasma frequency. Clearly, conditions (2) and (3) imply
that in the pump the ions behave as a culd ideal f£luid, while the alectrons
remain in therna} equilibrium. Moreover, in view of condition (1) we have
|g¢ /T [ <z (2'1‘ /T )5".3 << .

PERTURBATION OF THE GROUND STATE. We restrict our treatment to those

three-vaves parametric processes which involve a low frequency electrostatic

-, - .
wave (w, k) with |w| << @, and with wave number ¥ such that

+ o _ & iy
ki, =0, and v3, > Ju [202 = Juw+ w |2/(k £ k)P >> i,

Here wtlki is the phase velocity of the side-bands whose presence in the plas-
ma is required by the usual phase matching conditions.
Under the previous assumptions, |w| <<k Via? while |w/k V:iT is arbitrary.
As a result, the electrons remain in thermal equilibrium both in the side-
bands and the low-frequency mode. In contrast, the ions behave as a cold
ideal fluid in the side-bands while at low-frequency the Vlasov equation is
needed in order to describe their motion correctly.
Coupling between the two species as well as between the various modes is
provided by the electrostatic potential which we Fourier expand in the follo-
wing way :

8(F, - & Tu ) =nl::¢‘“3 expi [ (Ernk ) F-(ovew ) €] -
The Fourier coefficients of the ion density may be found with the help of the

Vlasov equation. We obtain

ef i
(o) _ kzxi(o)dr(u}- 2 T_o):'t B, NEH

4men
i
(4)

tmen(vlh S (“)@(”) [iﬂren @y 3 (*L)1 (OJJ
iare o o tx_((:l:l 2 w/w)s(2w . fkv P Z(x) ;

4 : s o’ T pi ti ¥

- £ | 3
xi(°) =% (w, k), X£+ ) Xi (“:' kyd

2uw?,
X (W, ©) = —EX (1 + x 2(0) ; x = w/ky,
¢ s z2_2

i

ki 2

here Z (x) is the Fried and Conte Function. Higher order (|n| > 1) coeffi=
cients and corrections are negligible. We notice at this point that the

effect of collisions would be simply to replace w by (w + i uii) in Egs. (4).

The electron-density Fourier coefficients corresponding to Eqs. (4) are

given by the Boltzmann equilibrium equation.

THE DISPERSION RELATION. With the help of Poisson Equation we may obtain two
(o)

homogeneous equations for n and na(ﬂ] leading to the Dispersion Relation :

L+ (y/x ) * (1+2F(y))
%)% Ik ) CI+y/x)%)

% K
Tt e[ # 3]
where !

2 edh w .
y = - dw/kv g, F(y) = 1= \Fye’ . erfey, and Q = I—.i-n‘—f-l*l’.
e’

As convective instabilities cannot develop in our case, only purely growing

modes are possible. Marginal stability (y = 0) corresponds to curve A in the |
T, (k]ku)z)-planz (Fig. 1), while the growth rate becomes formally infinite

on curve B as shown on Fig. 2 for several values of Q. Of course, our theory

breaks down as soon as || +© . As a matter of fact, very close to the cur-

ve B the instability becomes explosive in nature and has to be treated by a

nonlinear theory similar to that of Ref, /2/. The main result here is that

the amplitudes become infinite after a finite time - |¢°]'

CONCLUSIONS. The purely growing mode described in this paper, is the low fre—

quency version of the filamentation instability which produces standing den- |
sity striations across the incident pump wave. Other instabilities may be
found if we take K.E_ # 0. They include in particular induced Compton back-
scattering.

4As it will be shown in a subsequent paper, filamentation and backscattering
instabilities may occur, also in their explosive versions, in a variety of
physical situations which include R.F. plasma heating and neutral beam injec-
tion. Althought parametric instabilities are usually quoted owing to their
beneficial effects on heating, we should bear in mind that they may also
constitute a potential danger from the point of view of confinement especial-
ly when they occur at the periphery of the plasma and the excited waves have
rather long wave lengths. As indicated in Ref. /1/, such instabilities may
explain easily both the level and the parameter dependence of the pumpout
observed in the Transit Time magnetic pumping experiments. Recently, anoma-—
lous plasma behaviour has been observed also in an ion-cyclotron hearing
experiment /3/, when the RF-energy Sent to the plasma exceeds a few hundred
joules, independently of the power level. Althought our understanding of this
matter is still very poor, one is tempted to attribute these phenomena to
some explosive parametric instability. In this case, in fact, the product :
(explosion time) x (RF-power of the pump) is a constant /2/. Then, depending
on the value of this constant compared, for instance, with the thermal ener-
gy of the plasma, one might expect the instability be disruptive or not.
Similar byproducts of parametric instabilities may not be the exclusive pri-
vilege of RF-heating. Indeed, poloidal plasma rotations produced by high
power neutral beam injection may also be expected to excite parametric ins-
tabilities with comparable effects.

REFERENCES, /1/ - E. CANOBBIO, IAEA Conference (TOKYO 1974), paper CN-33/C4-3
/2/ - V.E. ZAKHAROV, Soviet Physics JETP, 35, (1972), 908.
/3/ — J. ADAM et al., IAEA Conference (TOKYO 1974), paper CN-33/A3-2
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ALFVEN WAVE HEATING IN THE CONTINUUM BY KINK-LIKE MODES
A. Pochelon, R. Keller, F. Troyon, R. Gruber

Ecole Polytechnique Fédérale de Lausanne, Switzerland

Centre de Recherches en Physique des Plasmas

Abstract: The m=1 MHD spectrum of a screw-pinch is determined numerically,
It is shown that medes in the Alfvén continuum can have a kink-like behavior
with the singularity deep in the center. Heating of the plasma by excitation

of these modes is proposed,

Introduction: Heating by absorption of singular Alfvén modes in the continu-
um has been suggested some time ago by W. Grossmann and J. Tataronis [1.2 5
There are two main problems: the first is to understand the absorption and
conversion mechanisms at the singular layer, the second is the problem of
accessibility of the plasma core. We are concerned here with the second

oblem.

To gain some feeling for the spectrum and for the dependence of the modes
structure on the various parameters of the equilibrium we use a 1D code based
on a finite element expansion [3] which approximates well the continuum as
well as the discrete part of the spectrum already with few points. As equi-

librium we choose an infinite plasma cylinder of circular cross-section

confined by an axial and an azimuthal field, surrounded by a concentric conduc-

ting shell, with:

2
B(r) = B,(a) | (1-r2ra’y ; By(r) = 2 By(a) f -

2a
() = o)y, +(1-p ) il
& 2 Pa Patees .

a is the plasma radius and R is the shell radius;

The m = 1 spectrum

The computed low—frequency part of the spectrum is shown in Fig. 1, for the
following values of the parameters: B = .2, P~ 5 ua(ﬂ)ﬂiz(a) = .02, R =5,
representing a screw—pinch equilibrium. In abcisse we have the safety factor
q at the plasma surface q = —ka Bz(a).u‘Be(a),' the frequency is normalized to

i ALDRIE R e EaquRTey G e p(o)/uita).

The fast modes, also called magnetosonic, form a well separated discrete
spectrum in the frequency range 1 % nz 1103; they are not visible on the
scale of Fig. 1. The slow wave, or sound wave, continuum extends downwards
to @ = 0 for all q. This is due to the assumption that it is the temperature
which vanishes at the edge of the plasma and not the density. This is more
reasonable than the inverse. The AlfvEn continuum is in an intermediate
range of frequency, extending down to R = 0 whenever q(r) vanishes scmewhere
in the plasma. The discrete mode which seems to pass through the continuums
without loosing its character is the kink. For gq » 1 it looks very much as
the lowest member of the fast wave family. As q is lowered, it becomes lost
in the Alfvén continuum in the vicinity of g = 1. At the same time the
weakly unstable internal kink mode, which is already unstable at g = 2.3,
suddenly changes character, giving rise to the much more unstable external
kink, as if the descending mode was reemerging from the continuum As g
becomes nepgative the kink becomes stable again, crossing the slow wave conti-—
nuum with no change and eventually entering the Alfvén continuum, As it ap-

proaches the continuum it retains its character of a global mode, except for

a progressive peaking at the center which will turn into a singularity at the
origin as it reaches the end-point of the continuum (Fig.2). For values of
q and 22 near the point of contact the eigenfunctions in the continuum still

look like a kink mode except for the singular surface deep in the plasma.

The heating scheme

We propose to make use of the good coupling between the core of the plasma
and the vacuum surrounding the pinch by exciting a mode in the continuum
which has a frequency @ and a wavelength q in the vicinity of the merging
point. Because of the long wavelength the excitation of the kink-like mode
will be easy. The values of q and  are not critical as long as they are
adjusted to keep the singular point in the core, which means staying close

to the lower edge of the continuum.

It should be noted that the value of |q| at the merging peint is larger

than the limit of stability of the external kink, but that it falls in the

range of the internal kink which does not usually bring problems. It may be
safer to push the operating lq] above 2 and raise the heating frequency

accordingly, while still having good coupling to the singular layer.

Extension to other configurations

The scheme is based on the fact that the lower boundary of the Alfvén
continuum at the merping point corresponds to medes having a singularity

at the center of the plasma. In general the lower boundary is given by

2% = Hin { (x B+ Bair)zﬂ'puo 1

There are three possibilities: the minimum is reached at the center of the
plasma, at the edge of the plasma and at some intermediate point. In the
second case the kink will evolve differently near the merging point, peaking
at the surface where the singularity will first appear. This is a bad case
for the heating since it would be only peripheral. In the third case modes
near the lower edge of the continuum have two singular points. Only the
most exterior ome is relevant. If it is deep enough the scheme will work

just as well as in the first case.

Taking realistic profiles for pinches or Tokomaks we find that the second
case never occurs, but the third case does occur frequently. It turns out
that the minimum is very sensitive to details of the fields and density
profiles, particularly on their relative widths. It should be noted that
for sufficiently large values of ||ﬂ the minimum always occurs at the

center.

This work was supported by the Swiss National Science Foundation.
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g. 1: Low-frequency part of the m=1 spectrum of a screw-pinch. § = slow—
wave continuum, A = AlfvEn continuum. Singly hatched region = one
singularity, doubly hatched region = two singularities. M.A. = magne-
to-acoustic.The internal kink is barely visible between gq=1 and q=2.3.
The radial component of the eigenvector is shown in the rectangles,
the center being on the left.

Fig. 2: Radial component of the
eigenvector normalized
to its boundary-value,
for values of q on both
sides of the merging
point. At g=—1.35 the
kink has already
reached the continuum.
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ALFVEN WAVE HEATING OF FUSION PLASMAS

J. Kappraff

New Jersey Institute of Technology
Newark, New Jersey, U.S.A.

and

J.A. Tataronis and W. Grossmann

Courant Institute of Mathematical Sciences
New York University
New York, New York, U.S.A.

Abstract: In this paper we consider the effects of resistive
dissipation on the energy absorption by the spatially localized
Alfvén waves which form a part of the continuous spectrum of
ideal magnetonhydrodynamics (MHD). We demonstrate that the
strong absorption rate found in ideal MHD 1s unaltered Tor plas—
ma resistivities on the order of that found in Tokamaks, thus
implying the possibility of effective heating of these machines
by Alfvén waves.

It is well known that supplementary heating will be neces—
sary to bring the Tokamak plasma into the ignition regime. One
of the many methods currently proposed for Tokamak heating is
through use of resonant Alfvén waves..- The basic theory of the
energy absorption has been given by Tataronisc using the ideal MHD
equations of motion. An extension of the plasma model to that
of the gulding center plasma (GCP) has also been made and the
results of these basically ideal (inviscid, perfectly conduc—
ting) models indlcate the possibllity of very effective energy
absorption at frequencies much lower than ion eyclotron or lower
hybrid. This paper concerns itself with an investigation of
non-ideal effects on the energy absorption. In particular the
effect of resistivity is investigated.

The bases of the absorption process 1n ideal MHD are the
logarithmic singularities which occur in space in the distribu-—
tion of the linearized plasma velocity of the Alfvén mode.

These singularities render the continuum eigenfunctions of the
linearized MHD operator non-square integrable and the energy
content of the mode unbounded. As an example of the rate at
which energy can be transferred to these singular modes, we show
in Fig. 1 a possible coil structure yielding a surface current
with periodicity A along the z axis of the plasma column. We
assume that the frequency of Q 1s w and we measure the absorp-—
tion in terms of the real part of the impedence 2 of the coil,
where the real part _of Z is a consequence of the singularities
in the Alfvén mode. Figure 2 shows the absorption rate for
plasma parameters typlcal of the ST Tokamak. Since ideal MHD
has no dissipation mechanisms, the energy abscrbed is not trans—
formed to heat. We therefore introduce here a non-zero resis—
tivity in the fluid equations and calculate the Ohmic heating
rate in the Alfvén mode. It will turn out to be identical to
the ideal MHD absorption rate for the small resistivities found
in Tokamaks.

The specific plasma configuration we study is identical to
that of Ref. 2, namely, a planar sheet pinch with the equilibri-—
um magnetiec field, B, parallel to the z-axis of an x,y,z Carte—
sian coordinate system. All equilibrium quantities depend on x
alone. The plasma is confined to the region -b < x < b, and is
surrounded by a vacuum region, where an externally supported
sheet current is present parallel to the z-axis similar to Fig.
1. Assuming incompressibilify, the linearized resistive equa—
tions are those of ideal MHDZ but with Ohm's law in the form

(B = nd-
We fourier analyze the perturbations with respect to time

and the coordinate z and combine the linearized eguations to
form the following system:

(e)" - ke, = Do -2kl hta) (1a)
" 2
Q = (s Ulyg _ ML o (10)

where [ = kB(x) and A(x,w) = p(mz—m?J. Here k is the wave num—
ber along the z axis, n is the resigtlvity, £, and Q are re—
spectively the x components_of the plasma displanemeﬁt and the
perturbed magnetic field, w2(x) (= £2/py) is the square of the
local Alfvén frequency, u i§ the permeability of free space,
primes (') denote partial differentiation with respect to x, and
i has been written for v=I. If n is formally set equal to zero
in Eq. (la), one recovers the ideal MHD equation for £._, the
solutions of which can possess a logarithmic singulari%y about
the zeros of A, xy(w), i.e., where w equals the local Alfvén
frequency. This singularity is not present for n different from
zero, implying the existence of a resistive boundary layer for
small n about xc(wJ. The energy which accumulates at x5 in ide—
al MHD is dissipated in this layer. To compute the rate of en—
ergy disslpation, the system (1) is scaled with respect to n and
then soclved in the resistive layer. The solutions are then
matched to those of the outer regions describable by the ideal
MHD equations.

The ﬁelevanﬁ Bcalin% in the resistive layer, as established
by Boris,™ is x-x_ "~ 0(n /3). Therefore, after introducing the
normalized variab®e s by (x-x,)/a = 1738 where s ~ 0(1) and €
is dimensionless and of order n, the system (1) can be developed
in n and combined to yield the following equation for EX:

s
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LR ] LI
iE +a(sg_) = 0, o depends on the equilibrium and is taken
to"be constgnt in the layer. The asymptotic form of the solu—
tions to thils equation are trivially shown to be the following:

g ==

—%F + in(=s) + ey Hosag

LY
x im + &n(s) # s L 8§ + =
z

£ (2)

where cj and cp are constants. These asymptotic solutlons are
connected onto the ideal MHD solutions for £y in the outer re—
gion by imposing continuity of (E;/EKJ at the limits of the
boundary layer. Recognizing that to leading order, Eq. (2) is
identical to the connection formula that one must impose across
the logarithmic singularity in ideal MHD,< one concludes that
the fields outside the resistive layer are identical, to leading
order in n, with the corresponding fields found in Ref. 2.

Since the impedance of the external coil is derived from the
vacuum fields, one can then conclude that the coil impedance im—
plied by the resistive equations assumed here is identilcal to
the impedance found in Ref. 2 to leading order in n and hence
that the absorption predicted by ideal MHD implies Ohmic heating
in the resistive layer.

To obtain an estimate of the time required for the absorbed
energy to be dissipated by the resistivity, we need the time be—
havior of the perturbed flelds in the resistive layer. It is a
straightforward caluulat;on to derive £,(x,t) from the incom—
pressibility condition €y-ikf, = 0 and from the integral form of
Ex(x,w) in the resistive layer, After performing an inverse
Fourier transform with an external force assumed at frequency
w,, one rinds
& (E

1 3 1
Jo exp (-(t .’tn) ) de

iw
£ (x,8) ~ e (3)

where :3N,ch3 s € being a constant independent of n. Let T
be the fime af which T = 1, i.e., ty = n~1/3/¢c. Then for

t << tp, Eq. (3) reduces to Ez(x,Bg ~ &t exp(iuwgt), which is the
behavior of £, found in ldeal MHD, while for t >> tp, Eq. (3)
implies a pure einusoidal oscillation at wgy. Therefore, for
times up to tp, one finds £; growing linearly in t with the en—
ergy simply accumulating in the layer without dissipation. Be—
yond tp, the fields saturate, and the absorbed energy is dissi-

pated. We therefore take ty as the heating time. It can be
shown that th 18 related to the equilibrium fields in the fol—
lowing way:
1/3 ! To=2/3
= (24 2R
n (nugl ( B o ) )

A computation with parameters typical of the ST Tokamak yleld
tp v 104 sec. BSince the confinement time tp of Tokamaks is on
the order of m sec., cne has tp << t;. This faect together with
the large absorption rates shown in Fig. 2 suggests significant
energy transfer to the plasma.

One final estimate that we make here 1s that of the effec—
tlve width of the resistive layer 1n Tokamak devices. This is
accomplished from the relation dW/dt = [nd2dt as derived from
the eguations of motion. W is the total plasma energy and the
integration is carried cut over the resistive layer. By using
for dW/dt the expression given in Ref. 2, one finds from the
above relation Ax, the width of the resistive layer:

] (]
- ) R

For typical ST parameters this evaluates to about 10 ion Larmor
radii,
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EXPERIMENTS ON MAGNETOACOUSTIC OSCILLATIONS
IN A ROTATING PLASMA

E, Tennfors, J. Bergstrdm and M. Bure¥
Royal institute of Technology,S5-100 44 Stockholm 70, Sweden

Abstract: The damping of oscillations in a tuned external cir-
cuit is used to determine the coupling of RF-power to a rota-
ting fully ionized plasma. The lowest magnetoacoustic resonance
seems to offer the best coupling in the present case, but other

resgnances are also observed.

1. Introduction: In the internal ring device FLASK FIVB a fully
ionized rotating plasma is created by means of crossed electric
and magnetic fields., To enable magnetic shielding of the sup-
ports of the internal ring the rotation has to be stopped and
the associated heating mechanisms replaced by some other method.
The lowest magnetoacoustic resonances about 1 MHz has earlier
been used for this purpose [1,2,3]. This resonance has also been
studied by the excitation of eigenoscillations during the rota-
ting phase [4,5]. The aim of the present work is to examine the
coupling between the existing external coil systems and the
plasma when the frequency is varied and the plasma is sustained
by rotation.

2. Experimental arrangement: The FLASK FIVB [},6] is run with

an average magnetic field BG=O.33 T in the mid-plane. The f£il-
ling gas is hydrogen or deuterium with an initial pressure of
30%107° n 3,

Two pairs of coils are available in the device. The coils

torr. The particle density is 1021

earlier used for heating [i—i] (the "generator" coils) encircle
the plasma about 10 cm above and below the mid-plane respective-
ly. The other pair (the "pulse" coils) were used for the current
pulse which excited the eigenoscillations [;,{] and are located
closer to the mid-plane. The circuit is tuned by a variable ca-
pacitor and closed by an ignitron. The energy initially stored

in the circuit is small compared to the plasma energy content.

3. Experimental results: The radial current Jr and the wvoltage
dlZ across the rotating plasma are shown in Fig.l as functions
of time for a hydrogen plasma. The external ringing circuit is
fired at tc:400 us when the voltage and thqs the velocity of ro-

1 : |
tation is |

rather high.?]

T '

The damping 2

of the cur-
rent oscil- Jr{[kAl
lations is $ujlv]

determined 101 y

for varying b’-\ 7 N I R
frequency 1

and differ- 0+ 1 " oy
ent combina- 6 v , 10 L i iD [ms]
tions of to

the coils. Fig.l.Radial current Jr and voltage ¢12 for

A rogowski a rotating hydrogen plasma in FIVE.

coil around

the plasma measures the azimuthal plasma current Jp. In addi-
tion to the forced oscillations, JP shows that eigenoscillations
are excited. In th. case of Fig.l, the eigenfrequency turns out

to be 0.85 MHz while the external current oscillates at 2.15 MHz.

The damping of the oscillations can be expressed in terms of
an equivalent series, [s' or parallel, Rp, resistance im the
external circuit. 1/RP is a measure of the total power loss in
the system for a given voltage over the coils.

Fig.2 shows the .- and l/RP— spectra for coupling between

the "pulse" coils connected in series with currents in the
same direction. Open circles refer to the damping in absence of
the plasma. Both representations reveal a strong resonance just
below 0.9 MHz in agreement with the measured eigenfrequency.
An additional smaller peak is observed at =2.1 MHz. Parallel
connection of the coils give higher frequencies and indicates
a peak between 3.5 and 4 MHz. When the current is reversed in
one of the pulse coils, only a weak resonance at =2.8 MHz is
observed.

Fig.3 shows the situation

for the "generator" coils,
g
* plasma

10 cm above and below the mid- svacuum

plane. Again, the coils are 1 Y
connected in series and car-

ry currents in the same di-

appears at =1.1 MHz. Part

rection. The resonance now f
of the earlier observed dis- +

crepancy between the eigen- 0
05 1 2 5 10 MHz
fregquency and the optimum
heating frequency =1.3 MHz
[1-5] seems to be due to #-[mﬁ],l .

s |

the location of the genera- 25+ splasma

| avacuum
tor coils. The remaining s
difference may be explained i

by the change in resonance sl
frequency with the veloci- |

ty of rotation [4,5].With 0}
reversed current in one coil, [ o,
the first resonance remains. . L
Vel gl |
: 8T e

This indicates an asymmetry
in the coil-wall current
system. Higher frequency
resonances seems to be poor- Fig.2.Equivalent resistance

ly coupled to the "generator"  spectra for the "pulse" coils.
coils.

In part of the eigenoscillation measurements, [4,5] RF-power
at 2.8 MHz was fed to the plasma by the "generator" coils with
currents in opposite directions. The present results show no
significant resonance there for hydrogen. For a deuterium plas-
ma a small bump occurs around that frequency.

The level of 1/R_ in the cases earlier used for heating and
the voltages then applied over the coils agree with the estima-
ted power inputs of 0.5-1 MwW.

The equivalent series resistance, Lgs increases steeply at
higher fregquencies in all the cases. It is not clear if this
is a characteristic of the plasma or of the external circuits.

