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PREFACE

This volume contains the texts of Contributed Papers to be presented at the 9th
European Conference on Controlled Fusion and Plasma Physics. The papers were selected
and arranged by the Papers Selection Committee.

Direct reproduction by photographic processes means that the authors must bear
responsibility for their texts. Only the minimum of editorial work was carried out. We
wish to thank the authors for complying with the relatively rigorous instructions
necessary for this type of publication.

The texts of the Invited Papers, together with post-deadline contributions and
supplementary pages to papers in this volume, will form a companion volume available
before the end of 1979.
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7. INTRODUCTION

The steady-state plasma in the ELMO Bumpy Torus (EBT) is confined in
a "bumpy" magnetic field produced by joining 24 magnetic mirror cells
into a large aspect ratio torus. Heating power is provided by continuous
wave (cw) microwave scurces at 28 GHz, 18 GHz, and 10.6 GHz. The
magnetic field is adjusted to bring either the 28 GHz or the 18 GHz
microwaves into local electron cyclotron resonance near the mirror coils.
The two cases are referred to as EBT-3 (for Scale) and EBT-I,
respectively. The toroidal plasma has been shown to be macroscopically
stabilized by the magnetic field modification resulting from diamagnetic
annuli of snergetic electrons which form in each cell as a result of the
microwave heating. -

The EBT-S configuration employs a 28 GHz ow gyrotron tube, recently
developed by Varian Associates, for the purpose of studying the scaling
of the plasma parameters with applied microwave frequency. Experimental
documentation of the plasma in EBT-5 is a prime objective of the present
research group. ?ocwmtatton of the plasma parameters in the EBT-I mode
is more complete.

2. MEASUREMENT OF PLASMA PARAMETERS IN EBT-I

The plasma parameters in the EBT-I mode have been measured by a
variety of diagnostic techniques. The results of a typical data run in
the macrostable regime (T-mode) of operation are listed in Table 1.

These parameters do not represent the maximum values of any of the
parameters, but rather the case for which the greatest amount of
diagnostic information is available. As the ambient pressure is reduced
(lower collisionality), both the density and electron temperature (and,
consequently, the energy lifetime) are observed to increase (see Fig. 1).

In addition, the ion temperature and the depth of the potential well
which has been measured in the plasma also are greater at lower
collisionality.

The two meoasurcmonts of eleotron temperature (soft x-ray and laser
scattering) differ significantly. The laser scattering spectrum for the
case given in Table 1 is shown in Fig. 2. The analysis of this spectrum
indicates an uncertainty of #75 eV in the temperature determination. The
uncertainty in the soft x-ray measurement is estimated to be in the
neighborhood of +50%.

For caloulation of the energy 1ifetime, 10-25% of the applied
microwave power was assumed to be absorbed by the plasma eleotrons. This
range is derived from experimental and theorstical estimates of microwave
power balance.

TABLE 1, Results of a3 typical EBT-I run

MACHINE PARAMETERS

Parameter Yalue
Magnetic field 5 kG midplane 19 kG mirror

Major radius 150 em

Minor radius, midplane 12 cm

Plasma volume 300 liters

Magnetic aspect ratio 9:1

Microwave power 40 kW ag 18 GHz + & kW at 10.6 GHz
Ambient pressure 5.5x107"° torr (outside cavity)

PLASMA PARAMETERS

Earameter Diagnostic Value
Line averaged density, n, Microwave interferometer 6t2x10” o3

Electron temperature, Te Soft x-ray datector 315 eV
Thomson scattering 120£75 eV
Ion temperature, Ty Charge exchange 63 ev
Potential well depth, Ag Heavy ion beam probe 8o v
Energy lifetime, T 1-2.5 msec

3. EBT SCALING LAWS

Tne basic plasma parameters in EBT [density (n), electron
temperature (Te)' and confinement time (7)] are predicted to scale in the
following manner. The plasma density is limited by microwave cutoff, so
the maximum attainable density increases as the square of the microwave
frequency. Since the magnetiz field required to bring the applied
microwave power into resonance increases linearly with the l‘rel}uancy,
then the density scales as the magnetic field squared (n = ; A
limited number of measurements at 28 GHz suppert this scaling. The
electron temperature, as determined by the soft x-ray detector, has been
observed to increase qlﬁparuunal to the square root of the applied
microwave power (T, = P'"€). The confinement time exhibits two different
scaling relations, depending on the regime of collisionality (u/Q) in
which the plasma operates.
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4. RADIAL TRANSPORT CALCULATIONS WITH CONSTANT EDGE NEUTRAL FLUX

Recently, one-dimensional radial transport equations for EBT have
been solved assuming a constant flux of cold réeutr'ala at the plasma edge,
independent of toroidal plasma parameters. This boundary econdition
provides a negative feedback mechanism which limits thermal excursions
and allows steady-state solutions at low collisionality. Such a boundary
condition is appropriate if reflux from the wall ocecurs ?n a time scale
slow compared to an energy containment time. Experiments’ indicate that
a time on the order of tens of minutes is required for the plasma to
reach equilibrium with the wall. Once equiliprium is reached, pumping is
balanced by a slight gas feed of about 3x107° torr liter/sec. This feed
rate is small compared to the flux of neutrals required to sustain the
plasma, which {s about 1 torr liter/sec in the presant1calnulahinna. The
source of these neutrals is assumed to be wall reflux.

The one-dimensional radial transport equations used ul% sthase
caleulations incorporate a self-consistent electric field, '?'" The
transport coefficients are assumed to be approximately neoclassical and
ineclude lowest order affectsa of velocity space regions where poloidal
drift frequencies are small. 7

Experimental results are often plotted versus ambient neutral
pressure as given by ion gauges. For comparison with such data, the
numerical results are plotted as z function of Po = nokTo' where ny is
the density of cold neutrals at the plasma edge and KT, = E; - 0.5 eV.
Note that Py is similar to but nct equal to the ion gauge pressure. In
the oollisionless regime (low neutral pressure), the parametric
dependence on edge neutral pressure 1s similar to that observed
experimentally; i.e., density, temperature, and potential all increase
with decreasing neutral pressure. Compare Fig. 3 with Fig. 1.
Experiments apparently do not observe the collisional scaling at high
neutral pressures since the electron ring beta is not sufficient to
stabilize the toroidal plasma in this regime. We regard the trends shown
by this very recent work as encouraging. At this writing, simplified
analytic approximations for the ion as well as electron Ltransport
coefficients have been used in the modeling. Work Is in progress to
implement more accurate expressions for the transport coefficlents,
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ABST Experimental studies sre made on the plasma confinement in Nagoya
Torus (KBTI,

where plasmas are

Bumpyy roduced, heated and stabilized hy high

power microwaves, ['lasma characteristics are observed to depend on hoth
mierowave power and ambient gas pressurc, by which three operating modes are
One of many interesting features

defined. is the formation of positive

clectrostatic potential surrounding the taroidal plasma tubing. The potent

is peaked at the location of hot electron rings.

Nagoya Bumpy Torus is a bumpy vace track consisted of 20 mirrors with
2:1 mirror ratio and two 80 ¢m long straight sections. 'The major radius of
the circular section is 160 cm with the aspect ratio of approximately 10.
The maximum magnetic field strength is 1 kG (midplanc) — 8K (wirror throat).
Microwave sources are klystron amplifiers with fixed frequencies of
18 Gliz (20 kW maximum), 10.5 Gz (30 kW), and 8.5 Glz (75 kW),

wave power is divided into 24 equal parrs and fed to each mivrer section.

and the micro-

Magnetic Ticld lines and con-
stmt |R] lines in a plane of the
median horizontal cut are shown in
Fig.l. 'The hatched regions corre-
spond to the 1st and Ind cyclotron
resonance zone for 8.5 Gllz:  plasmas
are produced and heated at the
fundamental resonance and the ener-
yetic electrons are generated at the

second harmonic resonance to Form a

hot electron ring in the midplane.
Although the bumpy torus has
no rotational transform in the mag-

Fig,1. Median horizontal cut view
of a single sector of NBT showing

the contour of constant |B| and the
magnetic field lines.

netic field lines, particles stay in

a closed drift surfs as a result

of guiding center drifts due to the

curvature of field lines and grad-B.

Shapes and the axis of the drift surfaces depend strongly on the pitch angle

of particles. Figure 2(a) shows a drift surface of a particle with v, /v=

and Fig.2(h) indicates the effective curvature, <R, of the field lines

-
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Fig.2(a) Drift surfaces for =4
particles with v,/v = 1. Outer
cirele indicates the shadow of I
coil casing projected onto the
midplane,

Fig.2(h) Fffective toroidal
curvature of the magnetic fField
lines determined from the clec-
tron heam tracing,

averaged along the torus which was

determined by tracing an clectron

11 o oo
I)c‘:um.l The position where <i> hecomes
infinite in Fig.2(h) is the axis of the

drifr surfaces, which is in good agrecment with the computed results.

At present stage, the main dis mostics are listed in the following:

(1) Single channcl, & mm microwave interferometer to determine the average
clectron density. (21 Scintillator Nal)-Photomultiplier-Pulse height

analyzer system amd X-hand microwave radiometer to measure the cnergy and
demzity of the hot ¢leetron rings. (3) Diamagnetic coils and Hall clements
to estimate the magnetic field produced by diamagnetic currents of the hot
c¢lectron rings. (1) Visible spectrometer to measure the intensity of Il’I

line. (50 Movable fangmuir probe for the radial distribution of the density

and plasm

pace potential.

Iependence of various plasma parameters on the amhient hydrogen gas

pressure are shown in Fig.3,

In higher pressure regime X-ray intensity is
wenk (The intensit
Field HI_

v iy plotted in logavithmic scale) and the vadial magnetic
produced hy hot electron rings is not detectable. The plusma is
produced and 1solated within cach simple mirror section with rather poor
confinement

Comode operation which stands for cold plasma.  With decreasing

x10" e S
2 & T T & .
g ' adl
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0] ]E 3 1 t
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= - 1o x i o |
,\ i ol rain '
- 4 "l / i
) = |
Z e 3 ey |
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01 xw' ¥ H

Pg ttorr]

. Various plasma parameters as

Fig.d. Dependence of the tran-
ruuumn of the ambient neurral

sition between €, T and M modes
on the microwave input power
and the ambient gas pressure.

gas pressurc.

the gas pressure, X-ray and microwave radiation are enhanced indicating the

formation of hot clectron rings, and Br, [= 1 gouss) is now detected. In

this region the value of |n di increases, while the intensity of IIrl line,

i.e., n R cave These facts mean

o ex
that the plasma confinement time becomes longer associated with the penera-

di, decreases with the gas pressure.
tion of the high # hot ¢lectron rings, then the bumpy torus plasma is
supposed to be stably confined by means of the average minimum magnetic
fichl owing to the high & hot clectron ring encircling the plusma surface.
This mode of vperation is named T-mode after its toroidal behavior of the
||l:!'-ma?l When the gas pressure is further decreased, strong and spontancous
A-ray bursts are observed and the plasma drives macroscopic instahilities as
is often ohserved in a simple mirror plasma, so named M-mode. Conditions
for C-T mode transition md 1-M mode trunsition move to higher gas pressure
with the increascd micrewave power input (Fig.1).

Anather interestiang feature in NB1 plasma is the spatial profile of

the plusma space potential, which is

sured hy a Langmuir probe inserted
in the linear section where no mierowave power is fed,  Some profiles of

the floating potential with the ambient neutral gas pressure as a parameter
are shown in Fig.5. 1t is evident that a potentinl well is formed enly when
the peutral pressure is low enough to operate the T-mode. The radial posi-

tivn of the potential peak, "‘pe-m‘ when traced back slong the mepgnetic
field lines, is found to correspond to the location of the het electron

rings in the midplane of each mirror.

In order to examine the relation between

P =
B, |
1 o~ Talften) ‘ the potential peuk and rhe location of
2 h P i "
! \0% XE hot electron ving, X wis measured
\ ‘ neak

as a function of the toroidal magnetic
i field strength (Fig.6) with which the
i location of » = 2f.rm_ for the applied

frequency [w/2a = 8.5 GHz) is compared.

E In Fig.6 the dot-dashed line indicates
| the cyclotron frequency with the

7__[ relativistic electron mass with the use
| of measured hot electron temperature.

The result again confirms that th- loca-
AR tion of the hot ring i< the circular

Fig.5, Radial distrihution of drift surface associated with the 2nd
floating potential for different
gas pressures. The potential
peaks are traced back to the
location of the hot electron
ring in the midplane.

¢lectron (nonrelutivistic] eyelotron

harmonics in the midplane. The mecl

nism of genervating n positive potential
peak surrounding the toroidal plosma is
considered to be duc te the loeal mirror
effect produced by the high & ket electrons
trapped in the midplane, where cold elec-

trons are scattered out more than ions.

E
- Therefore the porential is positive, scveral
: times of clectron temperature againgt the

contniner wall. The potentinl well edped

by this potential peak plays cruicial role

for the confincment of bumpy torus plasmas.

rences
1 H.
Fujiwara and H. lkegami:

Tpuchi, M. Mosokawa, T. Shoji, M.

Fig.6. The radial position TP=Nagovi
of the peak of the floating
potential as a function of

the toroidal magnetic field. 23 R. A. Dandb et al.: Dak Ridge Marional
Lab. Report, ORNL=TM-d041 (19751

Rescarch Repert, 1PPJ-385 (19740
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Stellarator Equilibrium and Stability Computations in Two and Three Dimensions

R. Chodura, F. Herregger, J. Neuhauser, A. Schluter
Max~Planck=Institut fur Plasmaphysilk D-804é Garching, Germany
EURATOM - Associotion

Abstract

The stability of straight, helically symmetric E = 2 equilibria with arbitrary longitudi-
nal current is investigated using a 2-D code. The results are compared with those of

a 3 D-code opplied to the some problem. The 3D-code is used fo study the effect of
toroidal curvature on the stability of a L = 2 stellarator. As a further example an

3D-equilibrium with more than ene magnetic axis is presented.

1. Intreduation

The computation of magnetohydrodynamic toroidal stellarator equilibria is a 3-dimen-
sional problem. Since recently numerical codes are available which ore able to de-
termine such equilibria iteratively and to assess their gross stability from the conver-
gence properties of the result.

Due to the complexity of the problem ond the restriction in grid size for 3D calcula-

tions, it is desiroble to get a first estimate of growth rates by 2D calculations for a

M

straight helically symmetric analog. ver, when running the 2D and 3D code on
a 2D problem, the results from the 2D code can serve to test the reliability and reso-

lution of the 3D code. In the following we give some results of 2D and 3D codes.

2. Helical-Symmetric Results

The 2D straight helically symme tric = 2 equilibria are characterized by five para-
meters: (=2 po/llzzh at the magnetic axis, the £ = 2 distortion Jl=([¥/ﬁ:‘ —I}/(f; /f")t r!}
of that magnetic surface where the pressure is decreased to the 1/e-fold value of the
maximum pressure Py (t',,/t:‘ is the axes ratio of that flux-surface contour), the com-
pression ratio &, the periodicity number iL'l‘?f,'_Jund the longitudinal net current

J 4 The meon plosma radius is denoted by a, the mean longitudinal magnetic field

n:c‘lha boundary by sz. The MHD equilibrium solutions are computed by using a
modified version of Marder ' s helical-symmetric code /1/. The longitudinal current

on each magnetic surface is assumed to be a given function ‘zt ¥ ) of the flux function
% . InFig. 1 a typical cose of a helical ¢ = 2 equilibrium is shown having no longi-
tudinal net current. In case that a longitudinal current is superimposed such that the
rotational transform of the current is added to the rotational transform of the stellarator
field, an upper threshold for Jror is found numerically beyond which the solution does
not converge to an equilibrium with one magnetic axis {resonance phenomena).
Changing the sign of the longitudinal net current, the ellipticity of the magnetic
surfaces near the axis decreoses.

The numerical stability calculations are carried out by using the stability code by
Hermegger and Schneider /2/. The time-dependent linearized MHD equations are
solved os an initial-boundary-value problem. The code is described in Ref. 2 and

hos been updated to describe ! = 2 configurations. The stability results of a straight
helical { =2 Bquilibr'{um are reported here where the rotational transform € per
period is €. , 3=0.25, ha=0.3,%= 2.2, and negligible net current, We
;fudy m = 2 modes with an axiol weve number k in the vicinity of the resonont value
Ik s |=m h -I:P In our :useﬂ: - o|= 0.06. In Fig. 2 the normalized eigenvulun (',..,‘.

is plotted versus the longitudinal wave number ka for different grids (V = !h /3

- is the equilibrium density on axis). A quodratic exiropolation has been applied to
get the growth rate for zero mash size. The |l:u=uk of the extrapolated curve is rather

close to |ka | = 0.06 hence this mode is almost o flute mode .

3. Results by the 3D-code

The same problem as in Sec. 2 is treated with our 3D code /3/, i.e. the stability of
an m = 2 mode in o siroight helical . = 2 configuration. The modes being investiga-
ted have o fixed wavelength extending over 5 periods of the equilibrium. The total
rotational trensform € = 5, is varied around the value 1/2 where the resonant
interchange mode is expected to evolve. Fig. 3 shows the growth rates for various &
as obtained for different grids, i.e. 102x50, ]22;(60, Hzx 70 mesh points, respective-
Iy. As may be seen the grid dependence of the dispersion curve is rather strong, the
maximum of the growth rate is shifted off the resonant point £ = 1/2 to somewhat
smoller values of + .

Compoaring the 2D and 3D results, we find only a factor of two difference in the ex-
trapolated growth rates, though the equilibria are not identical ond the boundary
conditions are different. For obout the same modes the surfoce current model predicts

sigenvalues (y~/hvp)? = 6(2-8) §,7 = 0,044 for 6 on oxis.

Bending the L = 2 helix into o torus and keeping the period length of the helix (and of
the disturbance) fixed, the equilibrium is changed by the outward displacement of

the plasma: a mognetic well with apprecioble shear is formed. This leads to @ change
of the eigenmode (the outer vortex is much stronger than the inner one) and lowers
the eigenvalues j~ as compared to the straight cose. If the aspect ratio A = R/a (R=
mean torus radius) is below 30, the configuration is stable in a Mzﬂ(} grid; for A=60
5"1 has about half the value of the corresponding straight case (A= o). Refining the
grid size the same tendency for stability for m = 2 modes may be expected but for a
smaller critical aspect ratio.
Since we use o space-fixed grid and not flux coordinates, the code is capable to find
equilibria with more than one magnetic oxis. Fig. 4 shows 3 cuts, a quarier of a wave-
length apart, of flux surfaces for a so~called "double-star" configuration /4/. The
aspect ratio is 16 with 16 periods along the torus. This configuration is achieved by
superposition of an £ = 3 stellarator with a quadrupole field. The maximum beta is
3%. The outward shift of the magnetic axas is very small as compared to that of a pure
£ = 3 stellarator.

|
m=2 Mode

T
- L!

to [th] B =025 h:u,san

522032 Jygu= 10

n=22

- EXTRAPOL.

16x16
05— E\ x |
0 1 13 | 1 1 |

Q02 0.04 006 008 -k

Fig. 2 Normalized eigenvalues ( g ."3-..\{‘ )Z
for the equilibrium of Fig. 1 versus longitu-
dinal wave number aE from the 2D code

Fig. 1 Contour lines of p = constant
surfaces of a straight helical £=2
equilibrium: B=0.25, §,= 0. 323
ha=0.30,x=2.2, J =

\'"(Mh‘i Fig. 3 The same eigenvalues os in Fig.2

versus rotational transform £ from the

it 3D code

/\IL:I'«!JD
1
/\ 12x12%60

CTE oz d— 506 o7 o8 ¢

Vmﬁn

Fig. 4 A configuration with 2 magnetic
axes and a separatrix, A =16, 8=0,03
(first line: initial condition

second line: equilibrium)
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PARTICLE AND ENERGY TRANSPORT IN THE W VII-A STELLARATOR
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ir uction: Results on plasma confinement of ohmically heated
plasmas in the W VII-A stellarator have been reported at the
Berchtesgaden [11, Prague [21, and Innsbruck [3| conferences.
The eneragy confinement was shown to deteriorate above a criti-

cal current [2]. As a function of electron density the energy

nement time increases;above a critical density depending
on plasma current the confinement time decreases again [31.

Radiation losses were found to be an important loss mechanism

and closely connected with the limitation of the confinement
time.7hers is howcver some indication that radiation losses

are not the only cause for the deterioration of confinement.

Measurements of Particle and Energv Confinement: We will mainlv

concentrate here on measurements from a standard 20 kA helium

discharge Bo = 3.5 T, external rotational transform tD:O.14 [3%.

The global particle confinement time ep(a) was detéermined from
the ionization rate which was measured_using the 5015 % Hel
line [4]. Contributions of oxvgen impurities (<1 %) to the

production rate wers neglected.

As a function of line densitv, ,’ncdl, the narticle confinement
time shows a hehaviour similar to the global cnergyv confinement
time, Téta), as derived from the diamagnetic signal (Fig.1):

an increase of rnla) with fnedl followved by a strong decrease.
The region of maximum confinement time is shifted to smallex
densities by an increase of radiation loss due to small amounts

of neon [3]. The decrease of the energy confinement time

high densitv is still seen if the radiation losses as measurcd
by bolometers are taken into account in the definition o7

a
3 ) ST ) rAr
L e s Dfniij + ncLTe,Lﬂl

P‘radlrdr

(r ohmic power

54 radiated power rdensitw).

The similarity between particle and energy confinement raises
the ruestion whether theres is another loss mechanism hesides

radiation.

Heat Conductivity and Diffusion Coefficient: We have derived

local experimental values for the electron heat conductivity

L ' Y rtdr
5fp0H(r )} = B glr’)irtar

Kaxp Tl = P
e dr
exchange and diffusion are small) and the diffusion cosfficiant

(contributions of chargs

i
o(prcduction rate}r'dr’

Dt—xp {3 = dng ’

using measured profiles for

the praduction rate, ng, T, and the radiated power P__ 4. In

e ; i ai
Fig. 2 ¥ggplr) and Dg,.(r) and the calculated neoclassical Jdif-

fusion coefficient Dypj; are plotted as a function of radius for
' . & it 14 -2
three typical line densities 2, 8, and 11 x 10 "em ~. For com-
parison the neoclassical values are shown to be 2 - 3 orders

of magnitude smaller.

% . ; Td. =
The important point however is that for 11 x 10 ‘cm line
P

density .gxp and Dgyyy Seem bo increase again with density.

In Fig. 3 we have plotted in & ng-Te nlane, curves with

exp = const. These data were taken outside the q=1 surface
from 4 profiles of the 20 kA discharge with different densities
and temneratures. In the low density regime the nrocedure
vields the scaling 1

Texp verifying that the electron

thermal conductivity

5 is a function of ng and T, only. Im-
surities such as neon change the electron temperature with the

plasma current kept constant, but the data from He-discharges

with small additions of neon confirm the assumntion Y., =
Elng,Tet only in the low density regime. In the high density
reqgime with decreasing confinement time these data no longer
fit into the results of Fiq.!. Therefore, in the high density
regime we should consider additional parameters besides ng and

T, ko characterize the local thermal conductivity.

In Fig. 4 -'i(_‘{‘_ n,¢T, is plotted as a function of radius. Again
¥p e
iz 15 evident that for higher line densities this scaling

ites
Ne/Ta

ac longer applies. A thermal conductivitv of the form
1,

1 "
T oD WS proposed hy Guest et al. (51, bhut the }?
Te Ta ¥

dependence is in contradiction with the results above. There
is some experimental evidence that *

scales with % but the
data base is too small to prove this dependence.

Discussion and Conclusion: A possible explanation for the de-

terioration of the confinement at high density is the increase
of tearing modes especially of the (2,1) mode (3], and [67.
The strong increase of the MHD activity with increasing den-
sity coincides with the observed decrease of 70 and !E
scaling. The same correlation

and the
departure from the ‘:exp - foTe
is observed in discharges with addition of impurities (neon),
Pig.5. The increase of radiation modifies the temperature and
the current profiles in turn.fAs shown in (61 this gives rise

to an increase of the (2,1) mode amplitude. How resulting is-
lands of 1-4 cm

idth affeet in detail the plasma lossecs

not be evaluated from the present m

isuraments but according
to theory an appreciable effect is expeocted [71. At large ox-
ternal transform ‘*0 0.17) no (2,1) mndes are observed, but
still there is a detcrioration of confinement at large density.
Whether stationary islands or thae (3,2) mnode, which was ob-
served under these conditions, is resconsible for the enhanced

loss has not vet been investigated in detail.
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ABSTRACT : By applying a Ti-getter, the density could be kept constant du-
ring LH-heating in stellarator and tokamak discharges. Modest electron and
ion heating (by about 40%) was observed. Net-currentfree stellarator plasmas
with mean densities up to 0.9.1013 em ° were produced by using the HF pulse
alone. At 100 kW applied HF power the central plasma remained cold

(Twr 9 eV, TEn = 12 eV), but a siagnificant population of hot electrons was
observed by soft X-rays.

EXPERIMENT : The WEGA device has been transformed from a tokamak into a
stellarator by inserting a new shell with 1=2, m=5 windings on it for the
stellarator current, The experimental set-up is described elsewhere /1/.

The particular features of the WEGA stellarator are the small aspect ratio
and the "0-bridges " between the helical conductors. Tokamak and stellarator
discharges are made for comparison with same Lot (a). Diagnostics used in
addition to the existing equipment /2/ are microwave scattering at 2mm,
space resolved mce-measurements, microwave multichannel interferometry,
bolometer measurements and space resolved measurements of the Dx -emission.

STELLARATOR CHARACTERISTICS : The stellarator was normally operated at

B=14.4 kG, tO:U.ll and [ 4= 25 kA resulting in 'r'tut =0.26 (aeff =13cm,R=72cm)
and an ellipticity of the plasma b/a=0.7. The main plasma parameters for
discharges with and without use of a Ti-getter are given in table 1. Under the
non-optimal conditions of the torus wall, gettering reduces the impurity

content of the plasma already considerably. Nonthermal mce-emissiun has been
studied extensively and a new parameter regime for runaway formation has
been deduced /3/.

APPLICATION OF THE HF :
as in earlier tokamak experiments /2/ are used. The decay spectrum measured
by probes in the shadow of the Timiter shows a bump at about fO-ES MHz in

The same HF system and the same coupling structure

tokamak discharges. This may be interpreted as penetration of the pump wave
into a region of higher density (ne‘ 1O]3crnA3) required for the decay to
modes with this fraquency difference to the pump wave /4/, /5/. In the
stellarator this bump does not appear. Instead the spectrum is dominated by
harmonics of Beq An dinterpretation of this spectrum, however, is difficult
because the density between Timiter radius and wall is at least an order of
magnitude lower in stellarator discharges than in tokamak discharges and
might be less than the cut-off density for the slow waves in this frequency
range. Phase measurements by probes at the pump freguency of 500 MHz give

N.  -values only in the nonaccessible region N, =1.-1.2.

The main effects of lower hybrid heating at a level of 100 kW on both Stella-
rator and tokamak plasmas, respectively, were similar to the earlier tokamak
results /2/. A strong increase of the electron density and of the loop volta-
ge were observed,as well as electron and ion heating in the central plasma
region.

Space resolved [, -measurements show @ rapid increase of the emission near the

plasma edge at the beginning of the HF pulse. No strong toroidal dependence
was found for the amount of increased emission indicating that at least a
part of the density produced by the HF can nct be due to local production
near the antenna.

For the purpose of reducing the density increase, a Ti-getter was mounted
near the HF antenna. By oettering the torus walls during 6 min before every
plasma shot (evaporation of 20 mg Ti), we finally succeded in keeping the
density constant during the HF pulse up to the maximum applied power of

170 k¥ (fim.1). It was still necessary to reduce the flux of the gas injected
during the HF, thereby dropping the density without HF to about 70% of its
value with HF at the same time.

The D, -emission stays nearly constant during HF heating in gettered dischar-
ges. The Toop voltage (fig.2) still increases slightly. Zeff increases from
3 to about 6. In the limited time of operation with getter, optimisation

of the heating was not possible. Present results show, at constant density

a modest increase of the bulk temperatures (Mm' 50eV, ATEB-]E;De\r). On
charge exchange measurements tangential to the main field, a high eneray ion
tail is observed in stellarator discharges during the HF. The mean energy of
the tail ranges from 250 to 550 eV and increases proportionally to the densi-
ty which is consistent with ions having a perpendicular energy of 1 keV

(a5 observed in previous tokamak experiments) and scattered by small angle

collisions into the observation cone, This cone in tangential observation is
closer to the perpendicular in the stellarator than in the tokamak because
of the helical mirrors.

HF _PRODUCED STELLARATOR PLASMA : The HF pulse alone is used to produce and
to heat the plasma in the stellarator. The time evolution of HF power and
plasma parameters is shown in fig. 3. The reflection coefficient of HF de-
creases rapidly from initial £0% to 5%. Complete ionization of the filling
gas at the optimal pressure of 3.1074

torr is achieved at 8 ms when the line
density saturates at 2.1014cm_2. This is seen also from the D.-signal which
passes through a maximum at 4ms and reaches a constant level at B ms due to
recycling.Radial profiles of D~ -emission show rather uniform volume emission
during the initial phase and strongly peaked emission from the plasma edge
=9.10%cm 3,
e (Thomson scattering) and I, 2 1013 cm_a (microwave interfero-
metry) near the edge. The density corresponding to fpi=500 MHz (transmitter
frequency) is l.l.lﬁucm—s the density corresponding to fLH=5(JD MHz is
2.6.1013cm'3. Similar results were obtained in other experiments /6/. The
electron temperature measured by the Thomson scattering at the centre and de-
termined from the rise times of the D~ ,0I1 and CIV Tines remains 1low (fig.3e).
Line integrated X-ray measurements as well as the apparition of OVII Tline
emission indicate, however, an electron propulation with some hundred eV which”

during the later phase. The density profile is hollow with ﬁe
neo=5.10 cm

are not found by Thomson scattering in the central plasma region (r<4 cm).

The ion temperature determined from the Doppler broadening of the CIV line

(% = 1548 ; ) falls to T].:flﬂev at t > 6 ms from the time when CIV appears.
About 30 ki of 90 kW HF power incident are detected by the bolometer (assuming
isotropic emission). The same ratio of power measured by the bolometer to

total inident power (OH+HF) is found in tokamak and hybrid stellarator dis-
charges during HF, whereas about 50% of the Ohmic power are detected without HF.
During the density decay, the ion temperature stays constant until at Teast

Sms after the end of the HF when CIV disappears. This might indicate that
convective ion energy loss is larger than heat conduction loss.