4. Conclusions: In the present 5

set-up only the lowest mag- i3] oplasma
netoacoustic mode can be e ARSEAD

used to increase the power
to a few MW with reasonable
coil voltages. The frequency 104 #
has to be more carefully =
chosen than before and the 5 e 3

"pulse" coils should be used . e 1

to get the highest coupling. 05 1 2 B o fMgh

The other peaks may grow
with plasma temperature, é*hﬂl
but are poorly coupled to " Lrea
the present coil systems. "

Earlier indirect estima-
tes of RF-power coupled to 4 -
the plasma [1-5] are con-
firmed by the present mea-
surements.

This work has been sup- o Ty

ported by the Swedish Atomic %% i

f
10 [MHZ)

Research Council and the
Bank of Sweden Tercentenary Fig.3.Equivalent resistance
Fund. spectra for the "generator" cails.
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EXPERIMENTAL INVESTIGATION OF THE INTERACTION OF MODULATED
UHF OSCILLATIONS WITH FLASMA

S.I1.Nanobashvili, G.I.Rostomashvili, N.L.Tsintsadze
Institute of Physics, Academy of Sciences of the Georgian
SSR, Tbilissi, USSR

Abstract: The possibility of HF enmergy input to the ultrahigh
frequency discharge plasma by means of UHF power modulation
is experimentally shown in this paper, when the modulation

frequency is equal to the ion-cyclotron one.

As it is known, recently heating by means of electromag-
netic waves of UHF and HF ranges is successfully used as an
additional method of plasma heating in thermonuclear devices.
Methods are being worked out and experiments are in progress
on the heating of both electron and lon components of plasma.
It is taken into account that in the real thermonuclear de-
vices, at temperatures close to thermonuclear ones, the ener-
gy exchange time between electrons and ions will be much
less than the time necessary for its containment. Hence it
is of no meaning, in which component the energy should be
introduced. Howaver, it is noteworthy, that for providing
the greatest stability in the heating process it is desi-
rable to have a possibility of realizing of independent hea-
ting of electrons and ions. As the experiments show, while
the electromagnetic energy input into the thermonuclear de-
vices in UHF range may be realized comparatively easily, in
HF range essantial technical difficulties have to be over-
come.

Therefore, it is of interest to study the possibility of si-
multeneous HF and UHF energy input into the plasma by means
of modulating of UHF oscillations with a low freouency. It
is taken in mind, that the carrier (UHF) freauency should be
close to the frequencies which are characteristic of plasma
electron component and the modulation frequency- to the fre-
quency of plasma ion component.In this paper the possibility
of modulated UHF oscillation input into the magnetoactive
plasma is experimentally investigated.The experiments were
performed on the stationary device described in /1/. Plasma
was created in the quartz vessel, dia.5.7cm, length 110cm
(Fig.1).The vessel was loca—
1 4 ted in the cylindrical wave-
% guide intended for the pro-
pagation of the wave of TEII
type in 12 cm wavelength

|>'<_l>‘§] range.For matching with

waveguide tract the end of

: ’ the vessel was made of coni-
1. Solenoid cal shape. The UHF radiation
2. Quartz tube source operated in the con-

3. Waveguide tinuous regime at the frequ-

4. Electrical prob ency Of the order of 2.4GHz
Fig.l and power 20w.

BY means of a modulator it was possible to realize the modu-

lation of UHF oscillations amplitude with adjustable modu-

lation depth (up to tens percent) in the wide range of its

frequency variation (50Hz to 5 MHz). The discharge vessel

with the waveguide was located in the stationary homogene—
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ous magnetic field which was smoothly changed from zero to
electron-cyclotron value (HB=BSO Oe).In the described expe-—
riments argon was used as an operating gas. Plasma was formed
in the electron-cyclotron resonance regime at the pressure
of the operating gas in the vessel of the order of 7‘10“500rr.
In the course of the experiment the amplitude of the
low frequency component of amplitude-modulsted UHF power in-
cident onto the plasma was registered by meens of the probe
introduced acroas the waveguide in the conical part of the
discharge chamber. The detected sigmal from the probe was
registered by the low frequency spectrum analyser. In the
experiment the modulation frequency of UHF signal was smooth-
1y changed at the fixed magnetic fields, the modulation depth
being maintained at the same level. It turned out that the
amplitude of low frequency component of modulated UHF signal
haa an explicitely expressed minimum when the modulation fre-—
quency (W, ) approaches the ion cyclotron frequency ( Loy, ).
This dependence is shown in Fig.2. One can see the analogy

between this phenomenon and

1.0 the decreesing of the vol-
tage in lumped circuits which
é 0.8 is associated with the dec~-
H
- 0.6 raase of the quality of the
contoury in our case the mo-
C.4 dulation frequency at the
: ’ ion-cyclotron resonance
[¢] 0.5 1.0 1.5
foi,./ (G, =tdy, ) is absorbed by
i the plasma. It is also expe-
Fig.2 rimentally established that

with the change of the magnetic field shift of the freauen-
¢y of the minimum takes place corresponding to the change of
ion=cyclotron freouency. As concerns the change of the modu-
lation depth, it does not practically affect neither the po-
sition of the minimum of the modulation frequency, nor the
relative value of the minimum itself.

The experiments have shown that the change of the modu-
lation depth in the wide range (from O to 50%) does not
cause the appearance of the UHF signal supplied to the probe
introduced in the end of the cylindrical waveguide and the
limits of the range of plasma existence in the magnetic field
do not change and coincide with the linits defined in /1/.

It can be apparently concluded from these data that the ampli
tude modulation does not affect the efficiency of the absorp-
tion of UHF wave itself and does not change the mechanism of
its absorption which was studied in meny papers (see for
example /2/).

Thus the performed experiments have shown the possibili-
ty of HF energy input into the plasma by means of UHF power
modulation that allows to heat simulteneously both electron
and ion components of plasma.
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THE COLLISIONIESS DISSIPATION OF MICROWAVE RADIATION
TI7 BOUNDED PLASMA

VoloBarinov,I.R.Geklker, Ved sIvanov,D.M.{arfidoy
PeliocLebedev Physical Institute,Moscow,US5R

Abstract:For initial conditions favouring and not favouring
the linear transformation of waves,a series of experiments
were performed on the interaction of S-band electromagnetic
radiation with bounded isotropic collisionless plasma (£<\)
over a wide range vE/vTeﬂb-E—-G.,

Collisionless plasma heating by electromagnetic radiation
in the absence of an exbternal magnetic field is a problem
arising in the study of laser thermonuclear fusion.liodel expe-
riments in various ranges of wave length A and of plasma size

€ are important for a better understanding of the physical
processes.lFor example,under laboratory conditions dissipation
of microwave radiation is studied in a plasma with £=(0.1-10)A
/1,2/.In this work we were founding conditions for the effici-
ent collisionless dissipation of S-band electromagnetic radia-
tion in a bounded plasma with =k

The investigations were conducted on an installation (Fig.1)

with H‘l’l wave in a circular metal waveguide 10,the inner dig=
meter of which was d=14cm 41\3,where Ag is the wave length in 2

vacuum waveguide.The £low 1 of collisionless plasma (\)/WMOHSJ

created by a spark
source 3 was in-
jected into the re—
glon of interaction
with the microwave
through a diaphragm
with a metal grid
in the movable pis-
ton 2.Plasma veloci- / i PUmMP
ty was ':'-’IOch/ssc
and electron tempe— Figa.1

4 56 7 8384w

rature E‘eﬁﬁeve?lasma density was measured by miniature,secree—
ned single-electrocde probes & and 9.Multigrid probe ? and pro-
be~plate 8 analysed currents of fast electrons.A reflected
microwave impulse power was registered by a direct coupler,
The coefficient of microwave absorpbion DZ=1-RZ,uhere Rois
the coefficient of microwave power reflection.The gas pressu-
re was~10"torr.

For the creation of initial conditions favouring the linear
transformation of waves,the flow diameter was limited by a
special diaphragm 4 with orifice d,|=5cm L‘G.‘Ag/B/uPiston 2 was
Placed at a distance of =70cm from source 3.The auxiliary
plasma cub—off system 5 /4/ formed a sharp plasma flow front
e_,c"’O.’l)\g(Fig.Ea,i:he lower trace is a signal from probe & with
and without plasma cutting) or short plasma bunchfg‘ 2 (Fig.
2b, the lower trace is a signal from probe 6).The plasma den-
sity has a parabolic radial profile.

In weak fields {_VE/V 103-5,' V1ZEE0/111LD ,Eo--maximum travel-

ling wave field,vTe= Te/m ) the microwave absorption in a bunch

Eg‘lg.ﬁoccured only if at a point on the axis at a distance
)\3/4 from the plaswa cut-ofl system 2 the plasma density nrn
where o, is the "critical" density.The absorption increase
with o, and D° smounted to tems persents (Fig.2a,b,upper trace
is reflected microwave signal).This dissipation is associabed
with linear transformation and the experimental curve for D;3
correlate well with the theorebtical calculation /5/.

An absorption process began instantly at all levels of elec—

tromagnetic Tield T, (VE/VTG='!0_5—-6).FQI' example,oseillograns
of reflected microwave power in Fig.2c are for VE/VTE=6 and

initial DO/ﬂczaoS'-The higher impulse corresponds to the reflec-—

tion from piston 2,the lower

impulse to reflection from =

plasma flow,which has a (1} =

length £ = \g.For this plas— e — QipseC
ma flow,the experimental

curves of D2 as a function B

of n /o, and VE/VTE are -r d

plotted in Fig.3a.The expe-—

rimental data are taken for — AMSEC  pig.2 HWSEC

c?

\

t:D,B/usec;“-i, A g A
se front.IL VE/VTE=1O =10" 'yvalues of D° are close to one
another,but with the en increase of the value VE/VTB‘P 0.1 the
coefficient n? decreases.This decrsase cen be attributed to

intense plasma decay throughout the microwave impulse front.

where t; is the duration of the microwave impul—
d— .

Complete decay of dense plasma (nc7nc) takes place during t<
O.Efwsec if VE/VTGVU.’].I_G. the dense plasma,fast electrons were
generated along E,The average energy of fast electrons (110:-
’I.F;nc) was Se(kev)ﬂ.5E0(k'\"/cm)o'i‘he current of fast slectrons
j~E0 but reached saturation when VE/vTezOusnTue maximum .
energy of accelerated electrons then exceeds by more than 107
times the thermal and oscillatory energy of electrons.The
energy of ions in radial directions reached a value~10keV
for VE/V e N E nDCnC,michwave absorption and fast electrons
had not been observed within the limits of sensitivity of the
apparatus.

In the next series of experiments /6/,piston 2 was placed
at a distance of 5Scm from source 3.low the initial diameter
of plasma flow was & or r3cm.Flasma flow had practically homo-

geneous density distribution along the radius at a distance

of #40cm from piston Z,This in combination with the high den—
sity gradient near the waveguide wall was a guarantee of the
absence of intense linear transformation in the initial dense
plasma.The microwave generabor was switched on when the plasma
flow was in the region of probe &,which located at a distance

{, 58C Dimas
; ]
10 -1

o \/J\f},:m" =]
& V=10 =
- \.’;,"V;:HD-' 5 4 FOs

05 * Va,"Vr,’l
& Vb fo
0 1 2 3 nm 0 123t vy

of 70cm from plasma source J.hilaximun density was n_—Enc at
this point.The length of plasma front reachedﬁ;_—_('l-_‘-z))\g LIn
these experiments,intense sbsorption occured with a time de-
lay,and if VE/VTE‘;’I,Threshold field corresponds approximate—
1y to equality of wave pressure Ei/&'ﬁ' and plasma pressure
nc'ﬂe.lg Fig,}izn ere plotted the averaged dependence of time
delay t and Dm.in Vs VE/V'TE.A similar result was obtained alszo
in the case of formation of sharp dense plasma Tront fffG.,’l -\3
at a distance of 70cm from source 3.For VE/VT9=5,05Cilngr?mz
are presented in Fig.2d,where the upper trace is a reflec—
ted microwave signal and the lower trace is probe 6 signal.

Investigations with two plasma probes placed in the same
cross section at 40cm from probe & showed that during the
time delay t plasma was retarded and deformed.The plasma
front density increased especially at the centre of waveguide,
where Eg was a maximum.:low deformation was practically ab-
sent when vp/v, £0.7.If pulse duration T>+t and Vi / Vg7 1y
intense decay of plasma Tlow was observed.The control sxpe—
riments showed that artificisl deformation of plasma density
profile can create the conditions for intense absorption
even for a wesk electromagnetic wave owing evidently to 1li-
near transformation.

Thus,in a bounded dense plasma with €<} ,intense and momen—
tary collisionless microwave dissipation takes place in a
strong field (vE/vTe~‘|) if the initial conditions are favour-
able to linesr transformation.In the opposite case,intense
dissipation ccecured with a time delay,and only for VE/VTEZ‘I..
Deformation of plasma front preceedes the beginning of micro-
wave absorption.This may indicate that occuring process is of
the linear transformation type.
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EXPERIMENTAL INVESTIGATION OF THE INFLUENCE OF LIMITERS IN
r.f. HEATING DISCHARGES

A. Lietti

Ecole Polytechnique Fédérale de Lausanne - Switzerland
Centre de Recherches en Physique des Plasmas

Abstract: In linear rf discharges with diaphragms the current is not limited
—m-—c_he—l(ruskal—shafrannv condition but by the electron demsity of the gas
surrounding the plasma column. The experiment agrees with a recent theory
and accounts for previous controversial reports on the efficiency of limiters
to improve oscillating field penetration. Energy transfer in the discharges
have been investigated. At lower densities, anomalous conductivity has been

observed.

The apparatus has already been described elsewhere [1] Hydrogen gas is
contained in a discharge tube of 15 cm diameter and 114 cm length which is
equipped with end electrodes and situated within a solenoid which produces a
0.4 T axial constant field. The filling pressure ranges from 5 to 180 mTorr.
To ensure breakdown at lowest pressure and partial preionisatiom, a 6 MHz,
40 KV prepulse is applied to two auxiliary electrodes. The 6 pus, 2.7 Miz,
non decaying main discharge is produced by special line generators. The cur-
rent ranges from 1 to 20 kA.

Two quartz diaphragms with an hole of 4 cm diameter and placed 74 cm apart,

operate as limiters.

Controversial results have been reported about the efficiency of the limiters
to control an tf axial current and to improve the penetration of the oscil-
lating magnetic field [2—5] . In this experiment the dynamics of the plasma
column has been investigated as follows: a) analysis of the voltage-current
function []1; b) magnetic probe measurements; ¢) image-converter camera
photographs.

The tesult of these measurements is reported in Fig. 1 and 2. The existence
of a eritical current I, is evident. The expansion of the plasma column when
1> Igr cannot be related to the Kruskal-Shafranov instability m = 1 mode,
which occurs in unidirectional discharges, for the following reasons: 1) The
column expands faster with increasing density (Fig. 2), the contrary could be
expected in the case of K.S. instability. 2) Photographs do not show any

m = 1 instability, but only symmetrical expansion of the column. 3) The
growth rate of the K.S. m = 1 mode in the equivalent d.c. discharge has heen
estimated to be in all the experimental conditions smaller than the rate of
change w of the oscillating current. As a consequence, dynamical stabilisa-
tion would be expected. The observed expansion of the plasma column agrees
with a recent theory [6] which considers the propagation of Alfv&n waves in
the space between the diaphragms, the critical parameter being ¢ = w L/2 VA
(L = tube length, VA= AlfvEn speed). When & «1 the discharge is controlled
by the limiters. The electron demsity in the space surrounding the plasma
column has been deduced from interferometric measurements. We found that the
density increases with current, and that e = 1 corresponds to a current of

4 kA, In fact, we consider this result as approximate. The AlfvEn speed has

been deduced from the estimated density, on the basis of the filling gas mass.

This way impurities can somehow introduce an error. Even if we consider this
point, we believe that the observed enhanced expansion of the plasma column,
as well as the pressure dependance, agrees reasonably well with the theory.
The plasma produced by the discharge in the 15 — 20 kA range has been inves—
tigated as follows:

1) Average electron density has been measured with an He-Ne laser Mach-

Zehnder interferometer [7]. Fig. 3 shows typical radial profiles, n being

~ ——-Limiters

Filling pressure S mTorr Limiters

. = N -
T T 07 7 3 & 5 6 7 Bkh
Fig. 1 Time evolution of the plasma Fig. 2 Dependance of the plasma

column radius at different
discharge currents.

column radius on the cur-
rent at different filling
pressures.

the ratio of the electron density to that which corresponds to complete
ionisation of the filling gas.
Consider the discharge at 10 mTorr, 20 kA. We note that after 5 ws, n > 1,

meaning that additional particles (wall interactien) increase the density.

2) The average tLTansverse energy Nl= k (nE TEJ_+ n; Til) has been evaluated

by diamagnetic measurements obtained by means of an electrostatically shielded
loop in the center of the discharpe tube. The measure has been carefully
checked, as usual, to insure Ereedom from secondary effects originating from
plasma mass motion and from rf spurious coupling. Fig. 4 shows the time
evolution of the 10 mTorr, 20 kA discharge. From Fig. 5 a nearly linear de-
pendance of W) and li is deduced.

The electrical conductivity p has been deduced from the skin depth measure-
ment, which has been made by means of a probe introduced normally to the axis
in the center of the discifarge tube. Fig. 6 shows the time average of the skin
depth and conductivity as a function of the filling pressure. We note that o
has a maximum, corresponding to a critical pressure | If p > Pops © de-
creases. This behaviour aprees with a classical conductivity, the temperature
indeed decreases with increasing pressure. On the contrary the decrease in

o if p < Por shows an anomalous heating, which cannet be explained by the
classical theory. At the lowest pressure an average electron temperature

of 40 - ID':I k° has been estimated in the 20 kA discharge. This results

ne 10m Torr, 20 KA W,
1 kJ,
it w) radius, cm J Yt

!

| 10miorr, 20kA

0 5 Ors o 1 2z 3 4 5 & 7 8

Fig. 3 Time evolution of the electron
density at different radius.

Fig. 4 Time evolution of the
transversal energy

I =20 kA density
2
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Klja 3 {o'em 1= 20kA
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r”
zj’
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IZ
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Fig. 5 Transversal energy density as a Fig. 6 Skin depth & , and

function of the current. The dot-—
ted line represents I° dependance.

electrical conduc-
tivity ¢ as a func-
tion of the filling
pressure

from simultaneous measurements of average density and thermal energy, as dis-
cussed before, and from the assumption TE» ‘[‘1.. On these grounds the measured
conductivity is 15 times lower than the classical one. This shows that, at
lower densities, the conductivity becomes anomalous in this discharge. We
mention that the behaviour of o as a function of pressure is consistent with
previous measurements of the total electrical resistance of the discharge [l]
At the maximum thermal energy, shown in Fig. 4, the ratio of the drift velo-—
city to the sound velocity has been estimated 1,3. Ion-acoustic instability

can therefore produce the observed anomalous conductivity.
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HEATING OF PLASMAS BY CURRENT-INDUCED TURBULENCE
IN A SMALL TOKAMAK

H.W. Kalfsbeek, B. de Groot, T.G.A. Winkel,
H. de Kluiver, and H.W. Piekaar
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FOM-Instituut voor Plasmafysica
Rijnhuizen, Jutphaas, The Wetherlands

Abstract: In a small Tokamak-like device hydrogen plasmas with
densities between 3x10'% - 5x102% m~? are heated by induction
of supercritical toroidal currents (u e ¥ T =3 ps). Anoma-
lous plasma conductivity has been deduced. Appreciable electron

and ion heating occurs.

The apparatus

The vacuum vessel is a four-segmented quartz-torus,

R =0.46 m, r = 0.09 m. The torus is surrounded by a thick cop-
per shell, divided into four 90° segments connected to heating
and preionization banks. The shell serves for the toroidal cur-
rent conduction as well as for plasma equilibrium. The main
heating bank is 125 kJ, 50 kv. The maximum loop voltage is pres-
ently approximately 50 kV, corresponding to an E-field of 20
kVv/m in the plasma. The current can be crowbarred at a preset
time.

Plasma formation is brought about by r.f.-power capaci-
tively coupled to the plasma volume in combination with a 10 kdJ,
5 kv (¥ T - 70 ps) high inductance capacitor bank. Plasma den-
sities could be varied between 3x10'% - 3x10%! m™3, Biop 18
2 Tesla. Vertical field coils can slowly adjust the position

of the plasma column.

Diagnostics

Data of voltage and plasma current are taken every 100 ns,
The plasma resistance has been computed after correction for
inductive terms. The plasma pressure and the position of the
column have been deduced from diamagnetic loops and sets of
sine-cosine and Mirnov coils, respectively. The plasma density
has been monitored by microwave interferometry and laser
Thomson-scattering diagnosties. The occurrence of ion-acoustic
instabilities is sensitively demonstrated by the e.m.-radia-
tion signals near f i {0.4 - 10 GHz] .

The electron temperatures have been measured by Thomson-
scattering with a ruby laser.

A preliminary determination of the ion energy distribu-
tion has been obtained by means of time of flight measurements
of charge-exchanged neutrals near the periphery of the plasma
column with a secondary emission detector.

Results and discussion

In Fig. 1 a, b, ¢, and d, voltage, current, radiation be-
tween 0.4 and 10 GHz, and plasma resistance are shown as a
function of time for a specimen discharge.

Fig. 2a shows the energy density w(t) of the same shot,
both from w(t) = v;i 6 12 (t)R(t)dt and the diamagnetic loop
signal; Fig. 2b gives the corresponding poloidal 3.

Voltage and current traces of numerous discharges show
that up to 4 us a strong anomalous resistivity exists. The
termination of this anomaly is evident by the abrupt disappear-
ance of e.m.-radiation in the ion-electron two-streaming and
icn-acoustic regions.

Data for the effective resistance have been derived by
R(E) = [V(t) - 1 8LED) /1te), during the period of turbulence.
A high first spike is always found during approximately 0.1 us
probably due to a skin-like current layer. This current layer
diffuses rapidly onto a rather uniform current profile, as is
confirmed by measurements of Bétr) with an array of small mag-
netic pick-up coils. From our resistivity data we find
Mg 0.5 w i This value is accounted for by the mechanism
of the growth and the saturation of strong ion-acoustic insta-
bilities) .

Evidently, below a certain threshold for the E-field and
for too low a value of Te/Ti, the turbulent friction rapidly
diminishes, preferably first near the plasma axis, where the
conditions for the onset for instabilities are marginal. This
gives rise to a peaking up of the current profile (magnetic
probe measurements) with an apparent increase in the real part
of the plasma impedance by delfdt.

Therefore, the inteqral expression for the energy density
w{t) is only reliable up to the time of termination of plasma
turbulence. After crowbarring the total current decreases rap-
idly, preferentially near the plasma (limiter) boundary at

r = 0.085 m, due to skin effects resulting in a further
steepening of the current protile. This deteriorates plasma
confinement in the crowbar stage.

By insertion of the radial current profile in the after-
glow, as measured with the magnetic multiprobe - the current
decay can be completely accounted for by computer simulation.