SUMMARY :
crease during the HF pulse, could be overcome by means of Ti-gettering of

the torus wall near the antenna. In stellarator discharges a high energy

jon tail is observed during the HF in charge exchange measurements tangential

to the toroidal main field. Net-currentfree stellarator plasmas (aside from
3

A major problem of lower hybrid heating hitherto, the density in-

a runaway current of several 100A) with densities of 1013cm' were produced
by application of the HF alone. At the low central electron temperatures,
the HF power can easily be radiated, assuming a reasonable impurity cencen-

tration.
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CONFINEMENT OF LOW AND ZERO CURRENT PLASMAS TN THE CLEC STELLARATORS

D W Atkinson, J E Bradley, P J N Davison, A N Dellis, P C Johnson,
S Kogoshi, D J Lees, P J Lomas, A C Selden, P A Shatford,
I J Spalding, T Stamatakis, ? R Thomas, A C Walker and S5 Ward.

Culham Laboratory, Abingdon, Oxon. OX14 3DB, U.K.
(Euratom/UKAEA Fusion Association)

INTRODUCTION

CLEO is a 7 [leld-period ¥ = ] stellarator with a 90 cm major radius, and
a vacuum-vessel internal minor radius of 14 cim. The outermost magnoetic surfaces
are triangular giving a mean plasma radius of " 10 cm. Previously reported

work [1,2] has shown an increasing electron ensrgy replacement time Tg, &8

the electron drift parameter £ = IglneTe‘a is decreased. The planned experi-
mental programme on CLEQ involves neutral injection and electron cyclotron

heating of plasmas with no net toroidal gas current ]g' The present paper

describes Eirstly a study of high-density low-current plasmas at B, = 1B kG.
These offer good confinement properties, with TEe up to 10 ms, and should
provide a good target plasma for neutral injection. Secondly, work on plasmas
produced in the vacuum fields by laser irradiation of solid deuterium pellets

is reported.

& OHMICALLY HEATED PLASMA

In a well-gettered torus, discharges free from runaway electrons are
obtained in hydrogen by limiting the gas current to 1 fﬂ_p < 0.4 (kA/kG) for
B, in the range 6-1B kG and breaking down to line-of-sight mean densities n
af 0,7-1% 10" = 18 kG. N

at B With vacuum transforms at the limiter in

the range 0.25 - 0.4, breakdown to higher Igf produces loss of confinement

due to the growth of a region of MHD instahility at g = 3 near to the plasma
edge.,

Feedback control of Fe from the microwave density interferometer using a
piezo-electric gas valve, enables reproducible constant-density plasmas to be
< B kA at B, = 18 kG,

up to the present time is h'E ~ leu“

produced at low values of Ig The highest density produced

i

cm . corresponding to an axial value
of n, v -i'»‘mncm_J with 'l‘E " 140 eV, ‘I‘E and ne radial profiles for

o o
this discharge are depicted in Fig.l; Thomson scattering was used for 'FE and

n, and electron cyclotron emission (ECE) (Fabry-Perot) for ‘I‘E, the edge values

being given by a Langmuir double-probe. The vacuum transform here was ¥ = 0.4

(at the magnetic surface in contact with the limiter). The overall profile of

#(r) is shown in Fig.l. The rotational transform is monotonically increasiiy

with radius, with + < % at the centre. Also, the resistance anomaly AR =1

for this discharge, with the fraction of the ohmic power (PGH ‘v 12-15 kW)
detected by a thermopile (radiation + charge exchange neutrals) being less
than St. The neutral density on axis is n_ W 1-2% 10%a? (1, and neutral

particle analyser measurcments). 'I‘m “ 125 eV, indicating that a major fraction

of the ohmic power is transferred to the ions, For this discharge T 5 ms,

E
as expected if neo-classical (plateau) ion thermal conduction is the psim:lp{!l ion

energy loss mechanism.
The following effects on confinement are ohserved:

1. At constant e Ig' B .

@
increases T , and reduces V,
en Ly

increasing t\'. {the helical winding current)

(the loop volts). The increase of

Ty and reduction of ¥

2. Ar constant lg, %' 1,, reducing ;(-

are consistent with drift paramete- scaling,

decreasas Te and anomalous
e
eloctron thermal conduction begins to dominate the powzr balance.

Agaln this corresponds broadly to the drift parameter scaling.

3. At cunstant FE. B, 1, , increasing 1 initially depresses T
e Ty

Eq
Fox I:IlI = 18 kG,

and TE are observed:

at a rate much faster than drift parameter scaling.
at J.(} e ‘i— 10 kA sm;jmt.h oscillations of ",
for the n, ™ 2% 10" case, ECE gives .‘“.T‘_}:"l‘e "0.2 = 0.3 atr =0.

We associate this with a broad regiun where g = 3 strerching Erom near
r =0 ta g 4-5 em (as observed by inversion of soft x-ray sawtooth

- 13 T
signals). A similar result is obtained at n, L1710 Tem ]. but with

AT /T % 0.05 - 0.1 at ¥ = 0. The sawtooth relaxations are m = O,
al e

n = 0 (bulk redistribution of n, and TEI. There is evidence of a

rotating pre-cursor mode, observed on magnetic probes, whose mode

1.

number 15 consistent with m= 4, n = 1t is possible to break through

this regime by a rapid increase of Ig. with the result that T, again
@
The overall trend thus follows drift

the MHD effects described produce a

improves, with J > q » 2 at r = 0.
parametor scaling although clearly

detafled deviation from this pattern.

" CURRER

LESS PLASHMAS

I} Afrerglow plasmas have been produced for B, in the range 13-18 kG by
-

terminating the plasma current after 10 ms. The time constant for n,

to decrease is 5-20 ms, the electron tomperature falling From 50 eV to

" 15 eV in about 5 ms. Hydrogen light measurcments indicate s neutral

8 9 . =3
density in the range 1O - 107am ~.

Plasmas were created by focusing a €O, laser, with pulses of 1.5 us
duration with » 1 kd energy, on to freely Ealling solid deuterium

(]
pellets containing (3-7) # 101’l atoms, FPreliminary experiments [3]

4.

(1)

(2)

(3

4]

showed absorption of (65 ! 15)% of this energy, generation of
100-2000 eV ions, and possibly complete ionization of the pellet.
The trapping of this plasma within CLEO has been found to increase
with increasing rotational transform (ses Fig.2) to " 50% of the
pellet if one assumes torcidal upiformity and a nearly flat radial
profile. This contrasts with the WIIb results [4]. The risetime ta
half peak density at a point 165° round the torus from the generation
site is " 5-10 us at B@ = 13 kG and & = 0.6, which corresponds to the
time-of-flight for ion

order 100 - 140 J.

energies of " 600 eV and a total energy of

Fiy.3 shows the rather short confinement times observed. The initial
density decay (allowing for ionization rates) indicates a particle
confinemant time of v 0.25 ms, and at later times this increases to
1.4 £ 0.4 ms, contrasting with the predicted Pfirsch-Schliiter value

of w1 s. The rapid decay of 'i'E is consistent with a measured

l"‘lam-j, causing charge exchange of most of the

neutral density of % 10
energetic ions.
ionization of the pellet, wall heating by scattering of laser light
from the pellet and wall interaction with energetic particles, (the
neutrals were localized near the laser-pellet interaction peint).

Charge exchange losses could be reduced by trapping higher density

plasmas.,
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432 JUASI-KEOCLASSICAL LAV OF PLASMA LOSSES IN A STELLARATOR
Yu.V.Gutarev,V.A.Suprunenko

The Khorkov Physical-Technical Institute,Acad.Sci.Ukr.SSR
Khariov,USSR

Investigetions of plasme confinement in stellarators with ohmic
heating in the region of intermediate collision frequencies (a pla-
teau) showed that enomalously high losses both of particles and ene~
rzy from a plesme electron component were observed.The study of the
ohmicel plasma confinement eccording to verious parameters was per-
formed in greatest details on the stellarators URAGAN-1 and URAGAN-2,.
These experiments showed that the dependence of particle lifetime
on electron temperature,confining magnetic field strength,and rota-
tional transform was similar to the neoclassical one for the plateau
at confinement of the nonohmic plasma ('T:nﬂ» /-/q_,—ag‘f ),however,in
the absolute value it has more than one order lgss value /1/.In thia
case the anomelity greatly depended on plzsma density.This allowed
to introduce in the given discussion the quasi-neoclassical formu-
la for the plesma diffusion coefficient in stellarators:

D where

= -BD
exp plateau)

- 2
Doim f%‘ﬁ/ﬁ( R/V) f/-//* /}*/‘5‘9‘*/57-*:/

is the diffusiou coefficient oi’ ncnohm:l.c plasma % stella.ratorn in

f.?()

the pleteau region /EI.HareA/:Ls the number of magnetic field peri-
ods on & by-pess,other notaséivus ere universally adopted.

In experiments on the stellarators CLEQ and WENDELSTEIN VII-A
it was shown that the coefficient in formula (1) was incremsing li-
neerly with the growth of the so-called drift parameter (—LL - the
retio between current drift velocity and thermal veluc:‘.ty’;?f elec=
trons )/3,4/.At the same time,in experiments on the stellarator

URAGAN-1 on the confinement of nonohmic plesma produced at the ion

cyclotron heeting ( Ta<<.' T, 600 ev) & good numerical and functi-
onel egreement with the neoclassicel velue wes observed/5/.A simi-
lar result with a cold plesma at ( T T 10 ev) was obtained
in the stellermtor SATURN,if o sheer value exceeded some critical
value of (& > 0.05)/6/.

These results allow to write down a ccefficient velue in the
quasi-neoclessical Tormula as = R “

Some considerations sbout the function ;‘;/Zégcuuld be geined
from paper/7/ in which the plasma turbulent diéfuﬂian due to cur=-
rent-drift instebility is trceted.This kind of instability is exci-
ted at o rather high value of a drift parameter when u > It is
probably possible to expect that the existence in nhmi;'dischﬂrgaa
of resistive 1iGD-modes of a resiricted amplitude( observed by va-
rious methods in ell experiments) will result in alleviation of
conditions for current-drift instebility excitation.Teking into
consideration the foregoing and paper/7/,it is possible to write
down the following semiempirical expressmn-

= 7/#‘9‘23/_‘) /2. Q/y//?- o
At rether hipgh values of r‘rnt parameter and espect ratio the uni-
Ly in formule (2) cen be neglected.

At a rather high electron temperature and relatively low densi-
ty,when it is posgible to neglect energy losses from a plasma elec-
tron component at the expense of radiation and ion henting,one can
believe that thermel losses from an ohmic dischorge will be deter-
uined mainly by the losges due to particle diffusion/8/.

Therefore, thermal losses can be probably also described by the
quasi-neoclassical formula ( xe:; 5/2 Dexp).

Figs 1,2 and 3 show Pneir graphs the values of plasma energetic

lifetime obtained in various experiments/3,4/.The heavy line con=

forms to celculations according to the quasi-neoclassicel formule.
The calculations were mede in neglecting radiation losses and ion
heating.

The meximum electron temperature at the ohmic heating obtained
under the assumption thet 25 = 2(.”;4 =1,can be easily derived from
(1) end (2) end given in the form convenient for comparison with

the data of paper/j/: ? o 4 J
45 } 7 1, AJ R =

=4
fz;)(a)

Temap= Q82 M 6 (0= 2,) %0 [T+ (20 AN, fxsl/é"" Rt
In this formulae the coeg'ficlen%/in(f’;'gnt)of/ﬁ;lffe] root depen.ds rather

slightly on perameters,and for experimental conditions in the stel-
laretor WENDELSTEIN VII-A it varies from 3.1 to 3.6,while the mea=
surements offer the value 2.9/9/.

In fig.4 the velues of T mex derived from formula (3) are plotted
with the solid curve.Bxperimentnl points for stellarators and toka=-
maks were collected by the authors of paper/9/.Somewhet overestima-
ted values of Temax derived from the gquesi-neoclassical formula ere
probably associated with the above-mentioned simplifications in cal-
culations which can be easily refined at the expense of the loss in
illustrativeness for the sake of numerical calculations.

Thus,the semiempirical,quasi-neoclassical formula derived on the
basis of the enalysis of experimental results on stellarators des-
cribes adequately a rather extensive class of results on the confi-
nement of ohmically I;EE.teﬂ. plasma both in stellarators and tokamaks,
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A3.1

Ideal and Resistive Ballooning Modes in Axisymmetric Toroidal Plasmas*

A. H. Glasser, M. S. Chance, and R. L. Dewar
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08544 USA

A theory of ideal and resistive MHD ballooning modes with large toroidal
mode numher n in sheared, axisysmetric, toroidal plasmas has been developed
recently. |lere we present some new developments in this theory. The
poloidal structure of ideal ballooning modes and the role of the continous
spectrum are clarified by an application of Floquet theory to the large-0
behavior of the solutions. The radial mode structure is treated by a new
numerical code, together with an analytical treatment of the radial boundary
conditions which takes account of the more exotic topologies which these
modes can exhibit. The effects of resistivity are treated by two numerical
codes which solve the full resistive ballooning equations, on one hand, and
the equations for the matched asymptotic expansions of the ideal and resis-
tive tegions, on the other, and the results of the two metheds are compared.
The notation of Ref. 1 is used throughout this paper.

Ideal ballooning modes are described in terms of the displacement vector

?, =B x 3--./a2 4 5!\:.’35, where the parallel and perpendicular stream functions
% and v are expanded in the ballooning representation,

6= T Ja(M,10é(,8 -2,k exp[-2mild + 2q + I kq'an)] m
fs-m=k

to satisfy toroidal periedicity in the presence of shear. The equations for
¢ and v can be written in matrix form,
ay/an = i3, (2)

where ;15 a 4-vector with components ¥i= t;, ¥y = ;, ¥y = (X'ZIBZ)_
K(Ggﬂnkq"\’:’v)l a;IaB, % = inzypi(nz + yE) 1l x'av/aa - z(-c“ + kq'as)él, and §
is a & x & matrix with B = B/ 0208 + k')A, myy = iy, = 200 4 k' )/,
My, = @2 v e, Hy = o (T 4k TP /T <20 G ket DX

sz = —puzﬂz. and all other components of H vanish. The components D[‘!T

contain secular functions of 0.
To study the behavior at large 0, we seek a power series solution of the
form

A = =
yy(m=at Ea 7P 5 &3]

with A = )\2 = A;,- A, =A=1, A, = A4 1. Then the lowest-order terms
>

0y -+ () 2 2 42 [{)]
satisfy the eguation 3:((0)[30 =‘l?t ,'ym.)vhercﬁh) =R /(x""q I'f\'lz). 1l11 =
80 = 2k rxt, 1D = (6% 4 vey (o PR, 1S puq 22, B = -ou?e?,
and all other components af*l_fw) vanish. The prapagatur‘ﬁ(ﬁ), defined as a

+(0) +(0)

4 = & matrix such that y (0) =Tl'(ﬂ)‘y (0), satisfies the equations

—

HOUT, Ty =T )
0

>
alfath =

with T the identity matrix, Since
expanded in exponentially varying eigenfunctions such that Hwe1y
a

e I .