In Figs. 3 and 4 the energy density, w(t), in kJ/m® and
(TE+Ti) in keV are given as functions of bank wvoltages and
plasma density, respectively. Figure 4 also shows Bpul at
t = 8 ps, derived from the diamagnetic loop signal% Diamagnetic
loop data for w(t) agree with those obtained from J IZ(t)R(t)dt.
At a density of 6x10!? m—3 T, is 400 ev, as deduced from laser
diagnostics. At lower densities the energy distribution is not
completely Maxwellian, consisting of a colder part near 200 eV
and a hotter tail of electrons heated up to 1000 ev.

Presumably in the skin region the ions are heated up to
1000 eV, whereas the ion temperature near the axis is a few
hundred ev.

The position of the column never changed more than
1.0 = 1.5 cm during turbulence and afterglow. During the heat-
ing the g-value at the plasma boundary is never much below 1.

In conclusion

It has been found that effective electron and ion heating
occurs in plasmas, near 102° m~3 by strong ion-acoustic turbu-
lence in a Tokamak-like device. No major plasma losses occur
during the heating process. For plasma confinement after heat-

ing power crowbarring is found to be necessary.
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PLASMA BEHAVIOUR IN STRONG ELECTRIC FIELDS : A COMPARISON
BETWEEN COMPUTER AND LABORATORY EXPERTMENTS
S5.M. HAMBERGER, L.E. SHARP, M. WOODWARD® and W.H.M. CLARKY

Culham Laboratory, Abingdon, Oxon, OX 14 3 DB, UK.
(Buratom/ UK AEA Fusion Asscciztion)

The results of laboratory turbulent heating experiments and computer
simulation are compared and contrasted for the cases of strong, gquasi-
steady applied elsctric fields, and shown to disagree guite markedly.

Many computer simulations*?

of collision-free plasma to quasi-steady (T » w;‘e} s strong (E» mvaWy/e)
applied electric fields. All show essentially the same behaviour, despite
differences in dimensionality, Te/Ti yete:  there is first a period of free-

have been made to explore the response

acceleration while the drift velocity wv,(t) increases to Vg~ vo(0); once
Vg ® Vg two-stream electrostatic instability occurs (with kyAp ~ 1); the
ensuing turbulent fluctuations then scatter (heat) the drifting electrons
until v, 2 vy thus removing the source of instability; the whole process
then repeats indefinitely on a time scale ~ 10 w"; « Thus the system stays
¢close to marginal stability, i.e. (mt_]) w (v (t)) where averaging is over
times -410@1;'1- Provided (as in the simulations) energy ie conserved, it fol-
lows that (a) Vg=va=t, i.e. the current and temperature increase indefi-
nitely with time; 2E'h) the effective collision frequency Vv m t™ and the
conductivity o =~ l;h- t. Hence the plasma responds as an inductive rather
than a resistive circuit element (i.e. conductivity is an unsuitable para-
meter), while =lectrons still runaway despite the fluctuations, whese spectrum
remains concentrated at short wavelength (ion-acoustic instability is too slow-
growing to be important).
Table I - Parameters of the Two Laboratory Experiments

2 . TWIST THESEUS
Configuration
Toroidal Stellarator | Linear Q-Machine
Plasma density (ca™) 102 10?
Ton ;o K*
Plasma dimensions (cm) r=5, R=32 ¥ = %:5 5 L= 80
Voltage pulse (max) 100 kV 100V
E(V/cm) (max) 500 1
Pulse duration (ue) 0.3 2
Tpax (A) s 104 <1
Teo (8V) ~ 3 0.2
Ty (max) eV > 10% 20 - 80
By (ke) 3 3
Diagnostics Magnetic, Microwaves, Elec.:trnn Wave
X-rays, ete. Dispersion
Repetition rate (sec™) 107 10?
TRELE 1T Quite different behaviour is, however,
seen in two laboratory experiments which, al-
Stells w
= fellerator | @Machine | pnough very dissimilar, both satisfy the
e
CERT ] 2-7 necessary criteria (strong, quasi-steady E ;
oy T ~ 200 ~ B0 sufficient energy confinement) and whose
w,, parameters are summarized in the Tables.
;;-‘: i ~ 10
Fig-1 IF model correct
— 3% 107 3%107
“pi

Typical results from TWIST® are
shown in Fig.1: the conductivity,

which is derived from the current and

C=Niwa;

voltage waveforms whils making a
proper allowance for cireuit induc-
tance (i.e. introducing a self-consis-
tent current distribution), remains
approximately cnpatant around the
vllu? 0*0.5(%)*%1& found earlier ems+
at I=0 in strong electric fields®*.

Ve
ne 2% 102 e
The current waveform is resistive, and

with peak value ~8kA. A prediction 0 100 200 sau
based on the computer experiments (shown Tmelng

in Fig.1) would be a longer rising current pulse with maximm value ~ 50 ki
{corresponding to an inductively limited current). Although the highly resis-
tive phase clearly starts at the appropriate threshold for two-stream instabi-
Uty (vy 218 vo(0) = 2 x 10%cma=) it persists well past current maximum,
i.e. for Vﬂ/ve S 0.1. Electrostatic probe signals show a wide frequency spec-
trum® including evidence of two-stream instability, despite the fact that
¥4 < Ve« The electron temperature estimates (from X-ray spectra) are consis-
tent with Eood confinement of the dissipated electrical energy.

In the linear alkali-plasma experiment® the electrical data are supple-
mented by time resolved measurements of long-wavelength electron wave disper-
sion from which instantaneous values of Ng s Vg1V, and higher moments of
(v) can be obtained. The solid points in Fig.2 show how © varies with
Ya/vo(0) for aifferent applied fields: it falls rapidly when vy @ 1.3 v (0)
(the theoretical threshold for instability when Tg,=T; ) and reaches an
;mmtely constant value which again corresponds closely to the empirical

quoted above. The values of O at peak current in two toroidal
EXperiments are alsc shown for comparison, appropriately normalized. (In these

cases T,(0)>T;(0) so
the threshold is less
well-defined.) Typi-

cal temporal behaviour

100

is shown in Fig.3: as 104
in Fig.1, instabilit;

By ¥ Wi
occurs when vg> v, (0) W(]"ﬁ\)"l
= 2% 107 cms™ , after
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Fig.2

TORSO A
TWIST O
THESEUS « electrical measurement

dissipation from
dispersion measurement

which v, rises faster 1 —mgng —:-.--1:-----—-----— -
than vy so that vg< 05k ,,,,,““,,,,0_8,,0,, QO---==--0--nveig
Vgr The conductivity ‘:
|
remains constant,while '
1 H
the rate of electron o 13 2 3 5 8
Ve
heating agrees well ﬂ
velocity Fig.3 with the energy input up to 7 =~ 1.0-
T
*10cms™ 2ps (depending on maximum temperature
= }‘-—-}’“ reached) after which some electron
i heat loss occurs.
0 &
i/ 3 In the hope of reconciling this
' =6xI0" cm’ .
w010/ s serious discrepancy we have tried
i s 100v various ways to make the simulations
10} 3 " Y more realistic, e.g. by including: (a)
',' 2-dimensions (to allow growth of off-
— axis modes) for various M/m; (b) an
initial spectrum of ion-acoustic fluc-
tuations; (o) skin-current profiles;
ol
2 - (4) spatially periodic initial density
4 - %_ perturbation (to simulate electron
10 i ¥ 0
y magnetic trapping , so allowing e-e
= - interactions®); (&) a programmed vari-
" L
L ation in E to simulate the effect of
circuit inductance on the current rise;
WV (f) a sequence of constant E fol-
3 lowed by constant current, ete. In
10] ’}‘/ no case does the result show any sig-
s 2
i B S nificant departure from the general
— i tus) asymptotic behaviour seen in the sim-

] 70
Evolution of electron density, n, drift velocity, Va,
and rms. velocity Ve.(in the electron drift frame)

for three different voltage pulses.

M/m = 100, E/Eg ™ 1
is shown in Fig.4

ple cases, i.e. vg~v =t} o=t,

etc. An example of case (e) with

1,
which illustrates &
.
the same behaviour. By Induclance 15
Included . v,
Thus we are forced ¥ PR > %
%o 8 : Y
to conclude that i E,
some other form of 4 £
plasma instability, 4 ]
%
probably not purely
s o
electrostatic in 5 10 15 0
T twp!)
nature, must be in-
Fig.4

volved in these

situations.
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ANOMAT.OUS RESISTANCE AND TURBULENT HEATING IN A Q-MACHINE

S.M. HAMBERGER and W.H.M. CLARK*
Culham Laboratery, Abongdon, Oxen, OX 14 3DB, UK.
(Buratom/UK AEA Fusion Association)
Anomalous resistance and non-classical electron heating are
cbserved during the passage of large current pulses (va> Voo
t ~ 2us) along a @-machine plasma column. The results are
quantitatively consistent with those found in pulsed turbulent

heating discharges in toroidal devices.

Results on the response of plasma to strong slectric field pulses,
analogous to those observed in toroidal turbulent heating experiments® , have
been obtained using a single-ended Q-machine plasma (K+ , nméx 10? on?,
Tog=T3,=2500K, r=1.5¢cm, L=8ocm, B\I = 2kG) operating under conditions
such that effects caused by the electrodes (e.g. energy losses and sheath
acceleration) are unimportant. A positive voltage pulse (Vs 100V, t,~20ns ,
length 7~ Zus, repetition rate 1005~ ) is applied to the cold end-plate

(Fig.1(a)); as a result axial cur- Pul

lse generator Sheath B

5041

rents €600mA , corresponding to

Vcl/“-eo'"s‘ 10, are passed. For com-

,,,,,, ] ==
V=V s Ryl e 501
Vo= 1%
{al  Schemotic orrangement of the experiment

parison, the temperature 1limited

thermionic emission is ~64 .

In addition te the conventional
measurement of macroscopic quantities
(e.g. V,I) Fig.7(b), the time- and
space-resolved properties of the elec-
tron gas can be obtained unambiguously
by measuring the dispersion of lightly Goeent
damped, axially propagating electron

plasma waves, launched from a fixed

exciter probe with known frequencies
w (typically ~500 - B800MIz). Using a Time

fast (~0.3ns) sampling technique, the (bl Plasma current Fig.1
local wavelsngth (and direction) of the excited waves can be Tound with a

time resolution ~10ns .

Measurements are made (a) in the unperturbed plasma (£<0); (b) with
electron drift; (c) against the drift (for 0 <t < 7). Typical results are
shown in Fig.2 for t = 0, 300, and 1000ns at a position half-way along the

column.

1(MH,)
1=1000n sec V,=51:02 x10%em sec”’
V=202 1x107 cm sec?

t=300nsec V4=69: 0 3x107cm sec’
Va=2: 12107 em sec!

=0

Stem)
<o e
Propagation antiparaliel lo the electron drift Propagaticn parcllel fo the electron drift
Typical measured dispersion curves for a pulse Fig.2

amplitude of 40V

For wavelengths much longer than those of ion fluctuations expected to
be excited by the current-drive instability (th ~ 1), the propagation depends
on plasma properties averaged over many such fluctuations and therefore can
be related to an appropriate space averaged distribution function i(v)
parallel to B. For lightly damped waves (ch =w/k » veJ the usual disper-
sion relation can be sxpressed as an expansion in moments of f(v), i.e. in

Ap :‘[' VP o(w) dv. If wys u.>+, and W correspond to frequencies of equal

. 2
Wavenumber ik' the 3 cases above, then by taking the ratios &%t) and
- o
\m—) for waves w' and w~ which have equal but opposite phase velocities
o
I\Twl , it can be shown that the even and odd moments are related by the fol-

lowing expressions
-1 2
1 ['w w _ a
z{\mu) *'\w;)J o (e B ST )

o N3 ey
%..%x (i) _(\ﬁ;) J:nlu (2, + BAz .. )

where x = 1/v;. In this way we can follow the development of n/ng , va= AL
vz = A,, as well as the third and fourth moments. (In practice the results
show that for times of interest, n= const. and vgy= I/ r noe.) Typical

VELOCITY Fig.3 2 (esu) Fig.4
LIJPe

1000
n=6x10° cm™
t=1ps
| e electrical
I % dissipation(from dispersion
measurement )
100 I
|

j

; Hs
o \ L, tips) !
] 20 1(51”3
am |
}/,}__,, v 10 | ;
2010 G s ! 2 g 4 5
A i v L8,
Y Vg =13V,
E T 413V T
10 i *
p & " wy, resulis are shown in Fig.3 for three
) il pulse voltages. (Note that the elec-
10 20

tron temperature rises to T, ~B80eV.)

By subtracting the sheath vol-
40V tage (assume the perveance measured
under stable conditions (Vd < Vau)

remains constant) from that between

the electrodes the resistance of the

10 70 tiws)

Evolution of electron density, n, drift velocity, Va,

and rms. velocity Ve.{in the electron drift frame) shows the mean conductivity normalized
for three different voltage pulses.

plasma column can be obtained. Fig.h

to Yo plotted against vg/v,, for
t =1us, when the Fluctuations are well established in each case. The con-
ductivity, which is essentially constant throughout the pulse, falls sharply
for Vi 2 1.3 Ly (which corresponds to the theoretical threshold for insta—

bility®) and reaches a roughly constant value for large vg/v,, in good

AN
agreement with that given by the empirical formula ¢ = 0.5 ’\%)awpe found in

high voltage toroidal discharges zt higher densities®.

The eifective electron-ion collision rate v (and g) can also be ob-

< P 4 o d 2 a =
tained from the rate of increase of Ve, according to T (ve) =2y Ve Fig.5
shows a comparisen between the measured increase in v and that caleulated
for two values of v or O assuming parallel energy is conserved. The

resulis (also shown in Fig.h for ccmparison with the elecirical measurements)

are agein consistent with the above formula.

Notice (Fig.3) that
the maximum temperature
/ reached (~ 80eV for V =
7/ G={-ﬁ?u,- 100V) depends on the energy
confinement time which is
given approximately by L/vg~
1 us.
Measurements of Aa and
s 40V A, suggest that at least for
m 60y part ol esach pulse the drift-
ing velocity distribution is
A 100V non-Maxwellian, with j‘ vV fdv
of opposite sign to vg fi.es

towards the ion distribution).

Fluctuations with fre-

quencies 2 3 MHz appear

3
05 10 5 D]

during the time when the
Estimation of the electrical conductivity, o, from the resistance is high. Their
electron ‘heating’rate
Fig.5 frequency and wavelength
spectra are currently being
studied.
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Mass Dependence of Ion Heating in Turbulently

Heated Plasmas (THE MACH II)

* % *
K. Adati, H. Iguchi, ¥. Ito, T. Kawabe, K. kawasaki,

* X xak
7. 0da, R. Sugihara and T. Yokota

Institute of Plasma Physics, Nagoya University, Nagoya, Japan
* FPaculty of Science, Hiroshima University, Hiroshima, Japan
** plso Plasma Physics Group, Physies Dept., University of

Tsukuba, Ibaragi, Japan

*+*Physics Dept., Kyoyobu, Ehime University, Matsuyama, Japan

ABSTRACT Mass dependence of ion heating (HE+, Ar+, Er’ ana
Xe+) in turbulently heated plasmas is experimentally investi-
gated. It is found that the resultant ion temperature at the
peak state of heating is nearly proportional to the mass of

ion. A model of the mechanism for ion heating is proposed.

A previous paper [l] describes linear turbulent-heating
experiments in which argon ions mixed as test particles in the
helium plasma are heated almost simultaneously to about 20 eV
under a condition that an applied heating voltage is a little
higher than the threshold voltage [2].

Further studies have been made of the mass dependence of
the resultant temperatures of ions in the similar experiments
performed by using THE MACH II device [3], the heating wvoltage
having been much higher than the critical value. The device
has a pair of hollow electrodes with an inner diameter of 3 cm,
separated by 135 cm from each other. A hydrogen plasma pro-
duced by a titanium washer gun is introduced through the
electrodes in the discharge tube, where a longitudinal and
mirror magnetic field is applied. Its initial density and
temperature are about 5 x 1012 r.'m—3 and 8 eV, respectively.
After the heating voltage is applied, the electron temperature
rises to several tens eV in the first 1 ps and then further
increases up to 10 keV, coincident with abrupt grow of the re-
sistance of the plasma, The detailed experimental procedure
and the plasma behavior are shown in earlier papers [3].

The ion heating is estimated from the observed Doppler
profiles of the ion spectral lines, by using a multichannel
Echelle spectrometer. The line profiles have been measured
along a chord through the center of the cross section of the
plasma column. Both the Zeeman and the Stark effects are all
small compared with the Doppler effect to these lines in the
present experiments. To supply the test ions, a mixture gas
is filled in the vessel at a pressure of 2 x 107* Torr, before
the titanium washer gun is fired. The mixture gas consists
of helium (84 %) as the main ingredient and four kinds of
gases (4 % each) as test ions; neon, argon, kripton and xenon.

Fig. 1 shows typical examples of the energy distributions
of the ions at various times after the onset of the heating
current. Each ion line width considerably increases after 0.5
Hs and reaches a peak value at about 1 us, a little bit befora
the resistive hump takes place in the heating current-voltage
curve. At this time the energy distribution fuctions seem to

consist of two components except the case of the helium ion.

InI
+

He " o

1. psec K r

-8

1. psac
]
-8

il L L L

eV 600 300 0 300 600

L
eV 600 300 o 300 600

1 1
Fig. 1. Energy distribution eV 600 300 0 300 600

functions of the ions with different masses.

The lower component of each test species is heated to only
about 100 eV and there appear no clear mass dependence in the
heating. It also seems that the energy at the transition
points from the lower component to the higher one in the dis-
tribution curves are nearly proportional to the ion mass.

Fig. 2 shows a mass dependence of the resultant temper-
ature of the higher components at 1 ps. MNote that the ion
temperature increases with the ion mass almost proportionally.
Therefore, a mechanism may exist for the ion heating giving
almost the same average speed

to the ions with different

masses; the ions being trapped

in a certain wave in the 1000
plasmas are accelerated to its " T
phase velocity. The above ex- i

planation may also be support- 100
ed by the fact that the ion " g

energy profiles have twao com-

He Ar  Kr Xe
L i 1

1
10 100
atures except the helium ion, Mass Number

ponents with different temper- 10

a main ingredient of the
plasma. Fig. 2.
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DETERMINATION OF MICROFIELDS IN A TURBULENT PLASMA BY OPTICAL
AND FAR-INFRARED SPECTROSCOPY
W.R. Rutgers and H.W. Kalfsbeek
Association Euratom-FOM, FOM-Instituut voor Plasmafysica,

Rijnhuizen, Jutphaas, The Netherlands

Abstract: In a turbulent heating experiment we observe three
consecutive phases. Phase I: electrons are heated and e.m.radia-
tion with frequencies below fpe is emitted. Phase II: Langmuir
and ion-acoustic oscillations are present. Radiation up to

10 Epe 1s observed. Phase III: radiation spectrum consisting of
discrete maxima at n-fpe caused by strong Langmuir turbulence,

Experiment: A schematic drawing of the plasma heating experi-
ment TURHE is given in Fig. 1. A plasma with a diameter of
0.011 m and a density between 2-10!? m~? and 2-1020 p=3 is
formed by a hollow cathode arc discharge. The plasma is made
turbulent by discharging a high voltage capacitor through it.
The electrons are accelerated in the electric field creating a
beam-plasma type of instability. The nonlinear streaming insta-
bility generates fluctuation fields in the frequency domain

01 fpE < F < 0.5 EPE.This phase can last for a few hundreds of
nanoseconds. The electrons are heated from about 10 eV to sev-
eral keV during this time which will be denoted as phase I. In
the next 1 to 3 microseconds the ratio of drift velocity over
the ion sound velocity ufc, > 1 and Te/Ti »> 1. In this period,
denoted as phase IT, strong ion-acoustic oscillations grow un-
stable accompanied by electron Langmuir oscillations. Ion heat-
ing takes place mainly by nonlinear Landau damping. Tempera-
tures up to Ti = 3 keV were reachedlj.

—=_cathode e =
Doz ~+ e o r
3 T
20- 40 kV
to pump magnetic field coils to pump -[ I ' ]-
= titer =
Fig. 1. Schematic drawing of the linear turbulence heating experiment TURHE.

Results from optical measurements: The fields of electron Lang-

muir waves (f ~ f " the electron plasma frequency) and ion-
acoustic waves (f » £, = g /1 foo)
from the spectral profile of forbidden helium lines (e.g.
21p-4'F at 4920 §) and its satellites at + £ _. A field
strength of about 10% V/m was determined for both the high and
the low frequency oscillatlonsz) during phase II. In hydrogen

turbulent microfields have been determined from the profiles

were measured in helium

- TR —— of hydrogen Balmer lines Ha'
2 B @ 4 Hoo and H - The fields give
i 4 /H,/”“\,t”‘__jq"‘ rise to Stark splitting of hy-
o drogen energy levels. From the
~ 60 C) frequency splitting and the
g 40T intensity of the different
; 20( Stark components measured in
= two polarizations it is pos-
5 °°F C) T sible to calculate from an op-
é 407 1 tical spectral profile the
g 20F 1 field strength of ion-acoustic
§ Q waves and Langmuir waves. We
® 20} @ found values from 2-10% V/m
l 10 - fAfL up to 5+10% V/m for the ion-
2 acoustic waves, depending on
CE i OF the voltage applied to the
2r j\\_ 1 plasma column4’. The corre-
o143 sponding field strength of
=i © { high-frequency oscillations is
& il between 10% V/m and 3-10% v/m.
o P b e,
é * ; : é 3 ;AALfd Far-infrared measurements:
gy () The microfields in the plasma
also cause e.m.radiation which
Fig. 2.

is measured with a liguid he-
lium=cooled InSb detector. In

Emitted e.m.radiation as a function
of time for a helium discharge.

a) discharge current, b) total ra-
diation between 40 and 1000 GHz,

¢) after transmission through a
wire-mesh filter 55 - 135 GHz,

d) 95 - 230 GHz, e) 190 - 460 GHz,
£) 430 - 1130 GHz.

Fig. 2b the measured radiation,
picked up by a circular light

pipe (diameter 0.025 m) placed
at 12 em from the plasma column
is shown as a function of time

for a helium discharge. The radiation is alsc measured after
passing through different band-pass filters (wire-mesh filters)
shown in Figs. 2c... 2f, and a low-pass filter (polythene grat-
ing). From this observation it is obvious that during phase I
the radiation contains frequencies below f - while during phase

II radiation with frequencies up
phase IT the intensity decreases
high densities (n =~ 1020 m~3) to
2.5+10'% m~?). In Fig. 3 this is

to 10 £ a is emitted. During
as £ % with a from 2.5 for

a = 4 for low densities (n =
shown for low density hydrogen

and helium discharges (n = 4-10}% m~3). For a limited density

range we do not observe a gradual transition to a normal resis-
tive regime at the end of the heating phase but a current dip

accompanied by a strong burst of

radiation (see Fig. 4). This

current dip has previously also been recognized by Watanabe et

al.?. The frequency spectrum of

the radiation emitted in phase

IIT is spectrally resolved with a far-infrared spectrometer.

e e o
3 Hloe
§ 1 [ [T \hyerogen]
i \
5 10°1 % - _Y‘ 1
:
a \ ! X]‘
110‘— Ar 1 F 1
\
1 1
1 | I -
\I
= s
A
16’ - i —
10 0 10° 10' 10° 10°

— { (GHz)

Fig. 3. Emitted e.m.radiation measured
with a low-pass polythene grating fil-
ter (40-70 GHz) and four wire-mesh
filters. Full line: f“ spectrum.

I t =0 - 300 nancseconds

Il £~ 2 microseconds.

Strong Langmuir turbulence
(W/nkT > me/Mi' W is the
energy in the fluctuations)
causes radiation, not only at
fpe i?d 2f o A8 repcrted ear-
lier
harmonics as shown in Fig. 5.

, but also at higher

After correction for the
bandwidth of the spectrometer
the intensity decreases as
f=3. In phase III ion-acous-
tic oscillations can hardly
grow unstable because the
ratio Te/Ti has been decreas-
ed to about Te}"l‘i =~ 3. On the
other hand strong Langmuir
turbulence is excited by
bunches of eslectrons, acce-

lerated in the extermal elec-

tric field. Density depressions of about 50 Debye length can be
formed in which the high-frequency oscillations are trapped.

The cavity shrinks in the course

of time to about one Debye

length and decays afterwards with generation of e.m.radiation.

Fig. 5.
Frequency spectrum of e.m.radiation
during phase ||| measured with a

far-infrared spectrometer.
no=2.510"% m~3, v = 45 kV/m.
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Upper trace: discharge current
as a function of time.

Lower trace: total e.m.radiation
Time scale: 1 pus/large division,

phase |: t=0-0.3 ps;
phase 11: t =0.3 - 1.6 ps;
phase I11: t = 1.6 - 2.0 ps.
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MICROWAVE SCATTERING FROM A TURBULENTLY HEATED PLASMA
L.E. SHARP and S. MROWKA®

Culham Laboratory, Abingdon, Oxon, OX 14 3 DB, UK
(Euratom /UKAEA Fuaion Associatien)

The electron density fluctuation spectrum during the turbulent heating
of a plasma has been derived from the scattering of A=2.%m and 8.8mm
microwave beams. There is evidence of ion sound fluctuations, (ki B)
while late 111 the heating phase large amplitude, long wavelength ,
high frequency fluctuations ky B are observed whose origin has not yet
peen identified.

The density fluctuation spectrum which occurs during the current driven
turbulence in a toroidal hydrogen plasma has been cxamined from the scattered
radiation of Ag = 2.%mm and B.Bmm wavelength microwave beam. The heating
current (T ~ 300ns) is produced by =lectromsgnetic induction of a strong
electric field (50kVm-') parallel to the axial confining field (0.3 tesla)

of a stellarator (TWIST)® .

Figure 1 shows typical waveforms for the applied clectric field, the
inauced current, the electric conductivity and the electron thermal v, drift
vy and sound speeds oy . The cbservations are concerned with the density
fluctuations during the first 300r- during which most of the electric;al
dissipation occurs. Within this period the density (typically 2 x 10'% o)
remains essentially constant while the electron energy typically increases

from ~10eV to as high as 30keV depending on operating conditions® .

From linear theory we should expect the most unstable wavenumbers to be
5 J.]']‘, thus during the observation the corresponding fluctuation wavelengths

will increase from 120pm to Hmm .

When v, > c, ion sound can be generated within the Cerenkov cone

o
of angle c.as'l(‘fn/cs) and with Irequencies 0 <w S ;. Tor vp > v_a
fluid (two-stream) type instability can occur. In the frame of the ions the
characteristic frequency is w*~ 3-{111-1/:1!93Lﬁ Wpi = 1.7wy; For hydrogen.  For
n=2yx 10" o™ we should expect fluctuation frequencies v~600MHz for the
latter and y ~280MHz for the ion sound turbulence.

Congidering the limitation of presently available signal sources and
experimental access, the most suitable probing wavelengths were A, = 2.% mm
and 8.8mm. With )\0:2.10 mn the fluctuations could be measured at §=90°,
7P, 30° ana P with respect to the current and with Ao=8.0at §=9F. The
respective fluctuation wavenumbers are 2.7 - #.5 mm=* and 0.8 mm™. The mini-
mum detectable fluctuation level of the aystem were respectively S(k)=6x 10°
and 2x 10" set by the plasma radiation level. Heterodyne detection fellowed
by a multichannel filter array nllowed the spectrum S(k,w) to be obtained
simultaneously at eight fr ies. For fr

y ies below 150MHz, S(k,uw)

was derived from the Fourier transform of the heterodyne video signal.

In Fig-2, 8(k,w) for § =90 is plotted as a function of frequency for
T=100, 150 and 250ns , where the data points represent the ensemble averaged
spectrum of 10 individual sets of results. The open symbols are obtained
from the filter array and the filled symbols from the Fourier analysis.
After T = 150ns the spectrum is seen to widen rapidly to include components
v ~B00MHz well abave vy, and v* and to maintain this distribution for
some 150ns after which the scattersd signal falls rapidly below the plasma
radiation level. At the same time the conductivity is observed to increase
rapidly, suggeating an overall reduction in the turbulence level. The fluc-
tuation spectrum 8(k,w) at T=250ns is plotted in Fig.3 for §=9¢°, 7cP, 3¢°
28 & for A= 2.4mm and in Fg.bat § = 9 for A, = 8.8am. Although
¥p > Vg (Fig.1) for a short period and the electrieal conductivity is consis-
tant® with the electrostatic two-stream instability, the scattering measure-
ments were unable to detect the associated density fluctuations as the fastest
Browing wavenumbér is outside the instrumental range. Fig.2 shows a weak
Baxizun (corresponding to S(k)~10%) in the spectrum at T =150ns which may
Brise from a croas field ion sound '1:.'-|st:abi1.'n:3(3 although we have been unable
to detect a similar peak for smaller % . Thus a limit of 5(k) <2x 10* can be

set i :
or len sound fluctuations parallsl to the current at this wavenumber.

Ji :
; ust after maximum current (T > 120ns) Fig.3 shows clearly that high
requenc, 3 ¥

¥ components at k~3.5mm~ increase considerably as & is increased,
i.e,

th
Y have wave-vectors predominantly perpendicular to the current, with

Sﬁkl) =10°» s(ky) & 10% , The frequency range extends well above those asso-
ciated with electrostatic fluctuations (i.e. wy; v*).  Figh (p = o,
Ay =8.8mm) shows an even wider spread of Irequency with fluctuations detect-
able near v, snd with S(k, )~ 8x 10° , comparable with those at Ay=2.4mm.

It is difficult to reconcile such wide frequency and wavelength spectra
with electrostatic modes of oscillation , while those wavelengths observed
appear not to be associated with any particular frequency. Thus it appears
that the conditions observed corresponds to a high level of sirong plasma
turbulence. Considering that intense microwave continuum radiation® (~ 10% x
black body at T = 10% e¥) ie observed during this time, it is possible that
the density fluctuations arise as a result of some form of electromagnetic
(rather than electrostatic) instability. It has not, however, been possible
to identify the origin of such an instability.
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NUMERICAL RESULTS FOR THE HIGH FREQUENCY CONDUCTIVITY
OF A TURBULENT PLASMA*

K.H. Spatschek, P.K. Shukla, and M.Y. Yu
Institut fiir Theoretische Physik
Ruhr-Universitit, 463 Bochum, F.R. Germany

Abstract: A consistent derivation of the high-frequency

conductivity of a fully developed turbulent plasma is presented.

Numerical results are given for Langmuir and ion-acoustic

turbulence.

We investigate the a.c. conductivity (1,2) of a plasma in a
turbulent steady-state described by a strong turbulence theory
(3). Accordingly, for electrostatic turbulence, the velocity-
space diffusion tensor in the equation for the space-averaged
one-particle distribution function of a homogeneous plasma in

an external electric field Eoez sin mot is

el
Ej(y)=#f.:ﬁ§ RRS(k t:1)T (K-e) T, (k-ey)
Jo k,m,n

)
eXP{‘i(nwc =k-v')T- Bjri +i(n-m) mot} i
L o /s
where v o= !+§j u, cos mot, Ej ej Eo/m u: and B 2(k D]ZZ) "
We note that ﬂj and S(}"c,t,-ﬂ are functions of the a.c. field.
From the appropriate dispersion relation (4), one obtains
+ 3 -
Stk,tyt) = [1+ (k-E /2w2)R]S“, where R = Ay exp[i w, (t -1)]+ F\_HS
exp[-im (tuﬂ]- kexp(lm £) = A Exp(—im t). Here, S° =
<\6E°(mk) |2> exp (~iw 1) with <|6E“[2> being the steady-state
fluctuatlcn spectrum in the absence of the a.c. field. We have
defined A = +ENL(mki w )Ee [ %5 (uslftu:o) —xj (mJS)] /mj. Here,
£yp, @nd )(J (w) are respectlvely the nonlinear dielectric func-
tion and susceptibility including resonance broadening effects
NL _
4 v Ry i Y
5 %3 p3
20 e B 0 /g2 - q, =0}, " th 3 lo-
VTj VTj +28j/k ¥ ﬁj BJ(EO Q) , and vTJ is the ermal velo

city. In deriving the above eguation, the averaged distri -

G'[(u:k-l_g-v ),/f'kv ]/2kv ., where

bution function <fj> is taken to be Maxwellian with a d.c.

drift velocity Vdj 5

The conductivity is obtained by taking the velocity moment
of the kinetic equation (3) and integrating over v and T. We

obtain for k-sj £ 1; me,fm.1 << 1 the dissipative part

NL
X (mk —mo) - (wk)
= Kk <|6B2 | 2> Im{[—= Ll =)
Ja 4'nmm Zk: ~<| lfl m{[ SNL(mk—mo) k Yo

(2)

% m B3 (A )
NL e"e 'k NL 3 _NL
= %o (uk}:l- —“——'—ze BEE) I:er lm,f) +'n15 _a"’k Xg (w}j)jl} .
B = ~

At saturation, the linear growth Z:Y of the ion-acoustic
instability is balanced by the nunllnear damping Yi = "{i pro-
duced by ion resonance broadening (5). For Yj. 25 Mg and assu-

-1 D .
ming that the spectrum is peaked at k= (V2 Ag) &,, we obtain

Yk m \Ya
(2 Pet = 1 (—)[ de _ L (m—e) r] ; 3
(k?\e) < i Vre e i pi

where § = wﬁ/ZkZUT’i, and w = 0.82 wpy- From eq. (2) the fluctu-

ation field energy density for ion-sound turbulence can be cal-

R0 |25 = 2 i 232
culated as };,<|5n£| > = (1d.8/v/2m)BunT_[wg/ (4p by ) =Tk lE,"Z'I‘Ei

Ae = VTe/"’pEN' Next, as origin of the Langmuir turbulence, we
take the beam-plasma instability. Saturation occurs through

electron resonance broadening due to both the plasma and beam
electrons. Thus, ‘(:L+T§L = 0, where the subscript b indicates
beam guantities. Noting that Bg :B; and wy >> k vy, we obtain

for ny << ng and Ty, << Tp in place of eq.(3),

HEATING

El
o,
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w Fig. 1.
be PR —
~ 2
- 1
1 2 w_ fu
| 1 o pe
a
E'(L x 10?
Pe
-1
1613, 1.14 1.15
| ] 1
mo/mpe
= -1
[~ ™ rig. 2.
sy T T+28%(w kAT .
et = = b e ([ =—L),
2 /in, Tb+2ﬂe(mpek?\e) T VIR Vg
i z I R WY ; :
where B /m = ml-(.,/(‘lympe) k le/Z, and m]E is the solution of
1+xNI‘+ng = 0. We have assumed that <f, > is Maxwellian. For

a peaked spectrum, the fluctuation field energy density is then

%} <[55£[=> = (14.8//77) BunT, [mé/(dﬁum;e)sz }\é/Z]z

For ion-acoustic turbulence, the conductivity in Fig. 1

(Te/T1=1DD, =O 1; w

k
peak above upe. The reason is that Im [Uc (wk—mo]] is non-

= ﬁvae.

Vae! Vo, =0.69 mp:.' kAg =.71) shows a broad

vanishing over a broad frequency range Icuk -woj
Therefore, our result can be attributed t; electron Compton
scattering. For the case of Langmuir turbulence (Fig. 2;
Vg e = 5 T/ = 1077, ny/n, = 1077 we=1.14 ., ki =0.25),
the conductivity shows two spikes with opposite signs above
Be This may be attributed to a three-wave interaction among
the turbulent mode, the a.c. field, and the ion-sound wave. For
Wy <w s energy is extracted from the turbulent modes, resulting
in ne;ative conductivity. On the other hand, for uw > Wy s energy

flows from the a.c. field to the ion-sound waves and the turbu-

lent modes, leading to positive conductivity.
Supported by SFB "Plasmaphysik Bochum/Jiilich".
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TURBULENT HEATING

Anomalous Ion Heating and Thermal Energy Transport

B.Coppi, F. Pegoraro and G. Rewoldt

Massachusetts Institute of Technology, Cambridge, Mass., U.S.A.

tract: The enhanced ion heating, resulting from current driven modes
about the ion plasma frequency when a fraction of the electron popula-

n is trapped and the circulating electron distribution tends to run-

; as a whole, is treated and compared with the experimental observa-
ns. A new dissipative trapped ion mode driven by the impurity density

dient is found and shown to produce outfiow (decontamination) of impuri-

s but also enhanced ion thermal conductivity.

1/2 v

the can be excited in re-

current driven modes with u/k" > (AB/B)

1/2

es where a fraction (AB/B) of the electron population is trapped

the applied electric fijelq is such that the circulating electron di-

ibution tends to runaway as a whole (slide-away regime) [1]. The relevant
L
\ )

L indicates a distance along

es are electrostatic, with potential ? = :k exp(—imt+ik*qL+ikl and

treated in a simplified geometry where

agnetic field line. We consider the freguency range ni < w < ﬂe '

eB/(cmj] being the gyrofrequency of species j, and transverse waveleng -

such that g;1 < kg < p;1 ; where pj = vthj/nj . Therefore the ions can

treated as unmagnetized and the relevant wave-particle resonances are

the form

k

Y

n

i + K

=l SRy

TR lg

ce the region of positive slope in the electron distribution is produc-

by the circulating electrons v w2

W
ting can be produced only if vli ~ow

’e >, (AB/B) v effective

ky /ky

the’ ion

>

thi * Therefore

/3)1/2(v /v ) and longitudinal energy of the current carrying

the’ "thi

ctrons is transferred mostly as transverse energy to the ions. The
nsverse momentum in the electron-wave resonance is taken up by the magnetic
1d while the longitudinal momentum exchanged between circulating elec-
ns ané ions prevents the first population from running away and produ-

a finite resistivity. Cénsidering the electron distribution
composed by two Maxwellians in the longitudinal direction, the relevant

persion relation can be written as

2 - -

e = (Te/Ti)w(m/kvthi) + (n,/n)W(w k““'/kuvthe] + [noTe/(n Ten)]
W(m/k'll"'theo'

re ADe is the electron Debye length, the subscript 1 refers to circulat-

electrons and zero to trapped electrons,and W is the well known
dau integral. We can see that the solution of this equation for w real

two branches, one roughly corresponding to , the ion plasma fre-

”Pi

ncy, and the other to kllupe/k . The lower branch has a lower thres-

d, as measured by § = ue/vthe where W, = J/(ne) is the total elec-

n drift velocity. A quasilinear analysis of the effects of these modes
been carried out and correlated with the onset of fluctuations , ob-

ved in plasmas produced by the Alcator device,and of sharp ion heating
<E> , an average taken over the plasma cross section, becomes larger

n a critical value. The observed spectrum is sharply peaked around

700 MHz

in the range 350 + and has been seen to extend up to 4GHz.

The analysis of election-loss cone modes, in order to explain the

170

enhanced emission,over the thermal level, of electron cyclotron radiation

has also been carried out. [2]

2. We have found a new mode, in the trapped ion regime, that is standing
jalong the magnetic field lines, has odd electrostatic potential around

the point of minimum field, and whose growth rate depends on the collision
frequency of trapped ions and on the density gradient of the impurity
population. This is of the order of

1/2 v Z

L thi |L 2 “eff
e [l T [;7l(k pi) Z
ieff/ nI n
h L is th tic field iodicity length, X - A, S )(AB/BJB/Z
where s the magnetic field periodicity length, A, .. ATt
the effective mean free path of trapped ions, r, and InI the density

gradient scale distance for the main ions and impurity ions respectively,

Z and ze the impurity and the plasma effective charge number respect-

f£f
ively. The considered mode is unstable if impurities are accumulated at

the center of the plasma column, so that ﬂ!nnI/dl.nnj > 0 if

-1
2
3

Thus the instability produces and outflow of impurities (decontamination)

agnT,
dr

i

dinn
dr

[3]1, for a typical relative temperature gradient that is more realistic
and smaller than that predicted by the collisional transport theory. In
particular, for values of the actual ion temperature gradient between the
two critical temperature gradients, we can have a situation in which the

impurities are concentrated at the outside of the column, with the colli-

sional inward impurity flux balanced by the outward impurity flux due

to the impurity-driven modes. At the same time anomalous ion

thermal energy transport is produced but this occurs at a slower rate than

that for impurity particle transport. [4]
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EARLY STAGES OF THE EVOLUTION OF THE ELECTRON DISTRIBUTION
FUNCTION UNDER AN APPLIED ELECTRIC FIELD.

A.Airoldi Crescentini, E.Lazzaro, A.Orefice

Laboratorio di Fisica del Plasma del CNR - Ist. di-Fisica
via Celoria, 16 - Milano - Italy

ABSTRACT: We search informations on the early stages of the evo
lution of the electron distribution function, in a collisional,
fully ionized plasma, under the influence of a realistic axial
electric field. A simulation of the magnetic trapping effect
expectable in a toroidal device is included and discussed.

We employ an electron kinetic equation with a Landau
collision operator:

3h emlh . By fpdliy

BE CMS Iy 2 su; Mooy B (1)
Am £ (w2 fe _om, € oy 2SS
{ - Y e e 2V

The species (electrons and ions) are labelled by "s"

E is along z, Z\s is the coulomb legarithm and

4 (S - &
o= 4mne Nz fmg =Ys/¥e = Tegs
Integrating eq. (1) over dv dv dv_ and using u = v/v H
5 =
TEth NG B = me‘{e/e'ﬂ'\r’z P Fug, T) = v, Sdu.J_S-
where V5= Mopo i (t=0) , we obtain an equatinn formally

similar to the one obtained by Field and Friedm-

3 e Vel -
:25 £ Eﬂ_w(uaqp .zw (D @)

In our equation

g _ =
Pzt Zy] o s Th om0 P D'%'l*°‘>'%%15<af§5>

e M, g W Mg DUy
and hs 5 are the usual "potential functions" of Rosenbluth,
McDonald and Judd. The averages H’ and D have then the meaning
of dynamical friction and diffusion coefficients respectively.
We evaluate the collision integrals hs, 9 with the substitu-
tion of a maxwellian fi for the ions, in the limit mE/mi—a-q
centered in uq= 0, and of a suilable maxwellian fE for the elec
trons:

2

_ 32 - > o us +[Ua- (D)) (3)
5‘e= L Lo i % (D

where the electron drift W( T) and the function %(t):vth(‘:”vo

keep somewhat into account the nonlinearity of the problem.

We assume that the averages \P v D may be made over a single

weight function, which is taken to be the transverse electron

i U.E'
g = T () exp {— > ()

The following basic relation hold between & and Ds:

maxwellian:

Y, (us ) = is—_S%‘X@ Ds (4,2 (5)
where
D, (U3, 1) = 2rr‘> z S dg ¢ Py P ( 9+(ua bas Wi ) &)
-1-1
with Pc_,(r):(r"' }5"5 E, & 7 Eg=v+h,5/\4'h,g
Plots of LPS, D_. \P , D are shown in fig.(1}.
Energy conservatlon requires that
(‘r.) 4+ .?_Sdt E@ T W, (7Y - u.3(1:‘> with u (ﬂj LFEL(H

Momentum conservation suggests to choose the drift W(T), in
the electron maxwellian, so as to avoid a non-physical momentum
exchange in the e-e collisions: we are induced therefore to as-
sume \)(.)(‘t): VI (<) (9)

In figs. (D (H),G) we show the evolution of the reduced electron
distribution function, of its drift W(T ), of the thermal velo
city normalized on VD ()\ = vth/vo) and of the electric conduc
tivity normalized on the Spitzer value, Cf/ G;p’ with E/Ec: 3

As >\fT) grows, the total effective friction force LP (ua,t )
decreases, thereby allowing an acceleration of the electron po
pulation. . The corresponding evolution of the electron distri-
bution function is towards a situation in which it deviates pro
gressively from a drifting maxwellian, developing a high energy

tail. Anyway, it is apparent that e-e collisions, when proper-

ly considered through a nonlinear term, do not allow a strong
departure from a maxwellian, at least for the values of time
and electric field examined here. It is seen that, after a tran
sient time, the conductivity CY settles slightly over the Spit
zer value. The evolution of the electron temperature and drift
(3},

agrees with Dreicer's results our model clarifies the effec

tiveness of e-e collisions on the kinetic behavior.

Even though our model, as it stands, is not suitable to study
3-dimensional effects as those due to a magnetic field, it seems
interesting to simulate the magnetic trapping effect expected,
(€3]

in the banana regime, in a Tokamak device For this purpose,

we impose an electric field of the form
‘e
=H (Il —u e)E (3)

where € simulates a toroidal inverse aspect ratio. The introdu
ction of (9) into eq.(1) leads to the substitution in eq.(2) of
the term E/Ec with "

Elt-expfrul ]} 09
The evolution of F(ua,Tf) in this case is shown in fig.(5). As

can be seen, the reduced distribution function undergoes, as
time goes on, a much stronger deformation than in the preceding
cases, developing a second bump at high velocities. However in
this case our model is obviously much less plausible, so that
this last result must be taken as merely indicative.
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THE TRAPPED ELECTRON INSTABILITY
R.N. FRANKLIN * and R. MacKINLAY *

Culham Laboratory, Abingdon, Oxon, OX14 3DB, UK.
(Euratem/ UK AE A Fusion Association)

The deformation of the electron distribution function in the pre-
sence of a large amplitude electron plasma wave 1s evaluated in
the approximation of constant wave amplitude, for various initial
distributions. The stability of plasma for frequencies near the
main wave frequency ic examined. We establish for this model a
general requirement for the initial distribution to be unstable,

and comment on the relevance to the experimental situation.

The initial observation by Wharton et all of the generation of side-
bands by a large amplitude electron plasma wave propagating at phase veloci-
ties such that a significant number of particles are trapped in the poten-
tial wells of the wave has led to a large number of theoretical treatments
and a number of more detailed measurements © . It still cannot be said that
there is good agreement between experiment and theory to the extent that
all features are well understood. Some of the difficulties arise because
experimentally the amplitude of the main wave is a function of position.
The various theoretical approaches can largely be divided into those that
consider the temporal evolution of some initially given distribution in phase
space, and those that take a stationary distribution function and examine
the stability of plasma to excitation of other frequencies by the parametric
process of mode coupling. This paper describes some results cbtained by
adopting the former or 'guasilinear' approach which sheds light on some of

the theoretical work (Brinca®) and scme experiments.