is periodic, the selutlon can be
2

The characteristic exponents o, are the roots of the equation

pl

=
1

Det(U(1) - e 1] = 0. o

= 2
tce B i Haniitontan; O ts apmplectic,? and Eren this 1t falices thaE IF

a is a root, so is -a. Since,B 0, is real, if @« is a root, so is a*. The
roots thus form pairs fa if a” is real, or quadruplets la, za* {f not. If
all Rea # 0, there are two growing solutions as 6 - = and two as & =+ -=,
Elimination of these solutlens provides boundary conditions to liletermine a
discrete number of eigenvalues for the radial wave number k(V,w=),
representing the discrete spectrum, If Rea = 0 for one or both pairs,
there is a 2- or 4-dimensional continuum of divergent solutions, the
continuous spectrum, Krein's theorem® implies that transitions between these
cases can occur only at values of V and w” for which two roots of o are equal
Humerical studies show,cthat, for an equilibrium with no zeroth-order flows,
all a’s are real for w~ < 0, For w” > 0, Figure 1 shows a map of a pertion
of the real e, axis for a typical surface V, with IT denoting both pairs
imaginary, IR denoting one pair real and one imaginary, RR both real, and C
a complex quadruplet. 2
When all Rea ¢ 0, we can thus define a multi-valued function k(V,u"), or
equivalently a Function A(V,k) such that M(V,k) = o2 represents a global mode.
Figure 2 shows contours of constant ) in theq(V) -Re k plane for a typical
equilibrium. Since the eigenfunctions are invariant when k + k + 1, che
figure is periodic in k. There are o-points where ) has a minimum,
representing the most unstable mode, and X-points on a separatrix, where }
has a saddle point. The propagating region, where k is real, is simply
connected inside the separatrix. Outside the separatrix, two propagating
regions are separated by an evanescent region through which tunneling ocecurs.
Different radial mode structures result from the different topologies
of the contours in Fig. 2, For the small, closed curves near an ©-point ".B'

-1/2
k.. expansion in powers of n / vields a Weber equation for the slowly
varying amplitude a(V). Hadial boundary conditions requiring evanescence as

Vo= VOI « @ then yleld the eigenvalue condition

2 2 &
2 o aevgingy + Bt (A
h Yok Feagl 3
L “ang & e v .k
0''o
with scabilizing n_‘ corrections. For the larger closed conteurs inside the
separatrlx, an expansion in powers of n™ away from single turning points,

where 32 /%k = 0, aL/v # 0, is matched to expansion in powers of n—1/3 about a
turning polnt which yields Airv's equatien, to give sul!u:i{ms which evanesce
beyond the turning points, and the eigenmode condition

f kq'av = (% + L) /n. 1)

This condition quantizes the area inside a closed contour and reduces to Ef.
(6) for smali M. A similar treatment for a tontour far to the left of the
sparatrix, neglecting tunneling, yields the condition
‘-\'
| Sk i o g
J'\. (1 %k l.+) q'dV + 9. Hin, (8)
L

which quantizes the area to the left of one eycle of the contour. A similar
result holds on the right of the separatrix. Finally, tunnelingcan be Lreated
by matching across the X-point reglon, where an expansion in powers of n™
vields parabolic cylinder functions, and evanescence te the left and right of

the two propagating regions yields the eigenvalue condition

Ry - 1+ e sm) s 1m0, (&3
where
v
R = oexp (zm[[v‘ L+ ke -k)q'aV + q ] + 19},
L

v,
R, = exp {-zm({ Bk - kD@t - gl - ),
v

>

¥ = arg I'[é'-+ iu] - u(enlul = 1),
2, .2 1/2

b= zm (122 | (o? - Ay, k1.
ak” av vk ¥

Equation (9) reduces to Eq. (8) as u + © and to Eq. (7) as u + -=.

Humerical solution of Egqs. (13}-(15) of Ref. 1 governing resistive
ballooning modes yields a large variety of different modes. Figure 3 shows
eigenvalue curves in the complex wiy plane on the same surface as that used
for Fig. 1, with arrows dcnnl:ingzincreasi.ns values of the small, dimension-
less resistivity parameter € = n"1,/t_, where T and R the Alfvén transit
and resistive skin times. As ¢ + 0, ese curves converge on the transition
lines between the different regions of Fig. 1, where two values of u are
equal and the large-9 limit of th? ideal modes becomes degenerare. The mode
which converges on w1, = 0 as 173 corresponds to the mode treated in Ref. 1
by matched asymptotic expansions of the small-f ideal region and the large-8
resistive region. Matching of numerical solutions of these two regions gives
excellent agreement with results obtained by solving the full equations,
while taking 10-100 times less computer time. A comparsion of the two
methods is shown in Fig. 4. Similar matched asymptotic expansions should
clarify the behavior of the other modes in Fig. 3, which approach their
limit frequencies as e 2.
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Beta Limits for Tokamak Experiments

W. Kerner, K. Lackner
Max-Planck-Institut fiir Plasmaphysik, EURATOM-Assoc.
8046 Garching, FRG
R. Gruber, F. Troyon
CRPP-EPFL, Lausanne, Switzerland

Abstract: Numerical MHD stability calculations are performed for
tokamak configurations with circular and D shaped cross-sections
and parabolic and exponential type current profiles. For rela-
tively flat profiles and B values less than A/3 configurations
are found which, for an aspect ratio A=2.4 are stable against
both low n (n=1,2,3) free surface and high n bollooning modes
for average B, values of about 3% for a circular and 5% for a
JET-type crosi-section.

Introduction: Extensive numerical investigations using the Gar-
ching equilibrium and the Lausanne stability code /1/ have been
carried out to determine the maximum 8, -values for tokamak de-
vices compatible with stability against ideal MHD modes.

The motivation of this study is to investigate whether By values
high enough to allow ignition in planned experiments could be
reached with pressure and current profiles close to those of
operating tokamaks.

The configurations of interest have circular and JET-like cross-
sections and different aspect ratios. Wall stabilization of free
surface modes is not assumed, as future expected discharge times
will largely exceed the field penetration time through practi-
cable copper shells. The investigation includes perturbations
with low toroidal wave numbers n=0,1,2,3 and also high mode num-
ber ballooning modes.

The considered equilibria correspond to two different families
of pressure and current profiles. The parameters Bt and BP used

to measure the performance of different cases.are defined as
Bogpfode [[5de f o fpdf ()
Stability: In reference /1/ it had been shown that trying to in-
crease the achievable Bt by flattening the current around the
magnetic axis led to the appearance of unstable external kink
modes while improving the stability against internal modes. Cur-
rent distributions are looked for in this paper giving an opti-
mum compromise between these counteracting tendencies.
The first set of equilibria discussed here is characterized by
pressure and poloidal current profiles of the type

P, TP~ (- Yyiomiter 1™ (1)
with values of & in the range 0.3 £« £ 1.0.
Profiles withao =1 yield a very low B value (& 1% for A=2.4),
which can be increased by decreasinga to flatten the current pro-
file.
required however as a necessary condition for stability against
external kink modes. In the large aspect ratio case this limi-
ting profile gives a ratio of g(limiter)/g(axis) = 2. Optimum
is about or less than A/2,
to ﬂt~ 1/A and also foro =0.8 - still rather small absolute

A minimum value of « = 0.8 for a circular cross-section is

Et values are obtained if B leading
values (Bté 2.1% for A=2.4). For JET-like configurations, stabi-
lity against non-axisymmetric modes requires only ®20.6. resul-
ting in a maximum 8, £ 4.2% for A=2.4.

Considerably larger stable By values can be realized by chosing
the profiles as proposed in /2/: "

P~ esp [ (1- A,V/r,u..,::n)FF‘] , T exp[- (1~ w/r.y..'ﬂm,r)f” ] i
Profiles of this type, which compared to the previous class con-
tain a flattened region around the magnetic axis, could be thought
of being created from more peaked, centrally unstable ones by

the action of those localized instabilities themselves. Favour-
able stability of these cases with respect to external kink modes
with n=1 requires for the range of aspect ratios considered
(1.85s A§4) B_< 1. For an aspect ratio of 2.4 the most favour-
able cases correspond to Bpx 0.5 and or fees T 4. Figure 1 shows
the eigenvalues (normalized by the Alfven time) of an unstable
mode versus g on axis for a circular cross-section with A=2.4 and
For small B_ (0.25 and 0.5) the stability

limit is given by values of the safety factor on the boundary

various B_-values.

9« 2 2. For the flat g profiles this requires g value consider-
ably above 1. At large B values (21) the kink mode remains un-
stable even for dg values 2 1.7 corresponding to qs}S. Increasing
the size of the central, flat current density region by increas-
ing the [ -values has a similar, destabilizing effect for exter-
nal kink modes.

Although the favourable Bp values are less than unity, the kink
limit allows high Bt as can be seen from Fig.2. Higher values of

Bp result for a given value of yin a steeper current density

gradient on the torus outside which seems to have a destabilizing
effect. For A=2.4, this kink stability limit corresponds to

By A=9%. The results for different aspect ratios A=1.8,2.4 and 4
moreover show this maximum value of Bt-A to increase with de-
creasing aspect ratio, and to occur at progressively larger BP/A.
Stability against n=2,3 and 4 free surface modes has also been
examined for these eguilibria, showing them less restrictive
than the n=1 mode. Ballooning modes however can be a more se=
vere restriction of B A values, as can be also seen from Fig.2.
The dependences of Bt~A and of the value of B_/A for which
the maximum value of B

t
ratio are given in Fig.3 for both kink and ballooning modes. As

can be realized on the inverse aspect

also axisymmetric modes are stable for circular cross-section

in this range of B_-values, completely MHD stable equilibria with
B A between 6 and 8% have thus been found.

For JET-type cross-sections a gualitatively similar stability
behaviour can be found. Figure 4 shows the beta limits for kink
and ballooning modes for A=2.4 in dependence of B_ for different
f -values. The optimum kink limit agrees well with that quoted

in Ref. /2/ with B, up to 7%. The ballooning mode limit is found
to be more restrictive. Axisymmetric modes with n=0 are strongly
instable and require wall or feedback stabilization. Provided for
that, By A values of about 10 - 13% could be ideal MHD stable

for this class of profiles.
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A3.4 i

STABILITY OF TWO DIMENSIONAL DRIFT WAVES
IN A LARGE ASPECT RATIO TOKAMAK
J.W. Connor, R,J, Hastie, K,W, Hesketh and J.B. Taylor

Culham Laboratory, Abingdon, Oxon, OX14 3DB, UK
(Euratom/UKAEA Fusion Association)

1. Introduction

In slab geometry with magnetic shear the drift-universal mode is
always stable. However new effects arising in torcidal geometry may sig-
nificantly alter the stability of such modes. For a model without Landau

(1)

resonances or trapped particles, Hastie, Hesketh and Taylor investigated
the shear damping of drift waves in toroidal systems, using the trans-
formation developed in the study of ballooning modes ). This transform-
ation reduces the two dimensional eigenvalue problem to an ordinary
differential equation in an extended poloidal variable (in leading order of
a systematic exp-natunu) which leads to am "equivalent plane slab" problem,

again in one dimension, in higher order).

For a more complete treatment of stability one must include electron
resonance terms, which are the source of the instability. To do this one
applies the ballooning transformation directly to the Vlasov equation for

each species

2, solution of Vlasov Equation

Using the notation and coordinates (¥,x,[) of ref. 2 the ballooning

representation for E] and ¢ 1is

i @ n i
J} - et o RN i o imn/x exp[INCE - | wan)] ‘J} (1)
P W = R ¢

where the eikonzl S = N({ - J'rl vdn) sacisfies g_-VS = 0. Apart from the
infinite range of the extended poloidal coordinate =0 , and its conse-

quences for the boundary conditions, the structure of the problem is then
similar to that solved by Taylor and Elastie(!. in multipole geometry. We

may therefore take over their solution viz

.. e ia
f T Fo + ge (2)
where a = -‘-’u X e, V5 and g satisfies

v, 8 Vg + 1y, VS~ wlg = - 3 (2) 228 *“‘ W= F, (&)

where y, is the guiding centre drift and z = v1| V5| /o,

New features arising because m has infinite range (instead of being
periodic) are the repetition of mirror trapped distributions in successive
wells and the secular increase of VS8 with 7 . The boundary condition
for passing particles is g, -0 when n -+ . Thus when Imw>0
(anmalytic continuation for mw<0),

»12?

5= 2 (W= w) J | | dmpJ (z) exp( - iM(w,n',n)) (4)

with

A T 1B
Mlw,n’ ) = [ [r | @ =y, VS) (5)
n n

and similarly for g_ . The corresponding expression for trapped particles
may be obtained from ref. 4.

The expression (4) conceals the Landau resonance - which is now asso-
ciated with the infinite range of the n integration. It can be made
explicit by introducing the Hilbert transform (again for Im w > 0) when

g - (g, + 8} -i (W-w,) I (u—:).m ‘v | 7 3,(2) Cos Mt L1 D (6)
so that the imaginary contribution is
¥ = I8 - '
Fin M (w-w,) J, IT dn g (z) Cos M(w,n’,n) (7

3. The Drift Wave Eigenvalue Equation in a Tokamak
The general expressions above can be considerably simplified in the
where w

limits C are the transit frequencies over a typical

connection length, Then the ion response can be obtained as an asymp-
totic series based on M» 1, Os “w, This is equivalent to the
approximation of ref. 1; it neglec:l ion drift resonances and is limited by

the secularity of VS in 7q .

For the electrons M « 1 and, in & Tokamak field Bf; o Bo(l- €cosm) ,

the passing electron response becomes

e

- eln [~ iR T " ]
o 5__.....[ 32 000 GEY T oan'etn’) ktan®) (8)
T, ‘ 2 # (zn-e) B v

where the integral term is the sought for electron driving term which ori-
ginates from the Landau resonances in Eq. (6). The kernel is

Kna') = ta(2) - 2a [ mIIZLH (9

Finally then we obtain a new, one dimensional integro-differential

4

a
o83

equation representing drift waves in a toroidal system. In the notation
of ref. 1 this can be written

15 = = =
S - W] G- 18 [ Kn) G’ = 0 (10)

where

= _\r_(u )(u*;u:; ) an

with Lc =:Rqs Ve T @Telme 3

This new equation, which incorporates the electron driving mechanism,
replaces Eq. (10) of ref. 1, (where an artificial driving term ifé was
introduced). The electron driving term may be further simplified by re-

placing K(n,n') by its dominant contribution In(2/¢) .

r
In the limit € fn—: -+ 0 , Eq. (10) can be solved analytically to
give a dispersion relation equivalent to that of ref. 5 with !n(mnlml.a)
replaced by In(2/€) , corresponding to resonances in general geometry

rather than a slab.
4, Mumerical Results

Because of the integral term in Eq. (10) the "shooting" method of
numerical solution used in ref, 1 is no longer convenient. We have instead
solved Eq. (10) by expanding in Hermite basis functions, so reducing (10)
to a matrix eigenvalue problem. Results have been computed over a range of
values of the toroidicity parameter € and show the expected decrease in
the decay rate < from its plane slab value at - 0 through a
marginally stable point and into & weak instability. An example of the
variation of ¥ with en is shown in Fig. 1. Other examples will be

presented at the conference.

(B
Im(uiuﬁe)
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1o - e
-
~
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Fig. 1 Variacion of Im(w) with toroidiecity €
- 08 (ka, = .15, m =0, rq'/q =1, £ /Rq = .05)
-y
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SYSTEMATIC OPTIMIZATION OF TOKAMAKS TO ALL IDEAL MHD MODES
L. C. Bernard, R. L. Miller, R. W. Moore, F. J. Helton

General Atomic Company,
San Diego, California, 92138 U. S. A.

Abstract. Stable plasma equilibria with geometry comparable to the JET
device have been found with beta in excess of 12%. External-conductor sta-
bilization is required only for the axisymmetric mode. Higher values of B
are reached for higher elongations. We use an automated numerical procedure
which maximizes the stable B of tokamak plasmas with respect to all ideal
MHD modes. This optimization considers variations in both shape and current

profiles.

Investigations which seek to increase the maximum stable B for tokamaks
are of fundamental importance. To our knowledge, past studies have been
more restrictive than the present work which incorporates: 1) all ideal MHD
modes, 2) an automatic and systematic search for optimal parameters, and
3) both arbitrary plasma shapes and current profiles. This work is the cul-
mination of two previcus atudieu."z
optimized for a fixed plasma shape (JET) with respect to all MHD modes. In

In Ref. 1, the current profile was

Ref. 2, the plasma shape was optimized for a fixed current profile with
respect to localized internal modes, using an automated numerical technique.
We have now modified this code to optimize the current profile as well as
the plasma shape with respect to both external and internal ideal MHD modes.
This code automatically searches for optimum equilibrium parameters charac-
terizing both plasma shape and current profile, an approach made possible by
efficient ideal MHD codes and Class VI computers.