In the approximation of constant main wave amplitude, the trapped and
untrapped particle orbits can be found in closed form (Q'Neil®). For a
given initial distribution function at time t=0 the paths of particles in

phase space can be followed and the spatially averaged distributien function

T(v,t) found. Waves with phase velocity \.rqJ such that %—f—- (v, t)v is
®
positive, will be unstable according to linear theory. The time evolution

of fluctuations in the plasma can then be obtained by examining Aw,the
t

logarithm of the wave amplitude, where A, = [ y( % t) Gt and Y is the
-}

linear growth or damping rate. Brinca® gave such a treatment for a linear
(two-term Taylor) approximation to a Maxwellian. However, the variation of

energy with orbit was not

properly taken into ac-
count in the space averag-
ing of f(x,v,t). Fig.1

shows the results of deter-
mining ¥(v,t) numerically

for a small amplitude wave.
For this case, there are f(‘\:)
no waves in the resonant %

region for which there is

any cumulative growth. We

are able to recover the #
results of O'Neil® for A
V- Yo/, showing the 2
oscillatory time depen- 0 L o =5 - t=0

dence of the main wave

amplitude. In Fig.2, .l!w Fig.1
is plotted against ch for ﬁz;z) ih;;m itsz‘..gtgrvalsﬁof/beéB =Igfoggndi-
a large amplitude wave (33 2 - /m)e a'm fﬁfu(ma :ema '

and an initially spatially 2 Ble

uniform Maxwellian distribution, indicating that for large amplitude there is
the possibility of growth

for some frequencies. How-
NG

ever, a plot of f(x,v,t)

over phase space at dif-
ferent times reveals that
the effects are associated
with ! just-trapped’ particle
orbits which would not be
present experimentally for
times long enough to cause

our observed growth.

The model can be taken

further by examining ini-

tial distribution functions

Pigis other than Maxwellian. We
A, is plotted against velocity for the same have examined various ini-
conditions as Fig.7 except @{K T, = 0.5.
3 le < o z :
The unbroken lipe represents Lendsu damping. tial distributions using

The 'jhst-trappeﬂ' growth can clearly be seen. the ‘'gquasilinear' model,

with the empirical result

that if flx,v,t=0) is a 80000
monotonically decreasing
function of velocity, the oo F
plasma is stable except
for the 'just-trapped'

cases already mentioned. 40000
For a 'gentle bump-in-tail'
initial distribution one 20000
would expect instability

without trapping (as in-

+ L
deed we observe); however, 2.5 3.0 35 4.0 45 5.0 55

the effect of trapping is _ Fig.3?

f(v,t) is shown at t= Tb/E for a bump-in-

tail initial distribution. Here, Luc/kﬂ =
4.2 O, and e /KgT, = 0.5.

to modify this behaviour
substantially.  Fig.3
shows the distortion of an
initial gentle bump-in-tail distribution at half a bounce period, 'I‘b/E‘ in
the presence of a large amplitude wave. The growth associated with this
distribution is shown in Fig.h, where A, is plotted apainst V(:) for various
times, showing the departure from exponential growth expected for no trap-
ing. We have thus established the general requirements for instability on
a guasilinear model, namely there must be an initial inverted trapped parti-

cle distribution.

The experimental results of Barbian® and Jahns and Van Hoven® show
significant distortion of the distribution function from the Maxwellian mea-
sured in the absence of perturbation at distances from the exciting antenna,
short compared with the bounce length ?Lb , (the equivalent of Th in the
temporal case). Thus the experimental situation appears to be one in which
the effective initial distribution is not Maxwellian, but closer to a 'bump-

in-tail' state similar to the case treated in Figs.> and '

We conclude that deformation of the distribution function near the
exciting antenna can be an important influence on the trapped particle insta-
bility as observed experimentally. Simultaneous measurements of the spatial
evolution of the distribution function (and of test wave growth rate) 'gquasi-
linear' theory is adequate, or whether it would be more appropriate to use a

parametric coupled-mode model.

) sl t=T /2 % = t=T  *

. z e b i

il 10 "0

+ = § +
d'; . ‘
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¢

Fig.h
A, is plotted against velocity for the same conditions as Fig.3,
showing wave growth due to the bump-in-tail distribution
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MNONLINEAR SHIFT IN WAVE NUMBER OF AN
ELECTRON PLASMA WAVE

E.P. Barbian
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Abstract: The nonlinear shift in phase of an electron plasma wave is experi-
mentally demonstrated by the measurement of the wave number shift of a
transmitted small-amplitude test wave in the presence of a large-amplitude
vave.

Introduction: The damping of large-amplitude electron plasma waves deviates
considerably from the exponential attenuation as described by the Landau
theory. If these waves are propagated through a collisionless and homoge-
neous plasma, then after the initial damping which is still governed by the
linear damping rate, we do observe nonlinear oscillations of the wave
amplitude. Morales and 0'Neil [1] pointed out that in this nonlinear
situation both, oscillations in phase as well as in amplitude are to be
expected. These authors start from an initial-value problem and describe
the case with the wave number fixed and the frequency modified by oscilla-
tions in time. Both oscillations can be explained by equations describing
the conservation of energy and the conservation of momentum. In an experi-
ment the frequency is fixed and instead of oscillations in frequency the
wave number of the transmitted wave will undergo nonlinear oscillations and
it is this case whereupon we want to put our attention.

Theoretical and experimental work carried out so far concentrated on the
oscillation of wave amplitudes,mainly initiated by the calculations of
0'Neil [2] and others and by the observations of Malmberg and Wharton [3].
This work concerned both electron [4] and ion waves [5] and emphasized the
role of trapped particles [6] and recently the strong influence of the wave
particle interaction on the growth of the sideband instability [7.8,91.
Attention to the non-Tinear phase shift as a complimentary case to the
amplitude oscillation was then given by Morales and 0'Neil [1] and others
[10,117 and in recent experimental work this phase shift was demonstrated
[12,13]. The measured decrease of the wave number appeared to be a few
percent only in agreement with theory. The change of the wavenumber can be
much larger, however, if a test wave of small amplitude is used in the
presence of a large amplitude wave, as will be discussed here.

Theoretical wave number shift: Together with the calculation of the damping

of the large-amplitude electron plasma wave Morales and 0'Neil [1] presen-
ted a time-varying frequency shift énswhich attains after several oscilla-
tions the value 82 = - 1.63 2 with

eE_k -1

BE
i, 62 ()
|
where ug = (—) represents the bouncing frequency of the trapped par-
ticles, w_ the plasma frequency, k the wave number, (aZf /av ) the second
derivative of the electron velccxty distribution at the value og the phase
velocity v_. The factor (asjam) can be determined from the dispersion
formula for electron plasma waves adjusted for the experimental case of a
warm plasma {vi = kT/m) using the dispersion relation

£ A

e = (@)
w w

By an analytic transformation the calculated shift in frequency (1) can be

transformed into the real experimental situation of a fixed frequency and

we get

= 80/( -vg) (3)

where v_ is the wave group velocity, which is experimentally determinable
from the measured dispersion curve w = f(k) in agreement with (2).

The experiment: The electron plasma waves are transmitted through the
plasma column of a Q-machine [8]. The wave number (k = 2w/w) is measured by
an interferometer, the plasma datas (o = 127 x 10° s71, kT = 0.19 V) can
be determined from the measured dispersion. The density is constant along
the plasma column (90 cm long, B-field: 2200 Gauss) within a few percent.
An energy analyzer mounted behind the movable cold end-plate can be used

to measure the spatial evolution of the distribution under the influence of
a large plasma wave [81.

Observations: When moderate large waves are excited at w = 1.1 w_ we ob-
Ser‘\le the oscillation of the amplitude with a bounce wave number kﬂ = 0.16
cm A11 parameters in Eg. (1) can be determined with a goed accuracy in
the guiescent plasma. By using the measured datas wg = 9.3 x 106 5
k=235 onl, w =137 % 108 57 vy = 183 20 ans7hs v = 32
vp,fvg = 1.95 and calculating the secund derivative of the undisturbed dis-
tribution we get for the asymptotic value of the wave number shift in

— (k)

-0.02- \
A a

% -~ 0104 4 "Qn} .{ \;Q_

-0.20+ A

Fig. 1. Shift in wavelength versus distance from the emitter probe (at
x=0). The bounce wave number (ky = 0.16 en”l) of the main wave is deduced
from its amplitude modulation.

—)

Fig. 2. Shift in damping coefficient versus distance. The linear Landau
damping YL is measured with a small amplitude wave.

Eq. (3): 6k = 0.14 cm'1 or &k/k = 0.06 which is still a measurable quantity,
though very small. The maximum shift determined from the interferometer plot
of the large wave itself reached a value of ék/k = 0.06 with an asymptotic
value of 0.04.

The wave number shift can be observed in a much more pronounced way if we
use test waves. Together with the main wave which undergoes an amplitude
modulation with kg = 0.16 crn-l the test waves (30 dB smaller in initial
amplitude) are launched by a probe. Their phase velocity is chosen to inter
act with the strongly humped part of the distribution which is known from
measurement. Under these conditions now a much stronger shift of k (or 1)

‘is observed (see Fig. 1). The change in A is 20% at its most, with an

asymptotic value &x/x = 0.8.

In Fig. 2 we demonstrate the change of the damping rate at the same para-
meters. The zero damping (8r/y = -1) is attained both for the main wave
(not shown) and the test wave (Fig. 2) at the same value of kpx = 2.5 u.
Both curves have the same characteristics as the calculated curves of
Morales and 0'Neil [11. The oscillation in A) appears twice as often in
space than the oscillation in & which has the same period as the amplitude
modulation k . This behaviour is explained by theory as the change in
kinetic energy takes place with twice the rate of the change in momentum.
One remark might be added concerning the enhanced damping of the test wave
(up to 4 times vy ) after the initial damping (v )sand again after one period
kax. This is a special item which can be related to the interaction with the
positive slope of the humped distribution which is established by the main
wave. This situation was theoretically described by Brinca [7] and is rela-
ted with the physcial picture of the sideband instability.

Acknowledgement: The author thanks Dr. H. Hopman for valuable discussions
and Mr. E. Gerlofsma for technical assistance.
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ION ACOUSTIC WAVES IN A DENSITY GRADIENT
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and Research Establishment Ris¢, Roskilde, Denmark
and
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Abstract: The propagation of ion acoustic waves in a density
gradient was investigated experimentally. A transition
between damping and growth in relative wave amplitude was ob-
served at a wavelength lc = 2n1n, where 1“ is the e-folding

length for the density gradient.

Ion acoustic waves are known to play an important role in
problems of absorption and reflection of laser radiation in in-

homogeneous plasmas‘l). We investigated the linear properties

(2)

of these waves in density gradients in order to improve the

knowledge of the basic processes. Study is also relevant for the
problem of the heating of the solar corona(a).
The experiment was conducted in a Cs-plasma column of a

-3

single-ended Q-machine. The plasma density was 1-5x10° en”? and

5 mm Hg. A (variable) density

the neutral gas pressure < 10
gradient along the direction of the magnetic field (2-3000
gauss) was produced by surrounding a portion of the plasma
column with a metal tube. The more negatively biased this tube,
the steeper the density profile.

Measurements were performed with a Langmuir probe movable
along the column axis. The probe was a flat metal disc oriented
normal to the axis. The zero-order axial density profile was
obtained through measurements of the probe floating potential
and the relation ILT; g—e-= en—}g- between density and poten-
tial gradients. With the same probe the [lux was cbserved to
decrease along the axis when moved away from the generating
plate, thus showing the presence of radial plasma losses. When
the zero-order plasma behaviour is analysed on the basis of
continuity and momentum equations, including a radial loss
term, agreement is found with the measured zero-order gquan-
tities.

Ion-acoustic waves were excited by a grid immersed in the
plasma (normal to the axis of the column) between the generat-
ing plate and the metal tube. The wave measurements were per-
formed with the probe floating electrically, since -g——-f—d-%
(fi is the perturbed density, § is the perturbed potential). The
results of the wave measurements are summarized in Fig. 1. At
any frequency, f, the corresponding wavelength is indicated by
4 cross. Above f = 2 kHz the waves are damped as they propa-
gate away from the grid, and by (with triangles pointing up-
ward) is the damping distance. Below f = 2 kHz the waves grow;
ﬂg (with triangles pointing downward) is the growth distance.
The measurements of Fig. 1 were performed with a tube bias of
=30 volt, which corresponds to ln %~ 12 cm. From Fig. 1 we note
first that the phase velocity fA is constant = 1.2:10% em/s
and for £ > 3 kHz, the ratio 6g/kz 0.5, both quantities being
independent of frequency as normally found for propagation of
ion-acoustic perturbations in uniform plasmas when Te L Ti'
Secondly, for £ £ 1 kHz, the growth distance Gg = Zln is in-
dependent of frequency as predicted by a hydrodynamic model.
Finally at £ = 2 kHz , ﬁd and ﬁg become large, as expected at
the frequency of transition between growth and damping.

In Fig. 2 we show the observed relation between 1 and
Ac‘ The uncertainty is represented by a rectangle. Assuming a
linear relationship, the best fit to the measured points is
Very close to the line A, = 2wl .

As already mentioned, our results for the low frequency
part are predicted by a hydrodynamic model. For the high fre-
duency part our measurements do not differ from those found in
uniform plasmas and can be explained from a collisionless de-

scription. The transition region where A = AC has been con-
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Fig. 1. The wavelength X, and the damping, Gd, or growth ﬁg,

distance vs. the wave frequency f.
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Fig. 2. The critical wavelength lc vs, the gradient e-folding
length ln'

(3)

sidered by Parkinson et al. They considered an isothermal,
exponential atmosphere, acted upon by the solar gravity, in
which ion acoustic waves propagate, and found a critical wave-
length X = 2111_l (when Ti = Te). The overall agreement between
our measurements and their results indicates that they apply
to ion-acoustic wave behaviour in density gradients no matter

how the gradients are produced.
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Parametric Instabilities Arising from
Whistler Wave Resonance Cone

R. W. BOSWELL

European Space Research & Technology Centre
Noordwi jk, Netherlands

Abstract: Experimental results are presented which show that the
parametric decay of whistler mode waves launched from a point source are
associated with the large electric field of the group velocity resonance

cone.

Most work on the right hand polarised wave which propagates below
the electron gyro frequency, the so-called whistler mode, has been
carried out using either a plane wave theory or including cylindrical
boundary conditions. However, in many applications, such as laboratory
experiments and in the ionosphere, the source region is small compared
to a wavelength and a theory including all possible allowed wave vectors
is required to satisfactorily describe the radiation pattern. Theoret—
ical work (1,2) and experimental observations (3,4) have shown the
existence of a resonance cone where the electric field of the wave
becomes very large. The radiation pattern in the far field has been
measured (5,6) showing that the field of the resonance cone is still

approximately 10dB above the wave fields.

Previous experiments (7,8) on parametric decay of the whistler wave
have not considered the effect of the resonance cone on the wave fields,
leading to doubtful estimates of the instability threshold electric

field and the mechanism of the decay processes.

The experiment was carried out in a large volume magneto-plasma
with an experimental length of 120 cms and diameter of 60 cms, the
steady magnetic field Bo of 128 gauss being uniferm to + 0.67% over this

volume.

A plasma was formed by RF ionisation in argon gas at a pressure of
axID"& vorr with a density of approximately leum cm{’ and electron

temperature of 3eV.

The waves were launched from a small | cm magnetic loop antenna and
received on an electric probe with an exposed area 4 mm long and | mm in
diamerer which could be rotated about rhe transmitter on a circle of
28 cm radius. Although the decay instability could be produced over a
range of pump frequencies, it was strongest when the pump frequency was
approximately 0.7 of the gyro frequency Ec. For these conditions the

axial whistler wavelength was 6 em.

Figure | shows the high and low
frequency decay spectra for an input l
power of about 10 watts. TFrom the

received signal, the amplitude of

AMPUTUDE 2008101V
h

the pump can be estimated to be a

few volts per metre. The frequency

difference between the two high Has
FREGUENCY (MMz)
frequency waves can be seen to be Fig. | High and Low Frequency

Decay Spectra
equal to the low frequency wave

thereby satisfying the energy conservation condition W o=w, +w

2 a*

The electric fields of the pump wave ; )
and decay wave are shown in Figures
2a) and 2b) as a function of angle §
- &l
to Bo for a pump frequency of i‘
250 MHz, which was approximately ;
0.7F - Taking into acecount thermal L L
corrections, the theoretical angle ‘Iilﬂimaﬂltzslb ®
ﬁ'ig. 2 Electric field of
for the resonance cone is 43 degrees, a) pump, b) decay

The structure outside the cone is due to a slow plasma wave which has
been anmalysed by Kuehl (9). The electric field of the decay whistler
can be seen to be directly associated with the large electric field of
the pump resonance cone and its structure, whilst the whistler waves
which propagate inside the resonance cone have a wave field which is

below threshold for the parametric instability and no decay occurs.

In a theoretical analysis by Porkolab (10) it was found that this
instability had a minimum threshold for excitation if the low frequency
acoustic wave had wavelengths perpendicular and parallel to $° which
were approximately equal, i,e, the wave was travelling at 45 degrees to
'Ba. Since this is nearly the resonance cone angle the instability
should occur over a small range of frequencies around £ = 0.7 Ee for
pump fields just above threshold; much higher fields being required for
frequencies outside this range. This is in good agreement with our

experimental measurements.

It should be noted that Porkolab (7) has measured two different types
of decay occurring ar the same frequency (f-n.sgt’c). The firat is
probably due to the interaction between the cone field and the plasma
wave which is associated with the cone and not with the boundary effects.
The second decay involved two whistlers and produced a low frequency
acoustic wave with a wavelength about five times longer than that

predicted by the linear dispersion relation.

This apparent contradiction can be resolved by studying the
radiation pattern of the antenna used to launch the waves (6). Since
the whistler waves are propagated out of a cone, the wavefronts are
formed by the addition of many wave vectors. Consequently, close to the
cone and at an appropriate radial distance from the transmitting antenna
it is possible to satisfy the momentum conservation relation and also

the dispersion relation for the acoustic waves.

A resonance cone also exists in the first pass band for the cyclotron
harmonic (Bernstein) waves and similar parametric interactions sheuld

occur in this frequency range.
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DAMPING OF PLASMA WAVES IN HOT WEAKLY INHOMOGENEOUS
MAGNETIZED PLASMA
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Abstract The propagation and damping of small amplitude quasi-
longitudinal plasma waves in hot plasma in the presence of weak
density and magnetic field gradients is studied. The efficiency
of the wave energy thermalization in the LH frequency range is
discussed.

The propagation and damping of externally driven quasi-lon-
gitudinal plasma(electrostatic) waves with finite k; in hot ho-
mogeneous magnetized plasma has been studied in details /1/. In
order to give an insight into the lower hybrid (LH) heating of
thermonuclear plasmas and to make the results pertinent to the
present LH experiments in toroidal devices,in this paper we
study the propagation and spatial damping of quasi-longitudinal
plasma waves in hot plasma in the presence of weak density and
magnetic field gradients.

We consider the wave propagation in hot plasma whose para-
meters depend only on one coordinate. The static magnetic field
is orthogonal to the direction of plasma inhomogeneity. Regard-
ing the plasma as a homogeneous medium having the physical lo-
cal properties of the actual plasma,we have solved numerically
for a wide range of plasma parameters the full dispersion equa-
tion governing small amplitude guasi-longitudinal waves in hot
magnetized plasma /2/,

2 Ay '
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Here the Cg's represent the steady state plasma parameters,

v:.alM'z"TaJ.M'”mu"‘u=k1v1::ul”2mll>u‘znu’:("’_kﬂvﬂ' +nwy ) /Ky v,y and
and 2(z) is the plasma dispersion function. The results obtain-
ed hold in quasi-homogeneous plasma under the condition that
the steady state plasma parameters are slowly varying within a
wavelength. The magnetic field and density inhomogeneity of
toroidal plasmas are gentle enough(except in a narrow region
near the plasma edge of inconsequential importance for the sub-
ject under consideration) to make this local plasma description
appropriate. Consequently,the plasma density is allowed to have
a density profile n=n0[1—(x/X)Y),where ¥=3,4,.. ,whose charaect-
eristic length is left unspecified. The magnetic field intensi-
ty is assumed to vary as rql,while the ratio between the major
torus radius and the plasma radius is taken to be 6. In what
follows the following dimensionless parameters are used fre-
quently: Ai is the square of the ratio between the ion Larmor
radius and the perpendicular wavelength,and h=w/9b is the ratio
between the angular frequency and the ion cyclotron frequency.

In travelling in the direction of increasing density the
resonant electromagnetic mode slows down and reaches a density
region at which its phase velocity becomes close to that of
plasma waves (in Fig.2. the electromagnetic and plasma waves are
labelled CPS and HPS,respectively). The wave propagation up to
this layer is not materially affected by the particle thermal
motion, However in the afore mentioned density region the two
waves lose their separate identity,merge smoothly and convert
one to the other. The wave conversion takes place at the den-
sity /3,4/&;/u}lr=1-2.5q1vt1(me/mi)V'/c where qzsm;r,’mz. In the
flat-topped toroidal plasma the wave conversion occurs relati-
vely far from the cold wave resonance position. Anticipating
the results concerning the damping of plasma waves in quasi-ho-
mogeneous plasma,we conclude that in order to communicate the
wave energy to the bulk of charged particles the wave convers-
ion should occur near the maximal density. The above observat-
ion indicates that the problem of frequency tracking of the
maximal density is overestimated at least at small variation
(up to 208) of the maximal dengity. If the waves are launched
in the direction of increasing density and magnetic field,the
cold wave resonance position displaces towards higher densi-
tles,passes on the other side of the plasma column and finally
disappears as the maximal density decreases. However,the con-
version between electromagnetic and plasma waves occurs at high
densities even in absence of the cold wave resonance.

The wave beha-

f=6x10%cisec Ni=122
Tey=Tey=800€V T,=T,,=200eV

viour in hot gquasi-

homogeneous plasma , lobc ¢ gt
can be qualitative- b=8 x102em-?
ly examined by L s =8 x0%em-3
means of the dis- gg B e
persion curves for

184

plasma waves with

finite k;/1/. The m2
lower hybrid dis-
persion curves re= 2 & 6 B 1 12 1% 16 B 0 pRelka

prasented on Fig.l. Fig.l.-The lower hybrid dispersion curves
are typical ones in

a large scale of
parameters con- mx:a;;]f_’g”'
sidered. When the
the waves are
launched in the di-
rection of increas-
ing density and
magnetic field,the

resonant electro-

magnetic mode con-
verts into a back-
ward fast plasma
wave. Moving radial-
ly inwards this
wave encounters a
branch point (the
locus of this point

i led & i
s 1ahelle = 1=6x10"clsec  Ni=1.22

|
Fig.2.). It should ‘ Tey=Tey=800 eV ﬁ —— RelNJJ
be pointed out that ‘\Th:n.:zaaev | === Imikg
throughout this pa- \ Il
\ I i
per we consider \ { | | | | 1l | .
only the least dam~ 0 02 04 06 08 x
ped plasma mode Fig.2.-The perpendicular refractive indices

which in long time of electromagnetic and plasma waves.

in absence of collisions is dominant in the plasma. We refer to
this solution of the dispersion relation (1) as the principal
mode. The solution trajectories of the other spatial modes can
be found in Ref./1/. Beyond the branch point A the principal
mode becomes outward-moving forward wave, As the wave travels
farther,another branch point is reached (see Fig.2.) at which
the principal mode converts into an inward-moving slow wave. A
similar wave behaviour occurs when the waves are launched in
the direction of increasing density and decreasing magnetic
field ‘intensity.

The previous discussion reveals that in the presence of
magnetic field gradients the principal mode is trapped between
adjacent harmonics of the ion cyclotron frequency. At low ion
temperatures the wave field amplification in this region can be
sufficiently high to excite parametric effects. However,the
wave field amplification decreases for increasing the ion tem—
perature /3,5/ and the linear collisionless harmonic ion cyclo-
tron interaction(or the collision-restored Cerenkov interaction)
becomes the dominant process in the wave energy thermalization.
The damping of the excited plasma waves by the harmonic ion
cyclotron collisionless interaction is important only in the
vicinity of the harmonics of the ion cyclotron frequency (see
Fig.2.). The efficlency of the wave damping during its first
encounter with the harmonic of the ion cyclotron frequency de-
pends on the guantity Nyv, .h and the value of A, at which the
harmonic occurs. Namely,the imaginary part of the wave refrac-
tive index increases and the region in which an efficient damp-
ing occurs enlarges considerably(in the case represented on
Fig.2. it is large a few Larmor radii) for increasing the quan-
tity vatih‘ If at the harmonic 11 is sufficiently larger than
the critical value at which the ion cyclotron damping starts to
be effective(this value is of the order of h) the wave is effi-
clently damped at its first encounter with the harmonic.
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INVESTIGATION OF HIGH-TEMPERATURE PLASMA OBTAINED BY
HYDRODYNAMICAL EFFECT OF SHOCKING AND HEATING

MaASULTANOV

(Tajik State University, Dushanbe, USSR)

ABSTRACTS: The possibility of obtalning dense high-temperatu—
re plasma at the collision of two sSupersonlic plasma fluxes
(SFEF) in air under the atmosphere pressure in shown. The cau—
e of plasma heating is shook wave (SW) multiple refleotion
from the discharge chamber sides.

INTRODUCTION: The guestion of high—temperature plasma obtai-
ned under laboratory oonditions (exoept thermo-nuclear devi-—
ces (1] and MC-generators [2] ) is of great theoretical and
practioal valus. For example, on the base of powerful high—
current putse discharges (PHCD) it is possible to obtain SFF
at the collision of which shock—~compreseed plasma volumes
(SCPV) are formed with high temperature and deasity readings.

RESULTS: The dischapge loop regime at C=1 200 MF, V=3 kv,

wad used. The flux parameters before the collision were as
follows the sntrancs velosity is 12-16 km/sec, Mach number —
8-12, SPF temperaturs ~v 2.6 8v, adlabatic index a/ for the-
oretloal evelutions was takes as 1.25.

4As 1t can be seen from space—time scanning, oscillogram,
high-speed frames and plasme speotrograms at the moment of
the two symmetrical SPF collision in the middle of the dis—
charge ohamber parallel to direction (fig.1) SCPV is formed
with the paramsters difference to those of the spreading SFPF;
it is confinted from the 3W discharge chamber side. At the
same time 3CPV is a zone of intensive luminescence of rather
high density and temperature with a high gradient of N. and
T,+ The evidence can be obtained by frame scanning normal
to AB direction where lizbt and dark volumes of plasma clus=—
ter oan be noticed. The SCPV cobtained speads radially with
supersonlic speed; for the given regime it equals to 4~6
km/aec.

The spectrum of plasma obtalned has strong linear and
continuous radiation (fig.3).both in longitudinal and trans—
verse sections: 1t conslst mainly of the lines of electrode
dlsintegration material, and those of ailr components. The con-
tinuous spectrum is due to braking and recombination radia=
tlon. The analysis of the linear plasma spectrum shows that
all the lines af neutral and single ilonized atoms are recor-
ded in absorption. In the line loops of the same degree of
ionization the intensity maximum displacement take place, its
valus permits to measure the plasma temperature [9,41 « In the
neutral atom line takes place symmetrical, and in the ion line
loop —~ assymmetrical self--raversal.

When conaidering intensity distruction of continwous and
lipnear radiation in various sections its maximum value can be
noticed ofi the discrarge chamber cutoft. It can be explai-
ned by a SW formatic 31n the middle of a discharge gap and by
radial SCPV spread - j.

DISCATION: At the wo symmetrical SPF ocollisions, according
to the hydredynamics laws, SW formation is observed accompa—
nied by symmetrical reflected 3W propagation. Since elsotro-
des are confinded by dielectric Walls of large size, multiple
W off the discharge axis; the sharp change of SW off the dis~
charge axis; the sharpe change of plasma parameters is obser—
ved at the same point, Being plasma parameters is increasing
on acoount of reflectad from the opposive sides, SW odntribu-—
tes to additional heating of plasma and makes it denssr., The
faoct that the hydrodynamilcs effects are the oause of SCPV
formation oan be proved by asymmetry in ion line loops.

Quantitative measurements of asymmetric ion line self-re—
versal with high constants make us to beiieve that the main
cause of thelr broadening in more powerful discharges 1s Sta-—
rk—-effect and high pressure at a shock waves Under ths Stark—
effeat, which must be of statistical character at high densi-
ties, the line broadens asymmetrically, while the statlsti-
ocal wing joins the centre of the line from the shortexr er
longer wave length directlons, depending on the conatant qu—
adratlo effeot aign.

SHOCKS

Quantitative parameters obtained for the given discharge
loop regimes showad that in this way plasma with the teampera—
ture mors 40 ev and electron conoentration pa1019 am"j can
be cbtainsd. The same results are observed in ion linss of
highly ionized air.

For quantitative explanation of the effect observed theo-—
retioal evalutions from gas—hydrodynamiec oan be considared.
For this purpose, first of all, the main bydrodynamics egqua=—
tions and Renkin—Gugonio ratios were made. A unidimentional
plane problem is to be solved to form the eguation of confi-
nuity; quamtity of motion, energy constanoy and enhalpye

Thus, the use of hydrodynamical effect of shooking and
heeting is the most praotical under laboratory comditions for
obtaining plasma with high valuas of Te and Ne on the PNPD
basise

The proposed teechnigue and the results of our investiga—

iona may be used to keep and increase the life—time of both
low—lemperature and high—-tempsrature plasma, to obtaln high
depaity radiation seurces, for additional plasma heating with
the help of multiple SW reflection etc.
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ON THE POSSIBILITY OF PLASMA ASSELERATION AND HEATING IN
THE HIGH-CURRENT PULSE DISCHARGE IN A CUMULATIVE ZONE

M+ A.SULTANOV

(Tajik State University, Dushanbe, USSR)

ABSTRACTS: At the interaction of two or more supersonic plas—
ma fluxes (SPF) at different angles of slope an efficient ao-—
celeration and heating of plasma in a cumulative zone ocours.
Some parameters of the acceleratiocn plasma flux were measuredy
the gas—dynamical nature of the phenomenon observed 1s suppo—
sede

INTRODUCTION: The method of obtaining plasma with the help of
oumulative effects ig widely used in the fields of high—tem—
parature plasma and controlled thermo-nuclear fusion [‘l—l}].
Under the laboratory conditions of special interest im the cu—
mulative method of obtaining fluxes inm explosive and shook
plasma devices, Additicnaly in the cumulative zone it is pos=—
sible to study different physical processes, such as: plasma
irregularity, large-scale, anomalous light scattering, mecha-
nism of heating and so on.

As the experimental studies show, such proocesses take pla-
ce at SPF cumulativity at different angles of slope and in
high—ourrent pulse discharge (HCPD). Jn connection with it,
in the present paper a possibility of acceleration and hea=—
ting plasma fluxes in cumulative zone at the imteraction of
twe SEF at 0%, 30°, 45%, 60° and 90° angle of slope is inves—
tigated.

RESULTS: The invesatigation took place on the basis of power—
ful pulse discharges by the method of continuous scanning and
frame shooting, as well as by speotroscopic measurements of
main parameters. The struotures of accelerated plasma flux and
those of free SPF were compared 5] o As investigations show
a spase~time inhomogeneity along the flux axis takes place and
some other phenomenawlioh had not been observed at a single
SPF study (fige1). The structure of plasma formation consists
of three sepatate luminescenoe fronts: anodic, ocathodlo and

a shock wave being formed at their interaction. After the in-
teraction different gas—dynamical parameters of the flux al-
ter depending on the angle of slope. The highest increase in
parameters takes place at the SPF interaction with 60° angle
of slope. For example, when the length of the dark space is

48 mm, the speed of SPF entrance from the inlet of the dis-
chargo chamber is 12 km/sec and in ocumulative zone — 14 km/sec
This is most olearly seen in the high-speed frames (fig.2).
The struoture of plasma fluxes on the high—speed frames shar-
ply differs im each case. At the parallel electrode position
(D° angle) in the flux struoture the formation is observed of
two quasi-electrode "bumpy-structures” (from anode and oathode
torches) followad by one more and then by the repeated first
twe "bumpy-structures"after the interaction, when the of slops
is 60% at the point of two SPF collision only one "bumpy—5t—
runtna’gnnooursu In the first two variations (fige2,a,b) be-
fore the anodic and cathodio torches oollisions a periodi-
cal patterm in thelr structure was observed, characterized by
shook wave formations as intensive points at equal distances
from one another with different gas—dynamical parameteras. Such
a pioture is more clearly seen in the initial discharge stage.

The above sald ocan be proved by the investigation of spec—
troscopio properties of the aoccelerated flux characterized by
in intensive luminescence zones, by broadening of 4on line lo=-
ops and neutral atom loops, and by an efficient digplacement
of intemsity maximum in speotrum region, In general, plasma
spectrum charaoter depending on the SPF angle differs both in
intensity of radiation of eleortode material components lines,
and im alteration or radiation and self-reversal lines loops.
The differences are seen both in new lines formation and ocon=
tinuum intensity growth in one spectrum and in vanishing or
their intensity in the other one.

All the above written was proved by quentitative measure—
ments of plasma tempereture and concentration (fig.4). Tempe—
rature and oomoentratlon values are the loweat at 0° angle of
slope and the lagest at 60% In cumulative zone, for exampla,
at 0° 7, = 148 av, at 60° = a1 av; Ny = 1.4x10'7 and 2.5x10'7

am'J respectively; the accelaration of a plasma flux is

5mb lmfseoz.

DISCUSSION: Under the conditions when prebsura in the dischar-—
ge chamber is much higher tham of the atmosphere, the flux
being ejected from the oylinder outlet is subjected to super—
sonlo broadening. In the mitial stage of the pulse two "bumpy-
structures’ from anode and oathod torches are formed, which in
some moments fuse forming a single "bumpy—structureld. After
the maximum Jet broadening behind the nozzle the narrowing
takes place: the Jet beoomes denser, which is accompanied by
the increase of flux parameters., It is known that in the maxi-
mal narrowing zone some aoceleration of the flux takes place.
This region is a oumulative zone, as well, whers besides the
flux acceleration the inorease of its parameters takes place.

Thus, at two or more SPF interactions with different angles
of slope the formation of complex gas—dynamical structure as
a system of wave compression and thinning, shock and cumula-
tive waves taekes place. Shock wave form and structure in cer—
tain regimes of a discharge loop depends on the angle of elec~
trode position in a discharge chamber; faor example, a bridge—
shaped shook wave can be formed.

The results of our investigations can be practically used
in heating and increasing life—time, plasma and zas flows ao=
geleration in the cumulative zone, SPF formation, in jet engi-
neering eto.
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HEATING AND IONISATION IN MHD SHOCK
WAVES PROPAGATING INTO PARTIALLY IONIZED PLASMA

L. Bighel, A.R. Collins, N.F. Cramer and
C.N. Watson-Munro

School of Physics, University of Sydney, NSW, Australia
Abstract: A model of the structure of MHD switch-on shocks propagating in a
partially ionized plasma, in which the primary dissipation mechanism is
friction between ions and neutrals, is here compared favourably with
experimental results. Four degrees of upstream ifonization were studied,

ranging from almest complete to very small ionization.

Introduction

Studies of shock structure previously obtained on SUPPER II indicate
that the principal heating process in ionizing shocks is ion-neutral
collisions (1). This series of experiments extends this work to examine the
effects on shock structure of varying the neutral component in the upstream

plasma. Four shocks were studied and their method of preparation differed

only in the level of preionization. T 4 and n (electron density)

o
profiles were obtained for four shocks and these profiles compared with a

model of shock structure based on ion-neutral frictionm.

Experiment

The SUFPER II plasma vessel is a stainless steel cylindrical shock tube.
At each end of the vessel is a Pyrex endplate, in one of which is a short
central electrode. The vessel was filled with 120 mtorr of helium and
embedded in an axial magnetic field of 0.25 tesla,

The test plasma was prepared by driving a low power iomizing shock into
the vessel. This shock was launched by discharging a 30 kA, 40 usec half
period, current pulse between the central electrode and the vessel wall.

The plasma thus formed was allowed to settle to a quiescent state before
launching the main shock. Since the initial plasma was rapidly cooling,
varying the time between plasma preparation and shock preparation effectively
controlled the level of preionization.

The shock waves were launched by discharging, at the appropriate time,

a radial current pulse with half period 16 psec and peak current 150 KA.
The shock waves were all similar in behaviour with an axial velocity of
10° w/sec.

Electron density and temperature profiles were determined by 90°
Thomson scattering of a 150 MW ruby laser beam. The ion temperature was

estimated by measuring the Doppler broadening of the HelIl line at 468.6 nm.

Theory

The calculation of heating and lonization in the shock wave is similar
to that in (1) for an ionizing shock in a ! tesla field, i.e. the current
and magnetic field profiles are assumed known and fed in to caleulate the
heating. However, this calculation is more complete in that all terms in
the species energy equations are retained, including the adiabatic
compression term.

The ions and atoms are assumed to have the same temperature, and
ionization assumed to occur through electrom-neutral ionizing collisionms,
Any second ionization of the helium is neglected. Dissipation terms in the
energy equations (1) are calculated using Cowling's model of partially
ionized plasma (2), the most important of these being the ion-neutral
friction term.

Compression in the shock is caleulated from the known switch-on field
Bg by means of the integrated overall momentum and energy conservation
equations (3) (neglecting ionization energy). The resultant relation
depends on the radial electric field, which is zero for the shock propagat—
in-g into a non-zero upstream electron density and for the ionizing shock

takes the value satisfying the Chapman-Jouguet condition (4).

Discussion

(1) Highly ionized upstream plasma (n = 2 x 102! w3

, 50% ionization)
(Figs. la,lb). Computation with 50% ionization and the cbserved B8 Tise
time of 1 usec gives little heating and equal ion and electron temperatures.
To gain good agreement with experiment it is necessary to assume that the
upstream neutrals have been centrifuged to the walls, leaving 100% ionized
upstream plasma. Also we assume a rise time of 0.2 usec (i.e. the observed
rise time of n and TE) and a resistivity 5 times the classical value. This
enhancement in resistivity could be due to the ion-acoustic instability
discussed in (5).

(11) Upstream ionizarion 25% (n = !.0Zl m_a)(Figs- 2a,?b). TIons,
neutrals and electrons are heated about equally, in agreement with cbserva-
tion., The rise time in BE used is 0.2 usec.

(411} Upstrean tonization 6% (n= 2.6 x 10°° n™Y) (Figs. 3a,3b) A B,
rise of 0.5 usec gives strong ionization and ion heating, as is observed.

(iv) Tonizing shock (Figs. 4a,4b). The initial electron density is
due to photoionization from the hot rear of the shock. Strong ion and
neutral heating is observed in excellent agreement with experiment.
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OHM'S LAW IN COLLISIONLESS SHOCK WAVE
J.G.Lominadze, A.D.Pataraya
Institute of Physics, Academy of Sciences of the Georgian
S8R, Tbilissi, USSR

The structure of the collisionless shock wave propaga-
ting across the magnetic field in two component plasma con-
sisting of hot electrons and cold ions is studied in the
paper. The quasilinear kinetic equation for the electrons
being in the weak magnetic field is investigated.

The electron cyclotron freguency is considered small
in comparison with Langmuir electron frequency (), <« (p
i.e. f‘:l':__ e J{J‘T‘MQ + A two-dimensional case in the
plane accross the magnetic field is considered. An anisot-
ropic distribution of the ion-sound oscillation spectrum
was obtained. In addition, the plasma effective resistance
was found.

Let us investigate the guasilinear equation for elect-

rons, which is written as 1/

). . 2 4 2k
-2{E+ cLVHl}fa\r o, Ndpay P

where fq_ is the electron distribution function

‘T&')df, S\cd\c‘g\dﬂ 9 RT -w) @3)1 (2)

Here ¢k is tha potensial of fluctuatlional electro-
static field.

—
Further, the magnetic field strength H is directed along
axis 2 .

We search for the solution of the equation (1) accor-
ding to the perturbation theory. The value proportional to
the electric field strength is taken as the small parameter.
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Here L? and U.l are the polar coordinates of the mac-
Toscopic velocity of electrons

r(:)

\ (11)
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v 1 M(3)
W T(E) Ve
\IM.:JE is the thermal velocity of electrons r(\‘L) - is

gamma-function.

Vo =

The distribution function (4) was obtained in /17,

The shock wave is propagating along axis ¢ , and
hence the OC component of the current in the wave front is
equal to Zero. From this condition we obtain the following
relationship between OC and a components of the electric

field strength

Q
Ex= ‘\T: Ea (¢5))
where 5
- Loq;w 4 [ f‘(%) %
o “‘Te\;]’q 4]‘# ) r( %) (14)
here

.
W = S el it as)
2
Using the formula (3-6), it is easy to find the 23 com—

ponent of the current.

It has a form of

" (16)
a 4%}0 u Ea

from (16) one can write the folluwiug expression for

the effective conductl\uty
= i an
Seys \; U* )

and from the above expression it is possible to obtain the
value of the effective collision frequency

Q
Vey = T2 o

We study the mn-snund oscillation of the weakly tur-
bulent plasma across the magnetic field in the shock wave
front. The maximum increament value (the increment has the
negative sign) is determined for the angle LL , between
the wave vector and axis 20 .

{'.aqk Q“‘ r:1\51‘3)

If we introduce @ 'T»‘+QL? and \Ju <<D; J"a@:_(iﬂ
which coinecides with the result obtained 1n/2/'

The increment of the ion-sound oscillations has zero

value in the dirsction of ¢ axis KES 0). In this case
H v | Te
By= B 3 =g N 0]
It is the aolutlon of the aquat:lou 'IDJ‘-E"g—a_t in the
system of the shock wave moving with the velocity close to
the wvelocity of ion-sound wave (\]’ P4 \Ts ) N
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HEATING OF PLASMA BY A COLLISIONLESS SHOCK IN THE LONGITUDINAL
MAGNETIC FIELD AT VARIOUS ALFVEN MACH-NUMBER

T.A. EL-KHALAFAWY, M.M. EL-NICKLAWY, A.B. BESHARA,
U.B. ETEIBA and N.I, RUINEV'
Atomic Energy Authority, Cairo, Egypt

Abstract: The paper presents results of experimental studieas on longitu-
dinal collisionless shocks at Alfven-kiach numbers My M. It is shown
that the dependence of plasma temperature on HA— both et and behind the
wave front-becomes substantially nonlinear at HA:;,(I,E%E).

The principal experimental results include data on plasma tempera-
ture weasurements through its diamagnetism in the two regioms of the
shock wave-at the front and in the piston (Figs. 1 and 2). From Figs. 1
and 2 it follows that substantial lack of correspondence to the law of
dependence of the plasma temperature on the discharge current is observ-
ed, — both at the fromt (curve 2) and in the piston (eurve 8) - starting
from the hach numbers MA?’ .5,

4 strong damping of the fields in the wave ot N>k > (1,5:2) ond

the temperature juwp in this region indicate

to the existeénce of & nonlinear mechenism of [lev

10
dissipstionassd trensformation of the wave :);
o
energy into trunaverse energy of the plasme [g
toa
particles Wi, Lso

Tt can be readily seen that plasme tem- [60

perature rises in proportion to the amplitude jg

of the magnetic field (Fig. 3 ¥ which the [

point at Boz=o.a,u<q is taken from /1/). A ok

i ibilit; t
considerable lack of reproducibility, a Fig.1. 1=f(U); 1- “_,\5

“.a_?* 3, indicates to instability of the heat 2- Tg; 3- TP; 4- a(_r=(Bn)
flux in a given cross-section, (z=gg cm) 2';2401“/(8”2;12“5501:'5“'
This results from & transient character of
processes in the wave atl u'},vnc as well aa
statistical straggling of the crosa-section
Z in which the overturning of the wave takes
place, The temperature dependencies and

magnetic structure of the shock wave allow

to break the continuum of Mach numbers into

three regions, provisionally: 1) BA=(1.27'2)|-

that is the region of & regular oscillatory wow 20 2 2 28

structure of the wave front, 2) M=(2:3), Fig.2, T=£(U); 1- H_Ai
the region of & turbulent astructure of the 2- Tf; a- TP; }zozno.a KG.
front, and 3) M >8, the region in which the
wave is always upset and the front is
broadened.

Fig. 4 a,b shows oscillograms of the
B~ field in the wave together with the

dismagnetic signal (the lower beam). Fig.

4a 1,0 illustrates the case when generation

of the sinusoidel wave at frequency ~ Wa; Fig. 3. Tmu‘f(nuz)'
with agplitude, rising with time, is pos— 1~ Tpi 2= Tpe
aible in the first and second regions of

M.

oscillation frequency. Given in Fig. 4b 1, the oscillogrem shows

4As a rule, the temperature rise is step-by-step according to the

minimum front width at the upper boundary of the first region of My
(Af_-:, 2 cm. at velocity vrq,e.lu'rcm./uc,] and h,f, oscillations at
the pexipum of the signal, 1In this came, the plasma temperature is
asbout 50 eV that correspondénge to a free-path length of the charged
perticles, 1=75 cm > L, where L ia the linear mize of the system, In

case of bigger MA’ i.e. 248, 8 turbulent structure of the front is

observed (Fig, 4b 2) and & dissipation

length is found within the short wave re-
gion, The conditions of super-critical i
Mach numbers (KA> 3) are characterized by

the broadened front with h,f, oscillations

(Pig. 4b 38), or by a "foot" (Fig, 4a 8) with

& sharp splash of dismagnetic signal,
In the firat region of nﬁa([,zez), the 3
oacillatione propagate ahead of the wave

front that is due to thé ion dispersion and Fig. 4 a- B, ,=0.5KG;
1- My=2.45 2- M,=8;

3- MA'=4i b- B,,=0.8KG,
1- HAﬁE; 2= NA:E'S;
these oscillations (in the radius r=3 cm) 8- ﬁA=3.5.

wave group velecity growth Juw /g , REsti-

meted experimentally, the wavelength of

coincides,to the accuracy of 50;1, with the

wavelength calculated by formula /2/ within @ = 20e-gpe,
d 2 L/ 2 2
A = 2TMgcosed ¢ [Wpi (MA ~1) 2+ (Mg -cos™)

For example, A"‘P =(4:10) cm, at B,,=0.8 KG and K= 2, vhereas
A4p=T cm. A considerable disparity between rated and experimental
is attributed to inhomogeneity of the plarma density in and variation

of the Mach number along the radius as well as variation of angle 8
between wave vector K and Byge Since (for a given angle 8) the value
of Agp in the interval of My from 1,5 to 2 greatly decreases, such a
coineidence of Aygp and Aexp nmgsf:unuidored acceptable (~350%) end,
hence, the oscillations are Wistler oscillations, Tt is electrons
that are predominantly heated in such regular electromagnetic fields
i.e. in the first region inequality T, > T, is satisfied.