MHD equilibria are obtained by solving the Grad-Shafranov equation

&Y - (/Y - - upRsy = - ugR%p! - EE’

using the geometry shown on Fig. 1. For this study:

b=\
pleexpll - [—=) | -1 ,
wl wa
where index a(f) refers to the magnetic axis (limiter) and @ is a measure of
the width of the pressure profile (see Fig. 2). For ff' we consider two

options: 1) £f' has the same functional form as p', and 2) q(V) is speci-
fied. The total plasma current is held fixed.

The stability to internal modes is determined by the criterion for
localized ballooning mde53 (close to the magnetic axis, this eriterion
reduces to the simpler criterion for localized interchange murlasﬂ). This
gives a crirical value For the vacuum toroidal Field t‘l!!{c for marginal
stability. The corresponding value of the volume average beta,

B =2y Ipdv/[(f;_!!tclzf d\r]
is then the value of 8 for which the equilibrium is marginally stable to
localized internal modes. For external modes it is necessary to study only
the n=1 kink mode without external conductors. The axisymmetric mode, n=0,
can always be easily stabilized by external conductors while such conductors
may not be practical for stabilizing kink modes. Under these assumptions
the n=1 kink mode is the most restrictive external mode. The stability to
external modes is evaluated by the global code ERATU.S

The automated optimization is begun by calculating an equilibrium with
a given set of values of the independent optimization parameters Pi (poloidal
fluxes on the field-shaping coils and current profile parameters). The max-
imum stable B is determined for this shape and current. Then the value of
one of the P’_'l is altered with an increment d]’i, and a new equilibrium and
d new maximum B are calculated. Pi is incremented until a relative maximum
in 8 is found. Then the next l’1 is varied. The optimizacion cycle is com-
pleted by sequentially varying each independent parameter value until a max-
imum beta is reached.

To reduce the computer time, the optimization is begun with a good
equilibrium determined by current profile optimization with fixed plasma
shape (see Fig. 3). Figure 4 shows a maximum value of B = 8.2%, corres-
ponding teo a = 7.5, ap = 0.45. The current profiles (Fig. 2) support the
qualitative picture that kink instabilities are induced by strong current
gradients close to the plasma surface. This picture explains why the currenc
cannot be too flat, and why there is an oprimum value of BP: for large
(small) values of Bp' the Flux surfaces are shifted outwards (inwards),
yielding a strong current at the exterior (interior) of the corus.

By optimizing the plasma shape together with the current profile, we have
achieved an increase of B from B.2% to 12.2%. The profile is slightly changed
(new values are ¢ = 7, BP = 0.7). The new shape is triangular and slightly
indented at the inside sdge of the plasma. Both effects produce a large
triangularity act the magnetic axis, hence the stability to interchange modes
is improved. The triangular shape of the outside of the plasma keeps the
current well centered inside the plasma surface, which is favorable for sta-
bility to the external kink. The indentation helps to stabilize the balloon-
ing mode by reducing (enlarging) the connection length in the bad (good)
curvature region of the outside (inside) of the plasma. In conctrast to
Ref. 2 (limited to internal modes), the plasma shape is not strongly indented
at the inside edge. This indentation increases the amount of current flowing
close to the plasma surface on the inside edge, which decreases stability to
the external kink. With strong indentation, the value of q on axis for
stability to localized modes may drop below unity. Then the internal kink,
and therefore the external kink, become unstable.

By a combined optimization of plasma and current shaping, we have demon-
stratad the existence of plasma equilibria which are stable to all ideal MHD
modes with a value of B in excess of 12% for plasmas with aspect ratio 2.53
and elongacion 1.71. Preliminary computations show an increase of B with
elongation and inverse aspect ratio. If time permits, the influence of aspect
ratio, elongation, new classes of current profile, and doublet geometries
will be discussed in more detail at the conference.
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DE-AT03-76ET51011.
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A3.7

STUDIES ON SLOWING DOWN OF ENERGETIC IONS With a low computer time, an application is carried out for a TFR
AND TRANSPORT COEFFICIENTS BY MAKOKOT experiment and comparison with the Dei-Cas MONTE-CARLO Code is discussed.
H.CAPES, G.CISSOKO, C.MERCIER, J.P.MORERA, F.WERKOFF+ No severe discrepancies are observed, which probabily means that ¢? and 9¥C
ASSOCIATION EURATOM-CEA SR L1 FUSION are of the same order. In another way, we also compare our result with an
Département de Physigue du Plasmin o de la Fusion Conteilée energy deposition model without ion slowing down and observe some discrepancies

Centre o Emades Nucleuires

Y i he f th 1 3
Buite Postale n® 6. 92260 FONTENAY- 41 X-ROSES (FRANCE) in the center of the plasma

Numerous numerical models have been proposed for studying the Statistical analysis of a number of Tokomak experiments lead to some

slowing down of energetic ions. Firstly the FORKER-PLANCK codes study the velo- different functional dependance for the electron particle coefficients. Such
city relaxation of fast ions distribution function withour radial diffusion

/CORDEY and CORE 1974,FOWLER er al 1976,DNESTROVSKL et al. 1977/.An imporcant improve—
ment have been carried out by averaging the collision operator along magnetic
surfaces and including the effects of trapped particles. Sacondly the HONTE- density profile, we find a great sensibility to the functional dependance of
CARLO codes [DEI-CAS and MARTY 1974, LISTER 1976 | treat the exact particles the diffusion coefficient at the edge of the plasma.

orbits but are very time consuming.
REFERENCES :

In order to ohtain the power deposited on magnetic surfaces, our

5 s . . . - - +Gs 2 i (]
starting point will be the bounce-averaged FOKKER-PLANCK equation for axisymetric CORDEY, J.G and CORE, W.G. (1974) Phys. Fluids 17 p 192
geometry [ CORDEY 1976, ROME 1977 ]. Assuming that the slowing down time is

larger than the bounce time, it is possible to show | ROME 1977 ] that particle = CORDEY, J.G. (1976) Nuclear Fusion 16 p 499

orbits between two collisions are completely determined by one of the two
- DET-CAS, R. and MARTY, J. (1974) Report EUR-CEA-FC-T76

—- FOWLER, R.H and al. (1976) Report ORNL/TM-5987
= LISTER, G.G. (1976) in Heating of toroidal Plasma (Proc. 3rd Symposium Varenp

intersection points (r, 1) with the equatorial plane, and by the velocity

w T
v at this poinc. We choose to treat the problem in the 3D space (rM, Vs pm)
where y is the more distant intersection point from the magnetic axis and

Py = ¥ ftorxr==r - ROME, J.A. (1977) Private communication
t

v

"
In the case of cylindrical magnetic surfaces, the following implicit - MERCIER, C. WERKOFF, F. and MORERA, J:P. (1979) Report EUR-CEA-FC-997
equation must be solved in order to determine intersection points (rw rI)
[ROME 1977]
2 y2 200 -p2) ~ v+ 0 Mp, det - Fn, ] =0
vi - v - - O B r' - r =
b By P Pt % Mg ? %
i

T M
RO By =T e P

where h = | +
This equation allows the determination of the source of energetic

ions at che point (r,, v, p“). In addition the knowledge of the second inter-

M

section point, r_, give the type of particle orbits and cthe arbit deviations

T
from magnetic surfaces. Fast ion energy deposition for which the trajectories
are included between the two magnetic surfaces (r\l. rI}, will be distributed
over ions and electrons of the background localized between the two surfaces

(uniformly for each species).

Starting from the bounce-averaged kinetic equation in the drift appro-
ximation, we obtain a partial differential equation for the distribution function

of energetic ions [ (r\l, Vs Py £y ¢
»

3 I | @ < Cdv >
FIt ao RN < S
7

The bracket < ... > means average along the particle trajectory, C
is the Coulomb collision operator with usual approximations [CORDEY 1976 | ;

Sy is the source of the fast ions ; §; the diffusion Flux.

If the deviation from magnetic surfaces is small, quantities as
< Vvgh > or <wvy > have been calculated by CORDEY. In that case it is also

possible to evaluate the classical diffusion flux

NE L TR 5 e _icdv >
Y Z;e8 (e e )

Morever, from the analogy of impurities and light ions [MERCTER -
et al 1979 J , we include the possibility to use the Ecllowing anormalous

Elux

(where D {s the electron diffusion coefficient) and in a similar way combinations

<
such as ¢, = p[f + qw?c . Presently che model uses only o'?.

+
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Simultancous Operation Lxperiments of Neutral Beam Injection
and Lower Hybrid Heating in JIPP T-11

J. Fujita, S. Itoh? K. Kadota, K. Kawahata, Y. Kawasumi, T. Kuroda,
K. Matsuoka, K. Matsuura, K. Miyamoto, N. Noda, K. Ohkubo, Y. Oka,
K. Sakurai, K. Sato, S. Tanashashi, Y. Terashima, K. Toi*

Institute of Plasma Physics, Nagoya University, Nogoya 464, Japan
“Research Institute for Applied Mechanics, Kyushu University,
Fukuoka 812, Japan

Abstract — The simultancous operation of neutral beam injection (NBI) with
input power as high as 70 kW and lower hybrid heating (LHH) with rvF power
of 50 kW into the torus is carried out We observe effective ion

heating of 220 eV whose value is nearly equal to the sum of the temperature

increase by each heating method.

Lxperimental Device, Additional Heating Systems and Diagnostics — The

experiments of NBI and LHH have been carried out in JIPP T-II” which is
operated presently as a tokamak with the resistive shell. Experimental
conditions of target plasma are followings: toroidal magnetic field B: =
21 or 26,4 kG, plasma current I’ = B3 kA, line averaged electron density
of hydrogen plasma, Fe = (1.4-2,4) = 10'3 cm-3, ion temperature T =
350 eV and electron temperaturc Tem] = 700-800 eV, ion energy confinement
time . = 5-7 msec. A gas puffing system is used to control the plasma
density. The neutral beam injector ) is installed to a tangential port with
diameter of 12 ecm, The ion source is Derkeley type whose electrodes have
587 holes with the diameter of 3 mm. Equivalent current of NBI is about 5 A
at 25 keV with 20-100 ms duration. The rf power of LHH is 180 kW at maximum
with frequency of 0.8 GHz and with 20 ms duration. The lal.mchern installed
in the movable bellows, whose waveguide is a pair of C-shaped waveguide, is
inserted into the torus. The diagnostic instruments used are as follows:
ruby laser scattering equipment; 2 mm microwave interferometer; visible and
vacuum-ultraviolet spectrometers; TV camera to monitor the plasma cross
section, A 6-channel charge-exchange neutral-particle analyzer collimated
tangentially is used to measure the parallel ion temperature Ti"'

NRI — lon beam are co-injected in the same direction of ohmic current,
;IIL‘ evolutions of ion temperature with and without heam are observed. The
increase of ion temperature AT|,, at the center reaches ahout 1R0 eV in the
case of extracted ion heam power of about 120 kN. The estimated neutral

beam power injected into the plasma P, is about 80 kW and is smaller

bean

than chmic power (= 200 kW). The increase of ion temperature is proportional
= 1.5 eV/k -

e 1.5 eV/kWN. The tempera

ture increanses at a heating rate of about 9 eV/mscc and the increment A’

to the input power Pheam and scales as ATi WP

reaches 180 eV. The observed ion temperature rise is roughly consistent
with the estimated value. The calculated AT, shows that the energy confine-
ment time with NBl is equal to the value without NBl. The high energy compe-
nent of ions is measured in the range up to 8 keV. Typical example of the
time evolution of the high encrgy component of ions is shown in Fig.l. We
ohserve the high energy component during heam injection, which relaxes in
about 20 msce that is nearly equal to cnergy slowing down time of beam.

This result shows that injected beam is trapped in the plasma during the
time nearly equal to slowing down time and the plasma is heated by the

trapped beams. Net clectron heating is observed in the case of higher power

injection (Pponm = 130 kW), In the experiment no appreciable effect of NBI
o

on impuritics well as on the clectron density are ohserved during

injection.

Ul — Typical results of the parallel energy spectrum with and withoutr LiH

are shown in Fig.2. From the comparison of the remperatures with and with-
out U1, we see that the jon temperature increases from 317 eV to 410 eV for

| = A0 kW near the end of heating pulse.  No hiph energy tail is observed

‘uut
in the energy spectrum of parallel component in the range up to 5 keV.
Since ion temperature increases with the time constant, which closes to the
ton enerpy confinement time of ohmically heated plasma, it suggests that
thermalization process has taken place. The experimental results on the
incrcase of temperature show the value of f’\Ti,,II’"ct = 2 eV/kW and L\‘l‘i,, is
not yet saturated within the input power level Il‘"“ < 55 kW). During LHH,
hoth the loop voltage and the electron density increase by 20 % and plasma
current remainsg unchanged.  The time evolutions of clectron temperature at
the center are measured. At B =21 kG and I"ml = 42 kW the clectron tem-
perature does not change during 1, but decreases slowly after the end of

heating pulse. At the higher magnetic field L 26.4 ki ond rf power l’"et

= 55 kW, the temperature increases by 30 % during heating pulse. In this
case the electron temperature also begins to decrease after heating pulse.
In order to examine the reason on these decreases, cmission lines on
impurities (oxygen, carbon, iron, molybdenum, gold) are measured. Comparing
the ion temperatures with and without LHH in the condition of the same elec-
tron density, we estimate the net efficiency of LHH at P = 41 kW: the

net
value of ATi",Pnet is 0.9-1.3 eV/kW and the power to ion hy LHH 'Piull is
Fi[.H = 0-10 kW. 1In our experiment it may he noted that Plu{”'net does not

show any drastic dependence on electron density as far as the turning posi-
tion of LH wave is located within the half radius of plasma.

Simultancous Opcration of NBI and IHH — When both heating method of NB1 with
input power of about 70 kW inte the torus and LHH with input power of S0 kW

is carried out simultaneously, the increase of ion temperature is ohserved
to be about 220 eV as shown in Fig.3. The value is nearly equal to the sum
of the increase of each heating method; the increase of ion temperature by
NBI only is about 110 eV and the increase by LHH only is about 90 eV. In
this heating, increases of loop veltage and clectron density by 20-30 % are
observed. These effects arc resulted from LHH.

Conclusion — The efficiencies of ion heatings by NBl and LHH are 1.5 eV/kW
and 2.0 eV/kW, respectively. By the simultancous operation the increase of
ion temperature is nearly equal to the sum of the temperature increases by
NB1 and LHH. This application does not cause the detrimental effect on
plasma.
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AP3

CHARACTERISTICS OF THE DITE PHASE 11 TOR SOURCE 250 wﬁicmz our species fractions are Il‘:il;:}{; = B0 + 4:18 4 4:2 + 2,
R.5. Hemsworth, D. Stork and 1l.C. Cole CONCLUSIONS
Culbam Laboratory, Abinpdon, Oxon, OX14 3DB, UK The DITE Phase II plasma source operates over a wide range of para-
ABSTRACT fkurabow/UKAEA Faslow Aszoelarion) meters with an electrical efficiency of ~ 1.2 A extracted per kW of arc

The characteristics of the DITE Phase II plasma source are presented power. Tha ionising efficiency increases with arc veltage buc falls slowly

3 . . N s . . ith arc & 1 acti t hi densities, > 200 mA
with particular emphasis on the yields of the various hydrogen ion species NIl ard curient The praton Eeaction ab liigh aurrent densitics, !

c:mz, is ~ BOZ.