In the second region (EA=2%8) one cen observe both a turbulent
structure of the front that is probably due to the development of a
multistreem motion of ions, and oscillations near the ion cyelotron
fregquency. Both the conditions of gemerating ion-cyclotron wuve by &
longitudinal beam of electrons and ionlmg‘tﬂzafm.'« u):ip"(f +casz'9)/
2wy «1; (3:107 28167 1) ot But and WfK >V
and the conditions of generating the multistresm ion-ion instebility
M, > M= 1+ S/q(SJTn,xTe;)/ijwz 13415 at 8, =(0.5+0.8)xY
end fymay = 5102 em3» he 2 0"em™ and Uy SV 3Us = (Te fmy)"
are patisfied by & large margin., A nonlineer rise in the plosma fem-—
perature with rising My i,e, non-adisbatic heating, is observed both
in generating ion-cyclotron wave and in the came of turbulent shock
waves, Under the conditions of ion-ion double—flow inutnhility(]ﬂi)l}c).
either predominently short-wave ( A«(p, =mctz/eB ) electroatatic inst-
abilities, or electromagnetic-with & lopger wavelength- oscillationa/s/
3~c/w,,,,nd W~ Wae wm'j”‘-" can be excited in the shock wave and
lead, by way of transforming into the plasma oscillations due to the
Cherenkov absorption of plesma waves, to ion heating.

From the Rankine-Jugoniot relations it follews that at 1|1>u,5 the
velue of B, is larger than 1, vheresa for B,,=0.8 KG and at “A? 3,5 the
ratio of gaskinetic pressure to mognetic pressure Boy, ~87a, kT/Bfu-
0.44, Hence, the plasma temperature is not limited by g but,probably,
by ion Larmor radius,
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NONLINEAR SPACE-TIME EVOLUTION OF THE ELECTRON CYCLOTRON
INSTABILITY IN A BEAM-PLASMA EXPERIMENT
J.A.C. Cabral and M.E.F. Silva
Laboratdrio de Electrodinamica — Complexo Interdisciplinar

Instituto Superior Técmico - Lisboa - Portugal

ABSTRACT- We analyse the space-time evolution of the electron cyclotron
instability bursts. Their “group velocity", after saturation, becomes
negative. A low frequency wave starts to grow approximately when the cy-

clotron bursts saturate,

1.— SPACE-TIME ANALYSIS OF THE CYCLOTRON BURSTS: - In our cylindrical

interaction chamber (L=75 cm; @=8 cm) a 2 KeV-10 mA electron beam creates

its own Helium plasma (p= 6 X 104l
J cm‘3: TE-S.J eV), we observed sharp cyclotron peaks

Torr; BD-Lll Gauss). Under rthese con-
ditions (ne-l.B % 10
(450 MHz) close to the upper hybrid frequency. The cyclotron instability
appears under the form of rapid bursts (~100 ns), These ones were analysed
with a fast sampling scope, triggered by the highest amplitude bursts oc-
curring at 10-53 cm, In this way we defined a space-time domain running in
space (z) from 30 to 73.2 cm and in time (1) from 0 to 110 ns. By the use
of a convenient delay, the instant of trigger is set at 7=50 ns. In this
space-time domain we can make cuts along lines of constant z or constant

7. Keeping T=Cte we made several "instantaneous pictures" of the bursts
along space, (Fig. 1). In this figure we can observe the large coherence
length of these bursts as well as their temporal growth, saturation and
further decrease in amplitude. A complementary set of measurements was done
by obtaining 10 cuts along lines of constant z, These temporal analysis

of the bursts confirmed the measurements of Fig. 1 op the 60 common points
of space-time. Fig. 2 shows the results of this double analysis in the form
of an altitude topographic map for the amplitude of the cyclotron bursts in
a two~dimensional space-time chart. In this figure we represent with small
circles the position of the centre of gravity of the bursts for several val
ues of T. We see that the "group velocity" during the growth period of the
bursts is very small. As soon as the bursts saturate the group velocity

becomes negative and of the order of -3 IDB cm 5_]‘. This backward move-
ment of the cyclotron bursts shall be explained in another paper also sub-

mitted to this Conference [1].

2.~ POSSIBLE CAUSES FOR THE BURST DESTRUCTION: - a)- TRAPPING:- By measur-
ing the axial velocity distribuition function of the beam electrons, when
leaving the plasma, we could show that trapping of the beam electroms in
the wave potential well can not occur, as the wave phase velocity is smaller
than the minimum velocity of these electrons [2_|. b)- INFLUENCE OF RE-
FLECTED WAVES:- By analysing the two instantaneous pictures of the insta-
bility E-field, obtained for two values of T separated by 1/4 of an oscil-
lation period we found that these two field structures are separated in
space by 1/4 of a wavelength, the movement being towards the collector.
This fact was verified in every stage of nonlinear devellopment of the
bursts., Therefore the cyclotron wave packet is only composed by incident
waves (k>0). Reflected cyclotron waves are unimportant as their group ve-
locity, due to the anmomalous dispersion of the plasma, is positive, and so
the reflected field struture is forced to stay pushed against the collector.
©)- WAVE-WAVE INTERACTION:- Given the former considerations the nonlinear
evolution of the bursts is probably related to some local phenomenon, oc-
curring near the regions of space-time where the bursts attain their max-
imum amplitude. The most natural phenomenon would be the modification of
the plasma density by the excitation of the cyclotron instability above so-

me threshold value. In order to observe, in a qualitative way, these possi-

ble density variations, we analysed the ion saturation current to a
Langmuir probe in the same space-time domain in which we analysed the in-
stability E-field. Results are presented in Fig. 3 where we can observe:

- while the bursts grow the "demsity" is relatively high and it falls
rather quickly when we approach the collector; — as soon as the bursts
saturate (7=50 ns) the plasma "density" drops and we observe the formation
of a long "valley" with two deep wells; - As time goes on we observe the
rise of a high "density" hump, later followed by another "density" mini-
mum for T=110 ns; - Therefore, during the destruction phase of the cyclo-
tron bursts we wittness the formation of a periodic structure on the plas-
ma "density" in space-time, representing the spontaneous excitation of a
low frequency oscilliation; - Identical analysis, made for other values of
the axial magnetic field, berween 60 and 135 Gauss, revealed similar pat-—
terns for the evolution in space-time of both the E-field of the instabi-

lity and the plasma "demsity".

3.~ CONCLUSIONS: — The field structure of the cyclotron instability tra-
vels backwards after saturation; - a low frequency "density" wave appears
in close correlation with the nonlinear development of that instability;

- A qualitative explanation for these two Facts shall be given in [1]]
based upon the consideration of a monlinear three-wave interaction process,
of the parametric decay type, involving the cyclotron wave, the "density"

wave and another mode of our beamplasma system.
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A QUALITATIVE EXPLANATION FOR THE SATURATION AND DECAY OF THE
ELECTRON CYCLOTRON INSTABILITY IN A BEAM-PLASMA SYSTEM
J.A.C. Cabral
Laboratdrio de Electrodinamica - Complexo Interdisciplinar

Institute Superior Técnice — Lishoa - Portugal

ABSTRACT - We show that the saturation and subsequent destruction of the
electron cyclotron bursts is due to a parametric decay process which orig-

inates strong density fluctuations in the plasma.

1- EXPERIMENTAL EVIDENCE FOR A PARAMETRIC DECAY:- In another paper, also
submitted to this Conference [ 1 |, we presented some experimental results
suggesting that the low frequency density oscillation is a direct nonlin-
ear effect of the growth of the cyclotron instability above some threshold
level. A possible mechanism which would lead te the growth of this densi-
ty wave 1s the parametric decay:- indeed, the main cyclotron wave (mo, kD)
might decay into that density wave (MZ’ kzj and another mode (h.‘l, 'kl) of
our system, satisfying the synchronism cenditions: I) Wy Wy and II)
ko=k1 + kz. To chek on the first of these conditions we injected a mono—
chromatic wave at z=43 cm and we looked for changes in the excited frequem
cy spectrum at z=53 cm. The beam-plasma parameters were the same as in [1]
excep:.—BO:&U Causs., This value of the magnetic field permitted the best
results. We verified that the injected waves only modified the spontaneous
frequency spectrum if their frequency was closa to E2 (density wave) or to
EU-£2' In Fig. 1 we show the result of the injection of a h.f. wave with
El=208 MHz. In this figure we observe a large increase in the amplitude of
the spectrum around f2=27 MHz, The main frequency of the cyclotron wave
packet was fﬂ=235 MHz. A complementary check was made by injecting a 1.f.
wave with £2=2? MHz. In Fig. 2 we see that the injection of this wave re-
sulted in the appearence of a large hump in the spectrum around f1:208 MHz
(fn=235 MHz). These measurements permit us to conclude that relation I} is
indeed verified. The same conclusion holds for other values of BO. To check
on the second synchronism condition, we determined the value of ka from the
cyclotron wavelength (A_=4,7 cm) taken from Fig. 1 of [17]. an estimate for
k, can be taken from Fig. 3 of the same paper, where we can see that lz is

2

of the order of 40 cm, and that kz is negative. So, condition II) can only

be fulfilled if kyok i this means that this parametric decay process 1s
only possible if the b-p system will have anomalous dispersion around ED.

In Fig. 3 we have drawn a simplified and semi-quantitative dispersion di-

agram, taking into consideration the numerical results obtained in [1:
This figure illustrates the parametric decay of the cyclotron wave (4) into
waves (B) and (C) satisfying both synchronism conditions. Points (A) and
(C} were experimentally determined and point (B) was located in k by the
use of equation II). As point (B) qualitatively fits the expected disper-
sion curve for the cyclotron waves, this parametric process is likely to
occur under our experimental conditions. The value for the group velocity
of the cyclotren waves, taken from this fipure (vg:-B ® 108 cm 5-1). agrees,

in order of magnitude, with the one we experimentally determined in [l.]

2- INTERPRETATION OF THE RESULTS:- A qualitative explanation for rhe nonlin
ear evolution of the cyclotron instability in a b-p system is as follows:i-
a- Let us assume that when the plasma density, driven by some steady state
ion oscillation, attains a certain threshold value [2] [3], the cyclotron
instability starts te grow exponentially according te linear theory. b- the
instability is absolute and so it grows in time everywhere, An amplitude
is reached at which we must consider nonlinear processes. c— by this time
the b-p system has develloped a first order density perturbation with

frequency fo' thus becoming parametrically driven by the cyclotron instabil

ity (A) that behaves like a pump wave. The system permits now the growch of
two new waves, (B) and (C), satisfying the synchronism relations, d- a frac
tion of the energy extracted from the electron beam by the cyclotron wave
is delivered to both parametrically generated waves. This explains the sat—
uration of the instability, e- as the density wave grows, the dispersion of
the plasma changes accordingly, through local variations of mpe and muh'
The density fluctuations, now with frequency fz, are strong enough to leave
the initially unstable zome (square around A) out of the instantanecus dis-
persion diagram. f- The cyclotron wave packet is forced to readjust itself
to the new dispersion conditions by adjusting its k values. Therefore the
cyclotron wave becomes uncoupled from the beam waves and this explains the
backward movement of field structure after saturation (vg<0). g- The eyclo
tron wave reduces its amplirtude as it is now the only source of energy to
the growth of the two new waves and it finally vanishes. h— The density
wave also damps away, in about 500 ns, because the next cyclotron bursts,
excited when the plasma density is momentarily high, do not grow above the
threshold level £or the occurrence of monlinear phenomena |4 ). i- Probably,
the excitation of another high amplitude burst can only take place after
the density wave has been completely damped. Then, the ion wave leads again
the plasma density, smoothly towards the critical value above which the ex-
citation of the cyclotron instability takes place. j— The cyclotron wave
grows and the closed cycle of events just described repeats itself.
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NON-LINEAR INTERACTION OF WAVES IN AN INHOMOGENEOUS BEAM-PLASMA MEDIUM

+)

v.V. DOLGOPOLOV *, R.N., EL-SHERIEF, M.M. EL-STRAGY and A,M. HOUSSEIN

Atowic Energy Authority, Cairo, Egypt

Abstract: The suthors consider the formation of waves at double frequency
at the inlet of & beam into a plasms, They show that these waves can
play a greater part in the beam interaction with plasma than the waves at

basic frequencies, even in the case of a weak non-linearity.

Wave interaction in & homogeneous, infinite, weakly non-linear med-
jum is known to be feasible provided the sum of frequencies and the sum
of wave vectors of the interacting waves are zero, TIm & region where
the medium is substantially inhomogeneous, the wave vector's component
direcied nlong the medium inhomogeneity expands into a continumm of
values, i,e, the concept of wave vector loses its sense, Therefore,the
waves which do not interact in & homogeneous medium, can do so in an fn-
homogeneous medium, The wave interaction at combination frequencies in
& sherply bounded /1/, or weakly inhomogeneous [2/, plasma cen give an
example,

We consider here & mon-linear interaction, viz, the formation of
waves at double frequencies, with a homogeneous low-density electron
beam propagating in an inhomogeneous plasma,

When the beam density is small as compared with the plesma density
and beam Langmuir frequency is small as compared with the wave frequency,
the wave phase velocity is close to the beam velocity. In this case,
non-linear interaction associated with the plasma can be neglected aa
compared with that sssociated with the beam, Then, assuming that the
X-axis is directed along the beam propagation and all values are only
dependent on one spatial coordinate, we shall obtain - for describing

the e]ectro-tntic oscillations - the folowing system of equations;

o +CU+0’) -2 E, +9?,{(f@+ry{w)j =o,
(1)

-a@g.-_g,'?” 2 [IZ(-‘!J u‘}~o ._-._4)|‘e(fz+/g)
where [f and ﬂb the velocity and density of the unperturbed besm respec-
tively (Udo ); ”P&) ~the unperturbed electron plasma density, U, 12
and U"‘, ﬂ.‘ are the perturbations of the velocity and density of the heam
and those of the plasma respectively, associated with electrostatic
ftield £,

Suppose, the oscillations are excited by a monochromatic external
fource with frequency W placed on the left from the plasma volume,
Then, in the case of s weak mon-linearity (Iﬂ/« HL ,’ﬂ'f«u ), aay value

describing the oueillut!.nn! }[x,t} can be represented in the form:

,‘f(x,tl ﬁ:z)e 4.}”{.1:) -"mi ] (1! 0T (2)

e YLl IE)

From relationa (1),(2) we obtainm

dE  # & 4
*'é‘é =e (a), ar;:f--g:; é,_:ﬁ (2),
=te U -7, @ ixén,
=Ee . ﬁ;@, Q-:E_ie -'T-é(z), ﬁ:J, a.),__( b) A
Ef2)=1—2’{' » g =t- 2L “’P gm (wce np)‘/ﬂ UA<1’

. dEp £
R =-:. m;“;b [(dr E'Eé (5)

98, (3);(4) give the fields at basic and double freguencies for an
arbirary dependence of plasma density onaC .

We shall molve these equationa for the case of & semi-hounded, homo-

Eeneons plamma, then

98 oE
5:%;.1,1,{‘.1'{0 ,‘éj-r.-%.—x’ =0 ot x >0 (e)

From (3)~(5) it followa that functions £ (z)end '8,_(:)“.1 their
first derivatives over r are continuous at the point ac=e.

Teking it into account, we have: #
5 ﬁ"{“rg-"ékr@ ,E ﬂé’ +Be‘ 250, (1)

where

A= )R ()8] s B=L[ew) A ) 8] > (o
ﬁ nndB are the constants,

Inserting expressions (7) inte (5), we can write the solutions of

Bq. (4) in tha form: fz
'.'.! b -18
6 o 8 5!. a.t ale o (9)

R
& = Geféx Ge’fx’ +ﬁe . 5;9“2'_,0 20 ()
v oy B89 6, g=a;-/?8,/?=;.§f2=, 8-358 »
Sy AE > J=-iyn

Gf and Qnra the integration constants determining emplitudes of the
second harmonics(i.e, waves at double frequency which propagate - in
homogeneous regions of the medium — irrespective of the waves with basic
frequency)., Using expressions (9) and (10), we can tind (3 and G_tro-
the continuity condition of functions ég} and d&/g‘}ﬂ; the point X=0
In the case of a luu:n instability (‘C':<° )s G';‘_ yields smplitude

of a rising wave whereas G gives that of a damping wave, Therefore,

we give the expression tnranln 4
G =it (M xBrp fB)
vhere of =& E+5)-2t41E- (1) o B =9'E'(§-1)-€-(E"§{] ;

Amplitude of & rising second harmonic is found here as a function
of amplitudes of the beam oacillation at basic freguency in vacuum,

From the above it follows that in case E,_<° , the fields of the
second harmonics will considerably exceed those of the waves with basic
frequency at a sufficient depth from the plasma surface - even if the
conditions for applicability of the approximation of weak non-linearity
are satisfied, The obtained results are valid if width of & transitiom

plasma-vacaum layer is smaller than il‘ﬁ .
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WAVE COUPLING IN A NARROW INHOMOGENEOUS LAYER OF THE MAGNETOACTIVE PLASMA
Y.V, MLGDPDLOV*), N.M. EL-SIRAGY and Y,A. SAYED

Atomic Energy Authority, Cairo, Egypt

Abstract: Effect of the magnetic field on wave coupling in & narrow in-
homogeneous plaeme layer is studied on example of the generation of the
second harmonics, It is shown that, due to the magnetic field, the in-
tensity of the second harmonics radiation from the plasma layer can

sharply inerease,

With the advent of powerfétl sources of mwonochromatic electromagnetic
waves-lazers, the interest to nonlinear interaction of these waves in the
plasma has now become greater, But in wost theoretical works (e.g, see
/1,2/) this interaction has been only studied in the approximstion of
weakly inhomogeneous,plasma, or homogeneous semi-bounded plasma with a
sharp boundary, In /3/ the suthors considered nonlinear interaction with
the formation of waves ut double frequencies in a narrow, arbitrarily
inhomogeneous layer of isotropic plasma, Here, we consider this effect
for the case of magnetoactive plasma,

The initial system of equations for the components of the electro-
magnetic flaldg md-ﬁ and the perturbations of the donlity"L and velo-
city '1.1:0! pl;:-a electrons will be such:

[nEl =i, [%HI- l‘E 47 (n e )T, ‘4'—" {Vlﬂ.ﬂ)“‘} =9 .
‘Nﬂww —-—[E+—[v,mu]}

where N, -the unperturbed demsity of plasma electrona (-a“'=n ), H is

the constant magnetic field,

In the caase of nynuchrumatic external field with frequency(d and a
weak nonlinearity, eny value f (Fyt) describing the steady state omcil-
lations in plasma, making allowance for the terms proportiomel to asgquare

amplitude, can be represented in the form:

fon <fmd” +Ftﬂ B ee @, e E@IQIE)

48 in /3f, we conaider that m, is an srbitrary, continuous function
of ¥ in the region 04‘1‘ éﬂ.s equal to zero at X{0 and X)/G- and is in-
dependent urﬂ and & . -ﬂ; is directed along the Z-axis. The wave vector
of s-polarized electiromagnetic wave incident on a plaswa, lies in the
plane 103 . Then, the electromagnetic field is independent of Z

In this case, repreaantingE ,ﬁ ,'1 and ¥ in the form of (2), we
obtein from the system of squations (1) in the zero (linear) approxima-

tion of the theory of perturbations that:
2
-%g;‘;.+ﬂl.£2=0 (a); H*="'Ei' H==i%'§! (4);
B Y, e B, ewnat 2, Qoo -(mdn) nale
Allowing for the second term in (2}, in tt]?n next approximation we
shall obtain from (1) the following equation for the wagnetic field of

p-polarized wave at double frequency (s-polarized waves are mnot generated

in our eue) T

1. 0 =
%(a%)*x'ﬂ'?” (s)
where
Hell, K= (- l.igl’uk.g &) &h,

22

'Rié

mew| XLE

l"a [h .-(E 2B k2. u.eg )]+2k_ (ﬁ eEL‘-s».k_E )] (s)

Q* > oo H
B =452 | Em= A =it ) w =gl
i frocaey ™0 e PO bat " e

Suppose, width of the plasma layer 0. is small as compsred with the
length
wave lengths . .
29
\2al g1, ka &1, (?).a.”a:.tl\ &A1 )
6
and n‘¢1 . Then the solutionm of (8), that im corresponding te wave in-—

cidence on the plasme from the left side, can be approximately written

in the form:
E,mE. g (e)
where k‘= 1-"‘ ¥ %% =D.

Since R=0at x {0 snd x y o, the solution of (5), in vacumm must

take the form of waves radiating from the plusma layer to both sides:

_i.2k,x 2k, (- 0)
Hw =H.e at x£0, Hm= “ ‘ o at X% Q, (o)

where H+ and H are the constants as related to X .Teking inte account
(T), one can look for the solution of (5) in the region Usy\éu_
using the method of successive approximations /4/:

o)
Hx) =l-|u + Hm+ B (10)

As @ result, we have: 1
;

Hm= B +||S le'é'i. (Fh.]:r' R) ,

Hm J " [dx’x: M

where QLR EQ, A aad B ore the integration conatants,

(11)

From relationships (9)-(11) and frow the continuity comdition for

functions H(N &nd ?;-‘1 at the points %=0 and X=0., ve shall find

amplitudes of the magnetic field of the second harwonics (waves with

double frequency) in vacuum:
a
H-_4 .jd Q-t" S Elidxﬁ ...]J,KE dy’.?. 12
3 “(0 . T dx. 5 + Fy (12)
In (12) we hnve omitted the terma proportional to 0-1 2

Using expressions (g) snd (g) in (12), we have

Hf:,—it.‘g" & EkE[ G L T | B

2 .
Tn the case of a low-density plasma when £ 4( i F
but- o),

expression (13) tekes on the form

H= 4rgN i€ k 151
2 m‘cm(m‘-m")‘- k > L*)k] E

(14)

&

where N:j"!’w-dl is the total number of electrons per unit surface
of the pln:mu. layer,

1t follows from (13) and (14) that, in the case of magnetoactive
plasma, generation of the second harmonics increases sharply when in-
cidence angle of the waves with basic frequemncy goes to % i.e.k_—»ﬁ
(we note that at kﬂ&k,ku, our consideration becomes inapplicable),

Also, from (14) it can be readily seen that, at low densities of a
plasma (R&W ), the amplitudes of waves at double frequencies increase
sharply when ﬂ“ approaches 2B , However, s«8 it follows from (183), «
similar effect does not exist at £

In the case of & low-density magnetosctive plasma, as distinct from
the case of isotropic plesma, the second harmonics are radiated from the

plasms layer to both sides,
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SPATIALLY RESOLVED INSTABTLITY MEASUREMENTS WITH A HEAVY ION BEAM FROBE

W. C. Jennings, R. L, Hickok, and J. C. Glowienka
Flasma Dynamics Laboratory
Rensselaer Polytechnic Institute
Troy, New York 12181 USA

Abstract: A heavy ion beam probe has been used to meke simultaneous
measurements of the amplitude and phase of both density and space poten-
tial fluctuations in an energetic arc plasma, Detailed comparison with
theoretical predictions identifies a 70 KHz coherent oscillation as a
Kelvin-Helmholtz instability localized to a region of strong fluid shear.

INTRODUCTION

Unambiguous identification of instabilities in high energy density
plasmas has been exceedingly difficult. This is primarily due to the lack
of space and time resolved measurements of both plasms density and space
potential. We have now demonstrated that ion beam probing can provide the
required information, The present work is concerned with the detailed com-
parison of theoretical predictions and experimental data for a Kelvin-
Helmholtz instability in an energetic arc discharge. The technigues, how-
ever, can be extended to larger plasma systems and in particular, should be
epplicable to the study of trapped particle modes in Toksmaks.

An ion beam probe diagnostic system is shown schematically in Fig. 1.
A beam of singly charged primary ions is directed through the plasma normal
to the confining magnetic field. Some of these are converted to doubly
charged secondary ions by electron impact. The intensity of the secondary
ion beam provides a measure of the plasma density eand electron temperature
at the location where the secondary ions were created.” The energy differ-
ence between the pr: and secondary beams is a direct meagure of the
plasma space potential. Typical space resolution is 0.6 em” and time reso-
lution is less than 10 psec, allowing detailed measurements of low frequency
plasma instabilities.

10N
OPTICS  PLATES

Fig, 1: Ion Beam Probe Diagnostic System

EXPERTMENTAL MEASUREMENTS

The instability study was carried out in an energetic hollow cathode
discharge which was operated with a solonoidal magnetic field of & 2 kgauss.
This aEr: produced a 3 cm diameter He plasma with & peak density of the order
of 101% cm3 and an electron temperature of 10 eV, The plasma was sub-
%gc;{ta a strong coherent instability at a frequency of approximately

Z,

Figure 2 shows a typical beam probe profile measurement along a plasma
diameter, The central trace is the fluctuating component of the plasma
density and shows strong radial localization and essentially zero amplitude
at the center of the plasma, The second trace is the time-averaged space
potential profile along the same diameter. Detailed examination of space
Potential profiles shows that there is a reversal in the radial electric
field and that the instability is maximum in this region of strong fluid
shear. Both traces in F‘:l.g. 2 mre asymmetric whereas the corresponding time-

Fig. 2: Fluctuating Density
Amplitude and Time-Averaged
Space Fotential Along a
Diameter of the Flasma

lgeraged density distribution possesses cylindrical symmetry, GSpace poten-
el fluctuations are somewhat noisier and show the same characteristics as

the density fluctuations except the radial location of ;
slightly gmaller. P s ocation of the peak amplitude is

Reistive Phase Shft An-84

Fig. 3: Fluctuating Density
Anplitude and Density-Space
Potential Phase Difference Along
a Diameter of the Plasme

Radiol Postion (cm)
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Figure 3 shows similar radiel plot of the fluctuating density ampli-
tude slong with the density-space potential phase angle. Since both density
and space potential fluctuations are measured simultanecusly, this phase
difference can be directly measured. Almost all the variation in phase
angle is due to the space potential phase, Density phase measurements
show a nearly conatant phase on either side of the plasme. There is an
#180° phase shift at the center, establishing an m = 1 szimuthal mode.

Variation of the axisl megnetic field causes large changes in the
characteristics of the instability, as shown in Fig. 4. The left hand
oscillograms ghow the fluctuating density and the time-averaged space
potential along a chord that is tangent to the peak amplitude radius, The
right hand oscillograms are spectrum analyzer traces of the density signal.
As the magnetic field increases the gradients in the space potential
become more pronounced. This leads to larger inatability amplitude end
increased coherence. Bimllar variation in the space potential profile can
be produced by varying the aro current while maintalning the magnetic field
constant. This also leads to the same type of behayior for the fluctuation
spectra and clearly demonstrates that the radial space potential profileis
the dominant parameter controlling the instebility.

Fig. 4: Effect of Changing the
Confining Field., Left Hand
Oscillograms: Top Trace is
Fluctuating Density Amplitude,
Lower Trace is Time-Averaged
Space Potential Along an Off-
center, Detector Line, Right Hand
Oscillograms: Spectrum Analyzer
Trace of Density Signal.

COMPARISON WITH THEORY

The ability to make space end time resoclved measurements of both den-
sity and space potential permits us to make a detailed comparison with
theoretical predictions, The strong dependence on the space potential
profile and the localization to the region of maximum fluid shear suggest
a Kelvin-Helmholtz instability. We have compared the measurements with
predictions based on = model developed by Jassby.3 This model predicts
localization to regions of maximum shear, ef/kT,»>1, anda large variation
in the density-space potential phase angle in tée region of the maximum
shear. The experimental results are in excellent agreement with the pre-
dictions. The localization and phase variation are shown in Fig. 3 and
the measured value of e /kTi >25.

We have also used a general flute model developed by Rosenbluth and
Simon} to predict the eigenfrequency of the instability and the radial eigen-
funclivns of density and spacc potentinl, The model takes the form of a
radial wave equation which must be evaluated numerically. The analysis
was made specific to the present experiment by using a rotation profile
determined from the space potential measurements. Figure 5 shows the
measured and calculated radial profiles for the amplitude and phase of the
density fluctuations. The calculated eigenfrequency is 135 KHz compared
with the experimentally observed fregquency of TO KHz. The egreement is
very good, considering that the model utilizes a linear perturbaticn
gnalysis and assumes cylindrical symmetry while the measurements are made
in & non-linear regime and show definite asymmetry. Similer agreement is
obtained for the amplitude and phase of the space potential fluctuations,

i.D]

Relative Amplitude

[
Radial Position {(cm)

Fig, 5: Amplitude and Phase of Density
Fluctustions ys Radius. Dotted Lines
end Points are Experimentzl Data. Solid
Lines are Theoretical Predictions.

CONCTUSICHE

A heavy ion beam probe is capable of providing the space and time
resolved measurements of density and space potential in high energy density
plasmas that are necessary in order to cbtain an unambiguous identification
of plasme instabilities. Excellent agreement between theory and experiment
has been obtained for a Kelvin-Helmholtz mode in an energetic arc.
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ION-BEAM PLASMA INTERACTION AT THE ION CYCLOTRON FREQUENCY
A. Goede, P. Massmann, H.J. Hopman, J. Kistemaker
Association Euratom — FOM

FOM-Instituut voor Atoom en Molecuulfysica, Kruislaan 407, Amsterdam
The Netherlands

Abstract: Injecting an energetic He'-ion beam obliquely into a magnetized
plasma, we observe the excitation of ion cyclotron harmonic waves (ICHW),
propagating azimuthally across the applied magnetic field. These measure-
ments are discussed in the framework of the linear theory of electrostatic
instabilities in a homogeneous Maxwellian plasma, traversed by a mono-

energetic ion beam.

Experiment: A He'-ion beam (energy 10 keV, density li)"' r;m_3) is in-
jected into a beam created plasma column (density 107 = lDB cm_3, electron
temperature 5 eV, leagth | m, diam. 2 cm), which is confined in an uniform
magnetic field B (up to 6 kG). The beam is injected with a small but finite
divergence, which gives the beam ions a velocity compoment Vv, Parallel
and v, perpendicular to B. We have the following ordering in velocities:
(:s < \l'nl << v

dv £ ¢
the ™™ Yoz = Vehe Wine

e the acoustic velocity). Most measurements have been done in Helium at a

is the electron thermal velocity,

pressure of 2.8 x 10"5 Torr. Under this condition we have the following

; 2 _
p;ramet;r range: 0.9 < “p"'"':i < B, and 0.7 < “’ph""pi < 2 where mp -
“pi + “ph (mpi and “pb are the plasma frequencies of plasma and beam ions,

[y is the ion cyclotron frequency). The observed waves are picked up by
two Langmuir probes. Their phase velocities are determined from the phase
shift of the wave as a function of probe distance.

Measurements! In this system we observe the excitation of waves,
which are connected to the ion cyclotron harmonics. Fig. 1 gives frequency
and amplitude as function of B. The oscillations are observed in a rather
wide range of B-field values. However, the amplitude of the wave does not
remain constant when varying B. It shows definite maxima as shown in the
lower half of Fig. |. One can distinguish three instability regions. In
these regions the number of cyclotron turns made by the beam ions increase
Erom } to 3/2. The frequency difference (m-uci) is weakly propertional teo
the plasma density. Dy takiog H, or Ne instead of He as a Largel gas, we
checked that the frequency of the excited waves is connected to the cyclo-
tron frequency of the plasma ions and not with the ions of the beam.

Wave propagation measurements in axial and radial direction do not
show a clear phase shift. The magnitude of the azimuthal phase velocity
vpi'l is in the order of lOl‘ m/s, measured at the edge of the plasma columa.
The measurements have been done in the three instability regions of the B-
field. Only the propagation of the first harmonic has been studied.
Written in terms of the cyclotron frequency and the beam radius a, we get
the experimental relation for the azimuthal phase velocity: vph =
(0.9 + G.Z)wci. This means vph =V supposing Vo May . From the
frequency and phase velocity it follows that the instabilities near wep
are n=| modes.

Theory: From our measurements it follows that we should focus on
slow waves, propagating across the magnetic field, with a frequency near
the ion cyclotron frequency and its harmonics. The instability frequency
shows a weak dependence on the plasma density. Since the waves are connec-
ted to the ions of the plasma, we may consider the waves as plasma modes,
driven unstable by the presence of the beam.

The electrostatic dispersion curves for plasma waves with k =0 in the
low frequency regime, the so-called ion Bernstein waves, exhibit the above
mentioned properties [1]). Ion Bernstein waves are essentially undamped.
When the propagation direction deviates a small amount from exact perpendi-
cularity, they become Landau damped by the plasma electrons. However, the
measurements of Fig. 2, show no measurable phase shift in axial direction.
Assuming the phase shift to be less than 0.1 ps over 40 cm, it means that
mlkz > Jwthe and u[kz > ﬁvnx (wsz is the axial phase velocity). Hence,
electron Landau damping can be neglected and the approximation kzﬂﬂ is
justified. As a consequency the perpendicular beam velocity component is
supposed to be the wave driving mechanism, since a resonance between
parallel beam velocity and wave does not exist if k,=0.

To work out this hypothesis, consider a collisionless magnetized
plasma, which is taken uniform and infinite. The propagation characteris-
ties of small amplitude electrostatic plasma waves are given by the Harris
dispersion relation [2]. When we substitute a Maxwellian for the plasma
and a &-function for the velocity distribution and assume ki, > 1, we get

the following dispersion relation for pure perpendicular propagation:

2 A 2 2 22 2
= [o; e In(:\i) " w, bI_cl Jn(u)] 2n uy o Wie

2 % 2 2 22 2

W, 3 W, du w en"w’ w
n=l]| “ci i ei ci ce

(.ln and I are the Bessel and modified Bessel functiom, A= 1 kfof,
u= kv fmci, o, = Lammor radius species s.)

This dispersion relation is formally identically to that for electrom
cyclotron waves which has been treated before by Tataronis and Crawford
[3]. They showed that this dispersion relation contains unstable wave
solutions around the cyclotron harmonics. Also they proved that these in—
stabilities are absolure in nature. We have numerically solved this equa-
tion for the ions, taking u real and w complex. In fig. 3 a specific con-
ditions is plotted. We find a racther strong instability at w = 1.5 Wy
and the subsequent harmonics. The magnitude of the growth rate is about
Im """"ci ~ 0.2, which means a growth of about 10 dB per cyclotron period.
The value of the instability wavenumber is y =~ 4. This is about 357 larger
than the experimentally found value. The instability frequency is about
7% too high. The experimentally found increase in instability frequency
with density is present in our model. The instability threshold is
strongly dependent on the parameter m’mci. At high B-field the theory does
not predict instability, contrary to our experimental results.

Discussion: In his ion beamplasma experiment Gabovich presumably ob-
served the same type of instability as we did [4]. His interpretation how-
ever differs from ours. He attributes the excitation of the ion cyclotron
harmonic waves to the spatial inhomogeneity of the beamrplasma system.
Indeed the radial density gradient is not negligible and the azimuthal
propagation suggests drift waves. It is thus possible that the instability
is an ion cyclotron drift wave (ICDW), which was recently investigated by
Hendel and Yamada [5]. However, in our experiment the ion drift frequency
is a factor ten smaller than the ion cyclotron frequency and also our phase
velocity is proportional to B, unlike the phase velocity of ICDW which are
inversely proportional to B. So in our experiment we do not expect a strong
influence of the density gradient on the wave propagation. However, the

instability threshold is lowered by inhomogeneity.
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ION BEAM EXCITATION OF ELECTROSTATIC ION-CYCLOTRON WAVES
N. Rynn, H. B8hmer, and J. P. Hauck

Physics Department, University of Califormia
Irvine, California, USA 92664

Abstract: Electrostatic ion-cyclotron waves are excited by a
cesium ion beam injected into a cesium plasma in a Q-machine.
strong interactions are observed. Spatial growth rates are

measured as a function of beam and plasma parameters.

We present evidence for the excitation of electrostatic
ion-cyclotron waves by the interaction of a cesium ion beam
having a small perpendicular velocity component with a cesium
plasma. Our objective is plasma ion heating which has already
been observed in this 1aburatory1 for the case of electron-
current driven electrostatic ion cyclotron waves (ICW).

The Q-machine was operated in the single ended mode with
the final electrode of the ion beam source terminating the
plasma (Fig. 1). Considerable care was taken to insure that
the observed modes were driven by the ion beam current and
were not spurious modes driven by electron current from any
electrodes, The ion beam was produced by a porous tungsten
plug and focussed by Pierce electrodes, The beam is charac-
terized by currents in the range 1 pA to 1 mA, energies of
30 eV to 1 keV and densities in the range 107 to lﬁgcm_a; it
is nearly monoernergetic.

The beam was injected in a region of converging magnetic
field. The perpendicular velocity, v, , of the beam was con-
trolled by varying the radial position of the ion injector,
Typically v, is in the range 1 -6 x lﬂscm sec-l, correspond-
ing to perpendicular energies of about 1- 25 eV and Larmour
radii of 0.3-2 ecm. The perpendicular velocity is thus sev-
eral times the ion thermal velocity and comparable to the
perpendicular phase velocity of the IC waves. Beam particle
trajectories are shown schematically in Fig. 1. The beam is
focussed in this way because of the converging magnetic field

at the injection point.

When a beam of these characteristics is injected into a
8 3

plasma of density of the order of 10 cm °, modes are observed

at frequencies just above the ion ecyclotron frequency, fci'
The steady state level of the observed turbulence depends
strongly on the beam parameters (Fig. 2). At low beam densi-
ties relatively narrow linewidth modes are excited, whereas
for strong beams a highly turbulent state obtains, character-
ized by a strong increase of broadband noise from 0 to 200 kHz
and above.

These modes persist over a range of magnetic fields vary-

ing from 3 kG to 7.5 kG, the maximum field available.

gf:;c;i Schematic of Fig. 2: Frequency spectrum
i ne and ion beam of the mode amplitudeg.
p. B=4.65 kG, n_ =3 x108n™3

Their frequencies are in the range nfci to (n,+0.2)fci, being
slightly higher than the ion cyclotron frequency and its har-
monics. Typically, several harmonics are present with the
third harmonic fregquently dominating near onset.

The dispersion relation for ion beam driven ion-cyclotron
waves can be derived following the method of Tatronis and
Crawford.z

For low beam densities and no damping, the final result

is the dispersion relation for '"normal" ion cyclotron waves,
il T -8

n ” - i

L nwci(1+1+5n) iby ﬁe Iy (&) .

For small values of 8 = (klpijz the ion cyclotron mode
frequency is approximately fci while for larger values of sy
the frequency increases to a maximum at s=1.5 to 1.18 fci
for Ta/'l‘i =1, Here we haye assumed that k, = m/rb. The
azimuthal mode number m is a small integer. Since the ob-
served frequencies are in the range f=1.18 fci - 1.2 fci the

modes are identified as the electrostatic ion-cyclotron moﬂes?
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Fig. 3: (a) Deam denaity dcpecndenge {X =200V), and
(b) Beam energy dependence (n ~108§m' ? of the spatial
growth rate B=4 kG, n,=3x 08em™2,

We have also measured the axial wavelength and spatial
growth rate of the modes using an axially movable probe. The
wavelength was measured using a cross correlation technigue.
The axial wavelength is selected by the beam velocity such
that A, = (1 10.2)VDI/IICW.

We observe the amplitude of these waves to grow exponen-
tially for about 30 cm from the injection point. The growth
rate increases as the beam source is moved further off axis
and with increasing beam current; it decreases at high beam
velocities and is relatively independent of the magnetic field
strength (Fig. 3). It can be shown that these general fea-
tures are in qualitative agreement with a theoretical expres-
sion for the growth rate, but the experimental growth rate is

much larger than the theoretical value.
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RELAXATION OF ENERGETIC ION BEAM IN A TURBULENT PLASMA

K.Ishii, A,Itakura, H.Ishizuka, S,Hagiwara, S.Kojima
Department of Physics,Tokyo University of Education
Bunkyo-Ku, Tokyo, 112 Japan
and
S.Miyoshi, K.Yatsu and T.Kawabe
Institute of Physics, the University of Tsukuba

Ibaraki-Ken, 300-31 Japan

Abstract: The enchanced relaxation of an energetic~ion beam has been
studied experimentally in a turbulent plasma. The broadening of spectrum
and loss of the beam energy were investigated as a function of level of
turbulence. The results were explained by the theory of stochastic
process.

The investigation of relaxation process of ion beams in plasmas is
important from the point of view of plasma heating and formation of two
component plasma. Collisionless thermalization of an ion beam in the
plasma was studied theoretically (1) and experimentally (2) under the condi-
tion that the beam velocity was comparable to the ion sound velocity. In
this paper we report the experimental results on relaxation of an energe-
tic ion beamin a turbulent plasma and an interpretation based on the
theory of stochastic process.

The experimental apparatus (OHTSUKA 1I) is shown in Fig.l(length:2 m,
diameter of the chamber: 13 cm, strength of the magnetic field: 3 kG ).
The helium ion beam was generated by a multi-aperture ion source (3) and
injected into the chamber on the axis along the magnetic field from one

end of the device and analysed with an electrostatic analyser at the

PUMP PUMP PUMF’T

==_ '
A== \;N

ENERGY
RING ELECTRODE ANALYSER

Fig.l Schematic diagram of the experimental apparatus

opposite end. The energy and current of the beam were typically 1.5 keV
and 50 mA,respectively. The plasma was produced by ionizing the helium
gas in the chamber with a pressure of 3x10‘4Turr by ion beam itself.
Parameters and fluctuations of the plasma were measured by Langmuir probes.

The density and the temperature of the plasma were lﬂmcm_’and 20 eV,

respectively. The diameters of both the beam and the plasma were 3 cm each.

As the fluctuations in the beam-produced plasma were quite small,
turbulent fluctuations were excited by applying dc high voltage on a ring
electrode surrounding the plasma column and drawing current through the
plasma. The potential of the plasma on the axis did not change to affect
on the beam dynamics. In this way three types of oscillations were
excited: low frequency fluctuationswith a turbulent spectrum, 100 kHz
fluctuation and 8 MHz fluctuation. The first one had a broad frequency
spectrum from 1 kHz to 200 kHz with and amplitude of about 30 V. The
second one had a width of the frequency spectrum of 20 kHz, an intensity of
3 V, an azimuthal mode number of zero, and a longitudinal wave length of 20
em. This fluctuation was referred to as an ion acoustic wave. The fre-
quency of the third fluctuation was close to the ion plasma frequency, and

the azimuthal mode number of it was 1. When the ring voltage was increas-

ed, the frequency spectrum of the
fluctuations did not change, while
the intensities of all three types
increased.

Typical examples of the energy
distribution of the ion beam at dif-
ferent values of the ring voltage
are shown in Fig.2. When the ring
voltage was applied up to 1.0kV, the
width of the emergy distribution
AE/E changed from less than 0.8 to
5.4 5. The relation between the
energy spreads E/E and the amplitude
of the 100 kHz fluctuations (§¢7) is
shown in Fig.3. The energy spread
had also same dependence on the
low frequency fluctuations, while

it had somewhat different tendency

on the amplitude of the 8 MHz fluctu-

ations. Therefore we conclude that
the low frequency fluctuations and
the ion sound waves are responsible
for anomalous energy relaxation of
the ion beam.

According to the theory by
Ichimaru(4), when the beam velocity
Vb is much larger than the phase

velocity of the wave, the wave-

particle interaction brings about
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Fig.2 Energy distribution of ion
beam for different values of ring

voltage V
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Fig.3 Energy spread of ion beam vs

A4E/E

potential fluctuation.

the change of the thermal energy of the beam (Kb) which is written as

A _slhokT E* (R
4Ke %jdmm L2 (B R @) m

where xb is susceptibility of the beam, and k,w and (IE'.z)are the

wave number, angular frequency and the ensemble average of the fluctuation

field, respectively. Equation (1) leads to the energy spread of the beam

(dEb] given simply by

dB, % de Eep (Lr/vh)""'z

(2)

where §” is linear growth rate of the fluctuation and L is the interaction

length. If [could be replaced by the inverse of correlation time [”c“:],

then the equation (2) would become the one deduced from the stochastic

approaches of difusion in velocity space, By giving the measured values

of SLP and 'Z‘c, we obtained an energy spread of 5 % which agreed with the

measured value.
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Rey
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Ringler

. Robinson

Rolland

. Rosenbluth
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. Rubtsov
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. Rudakov
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Salat
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A. Tomimura 105
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Tourikov
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Trubnikov
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Tsang
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Tskhakaya
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Watkins
Watson—-Munro
Watts
Weber
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Weisse
Werkoff
Wesson
White
Widner
Wilhelm
Wimmel
Winkel
Wolfe

. Woodall

Woods
Woodward
Wooten
Wootton
Wright

. Wright

Wirsching

Yamada

. Yaroslavsky

Yavorsky
Yin—-An
Yakota
Yonas
Yoshimura
Young
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Zacek
Zaitsev
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Zolotovsky
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