: . . +
obtained, We have measured a species mix li+:ll;:li3 of (B0 + 4):(18 + 4):
REFERENCES

(2 + 2) at source pressure 4 mT and current density 250 mAfem”.
(1) R.S. Hemsworth et al, Contrib. Paper Joint Varenna—Grenoble Int. Symp.

ANTRODHCTION on Ton Heating in Toroidnl Plasmas, Grenoble 1978,
Tile(ii)I;I}: Phase II neutral injection system has been described in detail (2) R.E. Bamvorth at al, to be subwitted to Joutnal of Phyaics E.
. The ion source, shown in Fig. |, consists of a plasma source ) R. Linrpaeclu-r_ and K.R. MeKenzie, Rev. Sci. Instr. 44 (1973) 726.

(4) See for instunce A.R, Martin and T.S. Creen, CLM-R159 (1976).

elsewhere
involving a low voltage arc discharge in a rectangular bex with one wall
replaced by an insulated three electrode extraction grid assembly (657 trans-—
parent). The rectangular box (145 mm X 440 mm X 150 vm deep) has rows of
Ce-5a permanent mugnets mounted orthogonal to the beam axis outside the

source walls, adjacent rows of magnets having opposite pelarity to form a . EXTRAC-”ON GR'DS

picket fence magnetic Field inside the source A . For the studies reportced

here the source was placed at the end of a 3.6 w beam line, a replica of a

DITE beam line, connected to a diagnostic test tank.
PLASMA SOURCE CHARACTERISTICS

The low magnetic fiecld near the extraction system leads to a uniform

plasma density in that region. Measurements at the extraction plane show

SUPPCRT Fig. 1.

P 2 o 2
the ion flux to be vniform to within + 5% over an area of 36 % 8 cm” for a
90 Vv discharge. There is no observed variation with source pressure.

The source operates reliably over a wide range of parameters, arc

current 50 -600 A, pressure | =30 mT. Typical I -V characteristies for the
source are shown in Fig. 2, These show that the space-charge limited emis-—
sion at low arc voltages eventually gives way to thermionically limited

emission at high arc voltages and a saturation of arc current.

The source is normally operated with extraction grid at floating pot-— . 600 .
ential and in this case the anode current (I,\) is approximately equal to the Fig. 2.
filament emission current tlc). thus the ionising efficiency of the source I
+ .

n, can be defined as n, =1 /1,. Where 5 is the extracted current. o Filament current 127 A

) & 1 ext’ A ext . (qus) o " " 17

Increasing the source arc voltage increases n; due to the increasing ionis- v A
Ll " 110 A

ing efficiency of the primary electrons. iy is found to fall with increas- d

ing are current at fixed arc volrage (Fig. 3). This phenomenon is not well

understood though we have shown that it is-nor duc to the [all in seurce Qp"J L v Tl

pressurc due to the extraction of more ions. We will return te this point 100 200
in a future puhlirul;iun(z). R \/A (VD“'53
SPECIES

One very interesting parameter For a hydrogen plasma source is the

P h . Fig. 3. Ionising cfiiciency vs Fig. 4. S ies i
ratio of the various hydropen species [1l+,'ﬂ;,l{;] preduced by the source. s B L B Eif.. 8., Sptoies trantiong

arc current, (thick pas targel)

The species [rom the Phase II source have been measured using a mag- 0.2_ 100_
netic momentum analyser placed at 4.7 m from the source at the end of an VAZQOV . o{.\"ﬁﬂ_
evacuated flight tube. Gas is added to the line in front of the analyser ®, /C(o a’-cr—tr'n’_ﬂ
coincident with a beam being extracted from the source. Thus the wolecular i g /ﬂ i P 4:1)}
fractions are broken up and the detector measures peaks at energies E, Ef2 o] i i
and E/3 where E is the extracted beam energy. The signals observed are - %
equated to the infinite tarpec (equilibrium) ion fractions and hence one 0.1 m 50 H+

can obtain the oripinal specics fractions. "‘N L %

The results obrained ot a beam energy of 24 kV are shown in Fig. 4.
§ + . . i : g
It may be seen that the fraction of H ions rises with increasing current
* v . § . + "
density (j ) in a direct mirvor of the [all of the H3 fraction. The amount

+
of H, produced is largely inscnsitive to variation in j*. The 0 Craetion

: - 4
saturates nt somethiog over 80Z For j values greater than 200 ml\n'cllz. The

: T200 400 200 400
: 1o (AMPS)- 407 Ho

. n * . A «* G A +
the risc in I yield with j , usually have break-up occurring via the “2 )

: + L .
behaviour of the H and H3 signals sugpgests that direct break-up of the H

()

ions is occurring. Most models of specics formation whilst predicting

5 + =
state. Our observation of a largely invariant 1]2 fraction casts some doubt

1007 L 3R208%n an
on thic. | 'po’ s o l:‘l:: a D.
' An increasc of pressurc in the source is expected to yield higher mole- -~ +
cular fractions due to an increase in probability for the Wy formation rea- o [ ,o’o; H 0 408
5 3 A 9 o g
e A I 40| - 3
and this is indced observed in our results (see Fig. 4). o #
The absolute species fractions ebtained for the DITE Phase 11 source 50 I - = o = a
must bhe treated with some caution. The methed outlined above neglects the i - oh uuu
fact that the breal-up preducts will have a higher divergence than the }<If = oog@A{_\ g\ o ?
fraction and hence will be preferentially scattered out of a detector with R i 0 400
a limited acceptance such as ours (+ 20 mrad). Thus the proton yield will _{.f-g—jn-* J CMA/CME)
be enhanced. We have perforwed some measurewents at low pressure (4 mT) in i -7 t;{s
the source withont adding gos. In these measurcments the mass analyser lO =23, ‘6:0
sees cssentially ne break-up products and measures the Ii‘, N;: and II; frac— 10 \J+(MA/CH'(£? 3 Suu::e prns:r:nrc f; ';Tm-[
tions directly. A comparikon of 'infinite' and thin target measurements at o i = 26 -
4 mforr source pressure is shown in Pig. 5. . Thick ==—— Thin — ) i
The proton fraction is lower and llnrf ll; and II; yields are increased. Figs 5: BELRCT ofipak carger TRGC g i Blsiin)

thickness on measured
These rvesults ean be quoted with confidence and we sce that at & mT and species (4 mT).
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RESONANGES IN THE TON CYCLOTRON RAMGE IN TOROIDAL GEOMETRIES

T. Hellsten and E. Tennfors
ROYAL INSTITUTE OF TECHNOLOGY, 5-100 44 STOCKHOLM 70, SWEDEN

Equations for resonances and cut-offs of the fast Alfvén and

jon-cyclotron waves have been derived for a multicomponent plasma in a
toroidal axisymmetric geometry. Resonance and cut-off frequencies are
given by gigenvalues of ordinary differential equations on the resonance
and cut-off surfaces, respectively. These surfaces coincide with magnetic
surfaces and intersect the fundamental jon-cyclotron and hybrid resonance
surfaces.

ICRF heating of toroidal plasmas via the fast Alfvén wave has received
increased interest due to the large heating efficiency observed in Tokamaks
D-ﬂ, A crucial problem for estimating the efficiency is to determine the
Jocation of various resonance and cut-off surfaces @,5].

In a cold, axially symmetric multicomponent plasma the resonance and
cut-off surfaces of the fast Alfvén and jon cyclotron waves coincide with
magnetic flux surfaces. The wave functions at the resonance surface are
propagating on the high field side of each fundamental ion cyclotron reso-
nance surface, w=w; .. singular at the surface, and evanescent on the Tow
field side. This is in agreement with the experimentally observed asymmetry
with respect to the location of the jon cyclotron rescnance surfaces [§,4__]

{le use a local orthogonal curvilinear codrdinate system (¥,%,@) where
5 is the toroidal angle, x and & labels two sets of orthogonal axisymmetric
surfaces. The metric is defined by ds =gxxdx + g de” 4w do”, We linearize
the equations of motion for a cold plasma and Maxwells equations about a
static equilibrium and then Fourier decompose the perturbations with respect
to time and the ignorable toroidal angle 0 and arrive at

2 i
(7 x vt 4 - “paag gl eled (1
TxIxZ= SR T

¢ ot i, =)

The resonances are recognized by the fact that the equations of motion
become singular. Cyclotron resonances are obtained for poles of € . In
general, there are other singularities of a system of partial differential
equations which cannot be obtained by studying the coefficient in front of
the highest order derivative or from poles in € . The set of x-surfaces
is chosen such that one of these surfaces, Xp? coincide with a singular
surface. Furthermore, we assume that £X has the same order of singularities
as aE:/ax. The leading order terms are denoted by index 0. For Eg. (1) they
read

13 2 ( 3E a3k ing aE
EEE{L [iﬂ s [nEger 2 | =g Xe] (2)
J ax a J ax X
2 2
3 2
0 0
— R0 3
ax aLax
2
aE, A°E
P 08
in—=-——=10 4
el #

Substituting Egs. {3-4) into Eq. (2) we ahtainﬁ: = 0 where

z

2 %
% S woB.B
€X=1-zm2 - [mBz -]] ™
o co i

which defines the upper hybrid, lower hybrid and Buchsbaum's ion-ion
hybrid resonance.

To find the resonances of the ion-cyclotron wave, corresponding to the
Alfvén wave resonance, we first note that the coupling between the elec-
trostatic and ion cyclotron wave smooths out the singular behaviour. We
eliminate this coupling by taking the limit o, -+ 0. In that limit u;ze-ﬁ @
wherea; w e’fmce remains finite. From Egs.(2,5) we obtain that EX is finite
and E Oi 0 if and only if Bx = 0, i.e. the singular surface coincides with
a magnetic surface.

We transform the components parallel to the magnetic surfaces of
Lq. (1) into components parallel and perpendicular to the magnetic field.
The parallel component described the electrostatic waves. In general, the
dielectric tensor elements approach infinity when my -+ 0, whereas for the
perpendicular component the sum of the terms containing the dielectric

tensor elements remains finite. This behaviour justifies the assumption
that EX varies more rapidly in the neighbourhood of the resonance sur-
face than Ee and E°. We eliminate the coupling of the electrostatic wave
on the other waves by replacing the parallel component of Eq. (1) by

B < E = 0 we then arrive at

The cut-offs are recognized as apparent singularities where the
solutions change from an oscillating to non-oscillating ones [7]. The cut-off
surfaces can be shown to coincide with the magnetic surfaces with arguments
similar to those used for the resonances. The algebra becomes simpler if we
do not start with the two components perpendicular to the magnetic field of
Eq. (1) but instead replace it with a set of first order eguations by utili-
zing that juwb = c¥=E yielding

; ab, b4 :
I8 _ m_ = € E n
J o &

. ab . oL [ 3b, ab.
dwgd [ynp - 9 |, JuB [——C—J]=
J X ax dJ ax 3L

Eos t
TR N (8)
We write the equations in the following way

FEX = Gat/ax + Hr (2
where F,G and H are differential operators with respect to . The eigen-
values of FEX = 0 with periodic boundary conditions will then define

apparent singularities corresponding to different kinds of cut-offs
depending of the choice of the variable T .

The fast wave cut-off is obtained for T = Ea yielding

2
r-ak 2
1 03 [Z5x).Dh g gXsge¥Xenp 10)
9L [Ja:] 22 ] EX {

The cut-off pair in the neighbourhood of the ion cyclotron wave reso-
nance is obtained for T =B « b/4w yielding

aE 5 2
jwbX = 1 [ 9, inr” 40,6 ()
J a 8t
5 nbpl 8 B
iwB”B> 3 B = 0 ..C (2] 15 B,.-L T ef 8 8
JwB’B" 3 (B s s B & E
a8% a [BCJ % [B &t EX]E * [ﬂ € -0 & B,

ab
- [oPet - gl B gf - um gf 4w 45 x
] 2] 3 X g

a

(i) aE a L,
_ea_[L]-_x“nBE_nman (12)

ax LB% g= X o'

(4 ¥.2nl

i B_b € *rép X
w3 B ] oy s XX ok e 8

3 [an; [EB]imb;]-ExE 4_% ESHEy B (13)
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AP6

COMPUTER SIMULATION OF ELECTRON CYCLOTRON HEATING
ON TFR AND T-10
R. CANO, A. CAVALLO AND F. WERKOFF
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Electron cyclotron resonance heating is potentially a very useful
method both for plasma heating as well as temperature und current profile
contral in tokamaks. One grear advantage is that coupling the wave energy
to the plasma should be independent of conditions at the plasmu edge. Also,
any region in the plasma can be heated by waking the local electron cyclo-
tron frequency equal to the wave frequency, provided the local plasma fre-
quency is less than the wave Frequency. Finally, the physical mechanism of

energy absorption is theoretically well understood.

For radiation in the ordinary polarization (wave electric field B
parallel to the toroidal magnetic field ) propagating along the major
radius of the torus at a frequency corresponding to the electron cyclotron
frequency in the plasma at a plasma radius v, the power deposited in the

plasma as a function of radius was taken to be (1)

]
s 30 2
Po) = By (=) n(p) exp - ﬂf[ a(p)d
n

[

1 2 2
¥ wi(p) wip) + s 2
n(D)’% o ‘—511_——‘) E? exp=12 Z=E“E( ! -
c

e afl +:—'_})

Here p is the normalized radius E, a the total plasma radius, mp(a) the
plasma frequency, w, the cyclotron frequency at the plasma center, au, the

frequency of the radiarion, me?

the rest mass energy of the electron, kT,
the electron thermal energy, R the major radius of the plasma. The incident
power P; divided by the volume inside the resonant surface Nré 2R, is

denoted by P;.

The diameter of the microwave heating beam is assumed to be small
compared to the diameter of the plasma ; the absorbed power is assumed to
heat an entire toroidal shell of plasma of width Ap and this is caleulared
for the region in the plasma p. > p > 0. The evolution of the discharge in
time and space is then calculated by MAKOKOT (2).

The results of these numerical caleulations depend on the assump—
tions made about the sealing of the encrgy confinement time Tg. In particu-
lar, in MAKOKOT TE is taken to vary as the electron temperature to the
three—quarters power.

For TFR (R,=98 cm, a=20 em) with a toroidal field Bp=30 kG, a
plasma current Ip= 200 kA, a density profile N(r) =5x10Y (1- (5)1) and a
given impurity profile, a steady state discharge was calculated using
MAKOKOT. The ohmic heating power for the calculated discharge was 350 kW,
central electron temperature 1200 eV, and Q(a) =3.1, in reasonable agree-
ment with the parameters obtained in TFR discharpges for the above initial
conditions,

Electron cyclotren heating power F.=81.5 GHz, P;=150 kW, (ab-
sarbed power 140 kW For one transit through the plasma) was applied with
the resonance zone close to the plasma center, ro=3 cm, and the evolution
of the discharge caleulated (Fig. 1).

The electron temperature at the center rises very rapidly to
1900 eV (AT, = 700 eV). However, one pays for heating the electrons imme-
diately, and che obmic hearing power decreases substantially. Very liccle
ion heatiug is observed due to the difference between the enerpy
confinement time 1= 12.2 msec, and the electron=ion equilibration time
Tag = 30 maev for 1

eq
change in @ at the conter of the discharge with time indicates that the

e 1700 ¢V, as caleulated from the Spitzer formula. The

current profile is strongly modified by the heating, but on a much longer

timescale vompared with that fur the temperatutre.

a 1)

7,290
Lrt-1 T. 1950 E
042 1800
N80 1650 400
0.78| 1500 ! 350

5
0.76 1350
0.7 1200}

T P

072 1050 200
070 200 4150
068 750 /Tl 100
086 60 - o
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Fig, 1 - TFR with Py = 150 kW, r, = 3 em
Another vase considered for TFR was with electron cyclotron hea=

ting power approximitely equal to the initial ohmic heating power

(B =350 ki). The effect of the heating power (P; =320 kW, F,=76.4 Glz,
T, =9.4 cm) is shown in Fig. 2. The clectron temperature at the center of
the plasma rises from 1200 eV to 4200 eV for a 200 masec heating pulse, while
the ion temperature remains almost unchanged, The ohmic heating power de-
creases to less than 50 kW, so that such a discharge is really dominated
by external heating. The abrupt decrease in the central Q after the heating
stops, without a disruption of the discharge, may indicate that the heating
should diminish over several tens of milliseconds when such large modifica-

tions of the temperature and current prefile occur.
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Fig. 2 - TFR - Pp = P; = 320 kW, r,

Electron cyclotron heating on T-10 (R=150 em, a = 36 cm) has also

= 9.4 em

heen investigated using MAKOKOT. This is particularly relevant since T-10
is the only large tokamak which is attempting to use this heating method
(P; = 350 kW, 85 GHz, 100 msec pulse).
For T-10 with a toroidal field of 30 kG, a plasma current of
500 kA, o density profile N(r)=5% 10" (1~ (5)1) and a given impurity pro-
file, a steady state discharge was calculated using MAKOKOT. The chmic hea-
ting power in this discharge was 750 kW, the central electron temperature
abour 1200 eV, and Q(a) =3.1 in reasonable agreement with parameters obtai-
ned in T-10 discharge for the above initial conditions.
The evolution of the discharge with a heating power of 340 kv

F. = 76.4 GHz) and a resonant surface located at re=14.7 cm, is shown in
Fig. 3. There is a significant rise in both electron (ﬂ'l'e = 200 eV) and ion
(AT; = 160 eV) temperature, as well a decrease In che ohmic heating power
for a 100 msec pulse. Due to the longer confinement time in T=10 (tg=308
msec for these plasma conditions) the ions and electron temperatures are
closely coupled, The rise in Q(r=0) indicates that the temperature and cur-
rent profiles are also significantly modificd, but that the current pro-
files modification takes place on a much longer timescale compared to the
cemperature profile modification.
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Fig. 3 = T-10 Discharge with P; = 340 kW, r, = 14.7 tm

It is well known that electron do not hehave classicully with re-
hard to heat transport and energy confincment time in tokamak plasmas, This
is taken into account in MAKOKOT by multiplying the electron heat conduc-
tivity diffusion coefficient inside the Q=1 surface by a factor of B to
account for the effect of saw-tooth oscillations and ather non-classical of-
fects. For the steady state discharges (the target plasmas) compuced hy
MAKOKOT the Q=1 surface was locared at p=0.5. Thus, it appears rthat the
enhanced heat conductivity which exists in this region does not prevent si-
gnificant modification of the current and temperature profiles. For all of
the cases studied the resonant surface was ingide the Q=1 surface.

The results of the computer simulation clearly show that borh
plasma heating and profile contrnl are possible with elecrron cyclotron
heating.

/14 Yu, N, DNESTROVSKII et al.. Sov. Phys. Tech. Phys., B, 691 (1964).
/2/ MAKOKOT Report EUR-CEA-FC-CISI ; EUR-CEA-FC-B832 (1977).




AP7

EMISSION AND TRANSMISSION MEASUREMENTS
AT THE ELECTRON CYCLOTRON FREQUENCY ON TFR
TFR GROUP

a frequency at which the resonant layer is not present in the machine and
comparing to the transmission measured with the resonant layer present. The
results are shown in Fig. 3. Density and electron temperature obtained hy
infrared laser interferometer and Thomson scattering have been used to cal—
culate the normalized transmitted power at the frequency of interest

P:/Pi = e~T. The good agreement between the caleulated and directly measu—
red values of T is a good check of the hot plasma theory for cyclotron ab-
sorption. It is also a further confirmarion of the experimental results of
the emission previously presented.

1SSOCTITION ELR ITOV-CL SR LT FESION
Dignertewent i Physique do Plasoi o1 dee by Dision Coniitie
Comtre o Etaddes Nuclonives

Buite Postecde n® 0, 92200 FONTEN 1Y - 10N -ROSES (FRONCE)

Since high directivity horns have been used the transmission mea-—
surements are independent of the wall reflection. Then an accurate measu-
rement of T in the plasma border can be used to obrainm a local value of T,
if the density profile is known. This can be of considerable interest
because of the lack of Ty measurement in the plasma border where radiation

Measurements of the electron cyclotron emission at the fundamen-
tal frequency and at the second harmonic have been successfully used for
measuring the time and space variations of the electron temperature. /1//2//3/

In this paper we report measurements of the emission and transmis-

d wall interactions domi y
sion at the electron cyclotron frequency carried out on the TFR 600 tokomak. and wa interactions dominate the heat transfer
The experimental arrvangement consists of a set of two opposite circular
horns positioned in the equatorial plane followed by oversize circular wave—
guides ending %n a mic'{uwav? pul:lrin.:eter which divides the wave ?olarl?atlon REFERENCES
in two perpendicular direction. A microwave superheterm?yne recewer_wu_:h a
single end broad hand mixer has been used and the location of the emitting ny TFR GROUP - Proceedings 7™M European Conf. on Controlled Fusion

or absorbing region has been selected by setting the value of the local os—

cillator frequency in the interval 113-140 GHz. and Plasma Physics, Lausanne I, 14b, (1975).

12/ BROSSIER P., COSTLEY A.E., KOMM D.S.. RAMPONI G., TAMOR S.,
Proceedings of the 6N Intern. Conf. Berchtesgaden (1976)
Vienne TAEA 1 (1977) 409.

In order to obtain absolute values of the electron temperature an
accurate calibration of the receiver over the total frequency band has been
carried out by using a calibrated noise source emitting like a black body
at a known temperature. The overall accuracy in the calibration is not 13/
better than 10 Z limited by the low frequency drift in the amplifier gain
and in the source emission.

HOSEA J., ARUNASALAM V. and CANO R., Phys. Rev. Lert. 39,
408, (1977).

4/ COSTLEY A.E., HASTIE R.J., PAUL J.W.M., CHAMBERLAIN J., Phys.

A detailed study of the wave propagation through the circular Rev. Lett., 33, 758 (1974).

horns and waveguides has been also made to be sure that the polarization of
the received radiation is not modified before reaching the microwave pola- /57

S ARUNASALAM V., CANO R., HOSEA J. and MAZZUCATO E., Phys. Rev.
rimeter.

Letters 39, 888, (1977).

Polarization measurements of the emitted radiation have been per-
formed using the horn positioned in the high toroidal field side of the
torus to avoid the evanescent region in the extraordinary mode propagation.
It was found that, in agreement with the previous results obtained on PLT,
/3/ the amount of the radiation is the same in the ordinary and extraordi-
nary mode both emitring as a black body at the local value of the electron
temperature Te.

With the frequency of the local oscillator fixed to select the
emission in the plasma center a vertical scan of the emission has been made

by moving shot by shot the receiving horn. The low B field side horn was . Fig. |
used and the ordinary polarization was selected. The results are shown in i i 4 L
Fig. 1. For one dimensional antenna the output of the receiver is propor- | 3 Electron temperature profile
¥ 3 ! i
tional to P = kT AE(1 - e”7) where (%) = 250 MHz is the band of the recei- Ly ‘ 5 at t = 200 ms obtained by mo
ver and T is the optical thickness for the ordinary mode given by i . & o TL0E vertically the receiver
w? D e =k horn (-) compared with the
t=uf— (1 - §) —s 2, where w_and w_ are the plasma and electron N : 1 .
w? wy' omeZ )t P © | - Thomson scattering measurements
© c
[requency, R, Lhe wmajor radius and As the wavelength of the measurcd Fre— - ! lig 1)+ The abserption facror
quency. In Fig.l is also shown the radius r, for which T = 1 calculated | arn e B y
from the electron density and temperature measurements. For T > 1 (r < ro) H A=1-e  is also shown (so
it is expected that the measured power is proportional to the local electron | N lid line) calculated from the
temperature and that clearly appears from the good agreement with the va- i ] : \\ 0% experimental density and tem-
lues of T, obtained by laser Thomson scattering. For r > r,, as the radius 2 = Y )
increases to the limiter radius a = 20 cm, the temperature from cyclotron :" : \ perature profiles B = 50 kG,
emission increasingly exceeds the expected one. This result can be explai- | \\ I,=300kA, Tog= 1,1 keV,
ned by wall reflections of the radiation emitted at the same frequency (de- a i e P o %
fined by the receiver local oscillator) by the hottest tegion of the plasma ;z;m a5 m -5 0 arlm)nu 5 .E Ngg = 1,16 107 cm™", & = 20 cm.

dominating the radiation emitted by the peripheral (colder) region seen di-

rectly by the horn.

This effect is more evident in the results shown on Fig. 2. Here
the limiter radius was set act a = 17 cm and the density was 1.8 times less
than the previous case. The emission, ordinary polarized, was measured
along the major radius R by changing the frequency of the local oscillator
and vertically by moving the receiving horn up and down. The emission hori-
zontal profile presents the expected feature of the Te profile decreasing
almost to zero at the limiter radius. Now the wall reflections for r > r,
(T < 1) play a favourable role bringing the emission to the thermal level
since P = {kTE(l - e T ].‘I - ne”1 where n is the wall reflectivity. Va-
lues of n close to one are expected /4/ for metallic walls, thus the measu-
red power is still proportional to the maximum value of T. at the radius
selected by the receiver. Unfortunately the available measurements of T, by
Thomson scatrering are not accurate enough to obtain by comparison with the
emission date, a measured value of n.

The vertical profile exhibits the same feature as shown in Fig. 1.
Note that measured cmission at r > a remains at a constant value which is
close to cthe average plasma temperature in the region r > ry. This can be
explained considering rhat for t > 1, the reabsorption of the radiation re-
flecred by the walls is very efficient giving a small (negligeable) contri-
bution fo the radiation collected by the horn.

With the same conditions of Fig. 2 a search has been made for tur-
hulent temperature fluctuations. The power spectrum of the electron tempera-
ture signal was observed to be flat in the 0-10 MHz region. This can be ex-
plained as follows : for a receiver output voltage Vo (proportional to the
Square root of the DC output power Ppp, the time averaged signal < Vg » is :
< Vo > = VPp¢ = 86 kT Af where S is the square law detector constant, G the
receiver gain, Af the bandwidth and kT the electron temperature plus recei-
VET noise temperature, Assuming the signal is integrated for t seconds, the

RMS fluctuation in the output is vPyNoISE = SG kT AL Thus a black body at

temperature kT will have a flat noise spectrum with the magnitude of the
Fluctuatious determined by the integration time of the receiver.

This result is in contrast to that observed on the PLT tokamak
where a non-flar spectrum was observed out to 0.45 MHz. /5/

In some rases a broad peak was found in the noise spectrum at
30 MHz, which corresponds to the ion cyelotron frequency for deuterium at

40 kG. This feature is not well understood and is being investigated in
more detail,

Transmission measurements for the ordinary mode polarization have
heen perfocmed by two opposite horn in the equatorial plane in the direc—
tion perpendicular to the roroidal field. Refraction effects are found to
be important only if the peak density is larger than 5 — 6 x 10" em™ . These
©an he taken into account by measuring transmission through the plasma at

Fig. 2
Electron temperature profiles
from cyclotron emission along
the vertical (-) and horizon-
tal axis (+). The dotted line

is the absorption factor

A=1=-¢ ", B=42kC,

Iy = 150 kA, Tog = 1 keV,

N, = 6,35 10%en™, a = 17 cm.
Fig. 3

Measured transmitted power LY
normalized to the incident P;
versus radius (A). The solid
lipe is the attenuation ﬁ=t"7
calculated from the experimen—
tal density and temperature
profiles. B = 45 kG, lp“ 150 kA
Too= 1 b keV, ngg=6, 107 ca™,
a= 18 em.
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IHD RESONANT HF HEATING IN THE R-OM STELLARATOR
A;G.Kirov, L.F.Rouchko, A.V.Sukachov,E.A.Meleta,l.Ya.Kadysh

Sukbumi Institute of Physics and Technology of the State
Committee on Utilization of Atomic Enerszy. Sukhumi, USSR

ABSTRACT: The results on HF plasma heating in the R-OM
Stellarator using MHD resonance at ) < uJB_ frequencies are
presented.

Experimental and theoretical Studies on additional HF
heating of thermonuclear plasmas using plasma column MHD os-
cillations exclted at w < g, frequencles are getting suf-
ficiently common at present /1-9/. This method may be conven-
tionally called as MHDR heating (MHD resonance heating). As
it follows from the theory /2-4/, the two resonance situated
close to each other can be discerned within this frequency
range! a locally excited shear Alfven wave and a helical reso-
nance, i.e. exclitation of plasma column eigenmodes when  the
amplitudes of both fast magnetoacoustic wave and the Alfven
wave are increasing in the plasma. Both of these resonancies
occur provided uJ/K” > CA for the plasma centre. Fxperiment-
ally effective plasma heating under above condition was found
by us in the R-0 device in I966 /1/.

For the recent years, investimations on efficient MHDR
heating were carried out in toroidal devices R-02 /4 /,Proto-
~Cleo / 7 / and Heliotron-D /& /. As distinct from the expe-
riments in the R-02 Stellarator (1=2) where the HF winding
hed a spatial m=2, n = 6 structure the HF winding in the
R-OM Stellarator (1 =3) //0 fbas am= 2, n =2 one. The
device parameters allowed, as in R-02, to investigate the
heating over the wide range parameters: Bo=1I-8 kG i=0,I-I,
0,=0,5.10"%-2.10™ea"?, = 2,5.10% ana 5.705~T, Hy, He and
Ar were used. HF generators allowed us to feed up to AMWT
(pulse duration 2,5 ms) into plasma and the HF field could
be either travelling ( * m,* n) or standing type.

The goals of the experiments have been to investigate
the heating efficiency both in Alfven and helical resonance
regions, the MHD stability of plasma with the Ohmie current
and without it, the plasma density and energy confinement
during the heating.

During the experiments, the plasma density was measured
by 2.3-mm microwave interferometry; the ion temperature by
the Doprler broadening of ion spectral lines and HF fields by
magnetic probes. The power absorbed by the plasma and its dia-
magnetic signal were determined as well. As it follows from

the Alfven resonance condition

M:K"C"=?—H/i-_n"__—.-—rn-:(n_m‘“ (D)
there exists some eritical valus of the magnetic field

and when it is exceeded the Alfven resonance condition is not
tulfilled anywhers within ths plasma. This fact is well dis-
vlayed in the experiments when measuring the heating effici-
ency denendence upon the magnetic field (Fig.I, curve I). The
Tield critical valus at which the heating is stopped has to
increase on increasing the density (curves I,2). The 5" de-
pendence upon the rotational transform and the frequency is
illustrated by curves I,3 where growth of B‘,rwith the frequ-
ency ia compenseted by +the rotational transform decrease

when the pressure is unchanged. The pressure increase led to

the essential growth of Bcr (curve 4). On increasing the ion
masses (Ar), the heating was initiated at lower initial den~-
sities. In the Hy discharge the heating took place ab higher
plasma densities. The critical field value rather well coin
cided quantitevly with that calculated from (I).

The HF field measurements within the plasma by magnetic
probes showed the periodic structure. When Bo approaches to
the critical field and the resonance point being shifted
into the plasma, the internal magnetic probes registered a
considerable growth of the HF field. In this region HF field
had radially travelling wave stmcture. With the fields I.5 =
- 2 times lower than E’cr' when the resonant point had  to
shift toward the plasma boundary, all of the probes within
the plasma showed some increase of the HF field which we re-
late with the helical resonance. At the same time there ap-
peared some increase in plasma heating (curve 3, Fig. I).

The plasma ensrgy againat the HF field grew faster than
E; which evidently indicates the existence of additional
nonlinear dissipation mechanisms at large amplitudes of the
HF field. With the HF fields at the plasma boundary I00-I50Gs,
‘the HF power absorption reached I0-20 Wt/em” within the plasma
The plasma energy content reached E.IDIseV/cmj and was close
to the limiting equilibrium value. The meximum ion temperature
in He measured by broadening of impurity lines was I00-I20 eV
which was close to the diemegnetic temperature.

The change in the HF field rotation direction did not
result in a considerable variation of heating efficiency.
However when the wave is rotated in the direction of the
electron diamagnetic drift, low frequency oscillatioms and
an inereased density decay took place. With the HF field
switched on the plasme column stability was considerably im-
proved and the Ohmic current grew 2 or 3 times indicating

the electron temperature

increase. In optimum
Teglimes with I:l2 the ener- é
gy life time was about
'-mjns that was close to

the pseudo-classical time

(Bo=7kGs,a=3,5cm, £=0,5).

i
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THE RF-METHOD FOR CURRENTLESS PLASMA PRODUCTION
AND HEATING

S«S.Kelinichenko, P,I.Kurilko, A.I.Lysoivan,
N.I.0azarov, K.N.Stepanov, V.F.Tarasenko,
0.Hd.Shvets

Physico=Technical Institute, the Ukrainian Academy
of Sciences, Khaerkov, USSR

ABSTRACT

This experimental study has been carried out to get a better
insight of the toroidal plasma production and heating condi-
tions by employing the RF-mathod within the &) =< wi; frequency
range. This has been accomplished by epplying verious RF power
input systems. As a resultl, slot fype entennas have been clearly
demonstrated to sult best for the purpose of a high-level RF
power input into plasma, Also, the dense toroidal plasma was
shown to get produced only when Ion Cyclotron Vaves (ACW) and
Alfven Vavas li“M\’) are being intensively launched.

INTRODUCTION: liany an experiment on the RF plasma heating within
The frequency range of ion-cyclotron order of (& ~We! ) that

we have previously performed on the mirror devices[1,2] , also
later on the toroidal ones[3,4] ,demonstrated the feasibility

of plasma heating by waii of th2 Fast Megnetosonic Waves (FMSW),
Ion=Cyclotron Waves (ICW) and Alfven Waves (AW), The same expe-
riments have proven the effectiveness of the RF plasma producing
method, and this is of vital importance for a better look into
plasma confinement process in stellarators under currentless
conditions. The present paper gives the results of the experimen-
tal study of the RF power input efficiency by means of various
exolters, and it also looks into the toroidal plasma producing
fac tors under ICW and AW excliting conditions as well as those
of plasma heaiting by the above waves. Besides, we have also inves-
tigated the influence of the impurity accumlation on the RF
heatin process. The ab _ove research has been performed on the
Omega torcidal device [4 | and on the Uragan-2 l=3 stellarator 3]

RESULTS AND DISCUSSION: For experimental investigation of plas-
ma production and wave generation in the viec inity of the ion-

cyclotron frequency the RF power was put in through the medium

of the low-impedance slot-type wave launching structure (WLS)
(Fig.1). Experiments have shown that, voltage in the wave laun-
cher not exceeding U =20kV, the RF power feed-in is liable to

reac h the level of P,,=1,3 MW (antenna efficiency 60 %). Fig.2
shows the time relations of plasms density /).and transversal ion
energy T generated by treating the diamagna‘:tic signal on the
assumption that the main contributors to I,?7: are ions, The trans—

vers ion energy at the initiel phase of RF discharge was of
considerable magnitude (several keV) and that was indicative of

v m T
Fig.,1. Uragan-2 RF experiment:
1-Slot WLS; 5= Frame WL3;
2,7~ Diemagnetic probes;

346~ RF magnetic probes;

4~ Microwave interferometer(h=q&J,

Fig,2.The time behavior of
RF plasma transversal ener=
T, and ite density ./,
hydrogen gas, P, =2:10 70, »
H=14,3 kDG,Q =0,95, f:
=20,8 lHz, slot anterna),

the possible neutral (hydrogen) gas ionization by high energy
ions, Aside from using the shortlength ICW (k,@~1) the effec-
tive plasma heating can be brought about by either a longwave
(k,a< 1) FusW[4] or ion-ionhybride resonance [5]. And also per-
apective may prove the inhomogeneous plasma heating methods
using the AW [6.7 . Vle have carried out a series of experiments
in order to investigate the plasma producing conditions, as
well ms those of waves excitement and absorption in the alfven
frequency range. The RF power input was effected by dint of a
quadripolar freme launching structure which had been placed
inside ihe vacuum chamberwithout insulation [3] (Fig.1.).

i R P (o
VAN LN » Fig.3. Transversal component
i R AW - longitudinal spectra
NN N H of the H magnetic field,

generated by slot(a) end

N . 1] frame (b) antennas
] a A ‘\ \ \\\\\ \\\ i . (1:..3?“" and alfven
8 SRRSO H resonance 1ines in the
LY A AY
\\\\\\n‘ S ( e, A, ) coordinates.
L5 ]

As a matter of fact, a discrete number of longitudinal wave
modes )., = L/n is excited in the toroidel plasma resonator,
where L is the toruas axial length ( for the Uragan-2 I=1035 cm)
and n is the mode number, The relative amplitude of each mode
depends on structural peculiarities of wave launchers and, con-
dequently, on the epectral characteristics of the RF field
wWhich they radiate inwards (Pig.3). This spectral variation of
lhe RP field is a predeterminig factor for range variability
| along the longitudinal magnetic field) of the RF plasma pro-
duction (Fig. 4,5). The analysis resulted in the restriction of
cfficaciouﬂ,!ion:[zaticn and achieved lavel of high density plasma

7% 410" 10" em? ) to the regimes of ICY and AW effic ient

- 3 -
excitement, That occurs only when a local alfven wave resonance

is existent in plasma for ), values of considerable spectral in-
tensity.

i, sk s

b it
%

Ret=10"em Yy

3 0

W edey

Fig.4., The RTF toroidal plasma
producing method involving the roidal plasma production
ese of slot WLS under the con=- uping frame antenna in the
ﬁitionﬂ of ICWexcitement, where %‘u‘u’ excitement regime, whera
., 18 wave field amplitude at 1 19 weve field amplitude in
plasma's center ( @=6.8 cm). the proximity of plasma's
border-line( Z2=6 cm).

AW, while propagating inside the plasma from the resonance
affected area, damps due to Cherenkov distant electron absorp-
tion Az<<g  whereQis plasmaa_radiua and
az~a(Yefla)  (Yezd,)

However, the AW packet has ample time to make several revolutions
round the torus before covering this distance along the radius.
Those revolutions number: S 2%

W (B2 2)8 > |

This happens because there existn a great difference between AV
radial and longitudinal group velocities, Thie fact gives us the
reason why AW propagate well around the torus and are launched
without hindrance (as is the cese with our experiments) by the
limited range antenna desgite a heavy absorption, That is why the
agtonnna do not necessarily surround the entire torus to excite
them.

The emerging of the impurities in plasma and the decreasing
denaity of resonant ions during the RF pulse final phase, this
all leads to severe resirictions in the RF heating methods em—
ployment (Fig.6.). And the interferometrical measurements of the
elaectron concentration indicate its growth at that, Non-linear
phenomena may occ ur in plasma when small-(or even medium-) sized
devices are used for RF experiments. Those phenomena tend to check
the RP heating on account of an energy release on plaama's peri=-
phery with ensuing plesma contamination and cooling down by im-
purities influx from the walls,

e "H ix0e)
Fig.5. The RF method for to-

a Fig.6. The influence of non-resonant ions
concentration increase on the RF power
absorbed in plasma:

a — ICW power absorption in the Ohmic plasma

at the 1-st and the 2-nd ms from the begin-
- ning of RF discharge;
& : 4 Db - same for currentless plasma,

:_I_;u CONCLUSIONS: Thua, the research under consi-
eration has clearly demonstrated that, given
the right choice of parameters ( wavelength

| @i+ gpectrum of the WLS, confining magnetic field

! w24.. Btrength, RF generator power level and fre-
/ quency renge), both, the dense currentless
Tt plasma produc tion under the conditions of

ICW and AW intensive excitement, as well as
its heating, are quite possible. To serve these purposes the low
impedance slot WLS helps resolve the problem of the isulator
electric reliability of a high level (~ 1 MiWl) RF power input nodes
a8 well as use the slots in the chamber's first wall as radiating
antennas.
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STOCHASTIC ION HEATING BY AN FLECTROSTATIC WAVE IN A SHEARED MAGNETIC FIELD
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The hot ion tail in the ion velocity distribution observed in
lower-hybrid heating experiments' has motivated lately a considerable amount
of tesearch interest in the mechanism responsible for its formation. Special
attention was given to the possibility that stochastic acceleration of ions
due to electrostatic waves propagating in the plasma may play an important
role in this unexpected and unwanted strong heating of a selective part of
the ion population. Considering r.f. electrostatic waves propagating in the
plasma perpendicularly to the homogeneous magnetic field, Fukuyama et al.z,
and Karney and Ber53 have demonstrated the possibility of stochastic ion
heating due to nonlinear resonances between the motion in the electrostatic

wave and cyelotron oscillations.

However, present day experiments make it difficult to estimate the
significance of this heating mechanism when compared with other mechanisms
which might lead to the same phenomenon. A first step in understanding and
consequently in preventing this undesired effect could be the isclation of
an external physical parameter which would affect differently the heating
process accordingly to which mechanism is operating. The purpose of this
paper is to suggest the shear of the magnetic field as a possible candidate
for the above mentioned role. Specifically, we show that magnetic shear
effects may be rather important in the stochastic heating process, while as
was pointed out by Berger et Al.t', they should not be of great significance
in heating effects due to parametric instabilities. Thus, evidence for the
dependence of the heating process on the shear parameter should serve as
a consistency indicator for the operation of the stochastic heating mecha-

nism.

We consider the motion of an ion in the presence of an electros-
>
tatic wave with frequency in the lower-hybrid range Encos(kY-mtje and a

sheared magnetic field B, (Ez + XIL; é}y) where L is the shear length.

: =] =1 2, s
Normalizing time to @ (@ = cﬂol‘mi) and lengths to k  we find the equations
of motion.
- Bzxﬂ . .- .
X=-Bu X-S— 4y Y = a cos (Y-vt) - X n

where B = (kLS)"1 is the shear parameter, o = o k/m.27, v=u/ and u_ is a
normalized constant of integration representing the Z component of the velo-—

city at the plane X = 0.

In order to study the long time behavior of this system, we intro-
duce action-angle variables (1.1, ‘Ji)(i = 1,2). A sequence of canonical trans-—
formations leads to the following Hamiltonian :

Bu . 2 o
Ro= 1) un, + 2 (e cos 041,)F + B (rcos 0, + 10"« I J_(r)sin(nd -6,

m=—=

(2)

where rf = 21 = ¥ + ¥, 1, = - (x+0), B, = e e

f, = % - (¥-ur) and J s a Bessel function of order m,

By using this Hamiltonian we proceed to investigate the condition for onset
of stochasticity, which is usually considered to be resulting from the over-
lapping of adjacent resonances. Quantitatively, this condition is expressed

by the following inequality
(), p,(n=1} . i o
- 260 A

(n-1)

whare i‘.r:-(") and fm are the widths of the "n" and "(n-1)" resonances

respectively, and 4w is the distance in frequency between them. In order to

estimate a quantity associated with a '"n" resonance we assume that this

resonance is isolated which amounts to keep in the infinite sum of the

Hamiltonian (2) only the term corresponding to the integer n. Consequently,

associated with a "n" isolated resonance there exists an adiabatic invariant

1 5 s .
L= I2 + vy which can be used to reduce the system to a Hamiltonian system

with one depree of freedom.

In our case, we find for the stochasticity criterion the following

inequality

“'\,‘2

O bz

1/2
(n) (n) (n-1) (n=1)
[Y Jnnfus )} ! [Y 'Jn—l “05 )]

v 3 :
where ',f(r}s the nonlinearity parameter and is given by

(n) 2
B1 41, 41
2a ¥ {5 ¥ Zn)

E 5812
Vg (ugrhrs d (%)

A,
= 2 (-
2 2 ?

_(n)
f n
n n n

Where 120 represents the initial value of the actionm I, and I( )is the

n
2o s
value of the action 11 corresponding to the location of the elliptie singu-

lar point associated with the "n" rescnance.

Tt should be stressed that this criterion is a non rigourous one,
simplifying a rather complicated process by emphasizing the overlapping of
primary resonances, neglecting correlations among resonances and secondary
effects, The approximate nature of the criterion is apparent when conside-
ring small values of B. Within these limitations we can predict rhe thres-
hold value of o for onset of stochasticity and proceed to compare it with
the numerical solution of the equations of motion for various initial con-
ditions and different values of the relevant parameters. Using the well
known cross section of surface method, fixing the cross plane by the con-—
dition G] = 7/2 we have studied the different patterns of the trajectories
crossing points of the cut plane. From the theoretical analysis, as well as
from the numerical solutions of the equations of motion, it turns out that

the effect of shear is to reduce the threshold for stochasticity.

In order to investigate the possible hot tail structure in the
ion veloeity distribution, we translate the distribution of the crossing
points into a particle velocity distriburion by averaging in time over many
cyclotron orbits the position of the particles in the velocity space. We have
considered the distribution in velocity resulting from stochastic accelera-
20 =9
but different phases (52) for various values of f fixing o = I0. The avera-—

tion of 10 particles having the same initial velocity {lm = 450, 1

ging procedure has been performed over about 1300 cyclotron orbits starting
after the first 800 crossings. Normalized distribution functions for repre-—
sentative values of w and B are given in figure I. In this figure we see a
pronounced tail in the distribution function depending however on B. As can
be seen the effect of increasing the shear is to shift the tail towards a

lower veloeity range and an opposite effect results from increasing the am-

plitude of electrostatic wave.

Considering typical plasma parameters BD=10 kG, Ti:IkeV, k a; ~ 1
we have B - ui“‘s' a; being the gyroradius of the ions, we find that for
shearlengths Ls less than ~ 90 CH the effect of shear on the stochastic
process is noticeable. We conclude that inherently associated with the sto-
chastic heating process is a formation of a hot tail in the ion velocity
distribution. Moreover, it turns out that the shear of the magnetic field
might provide an efficient mean to indicate whether the stochastic heating
mechanism is operating. We find unexpectandly that the shear by shifting
the tail to lower values of velocity can diminish the damaging effect of
the ion tail formation phenomenon to the RF heating process by lower-hybrid

waves .
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FIGURE CAPTION.

Fig. | - The averaged velocity distribution in arbitrary units of ten par-

ticles starting with identical values of r (r=30) and evenly distributed in

phase 82 y o= 103 v=130.23, 1 S # o, BL: /2 for different values of

20
B (0.000, 0.015, 0.03). The averaging is performed over about 1300 cyclatron
orbits starting after the first 800 crossings each curve is normalized by
setting its maximum value equal to 1.
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LOWER HYBRID EXPERIMENTS TN THE PETULA TOKAMAK
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The present paper deals with the application of high RF power near
the lower hybrid (LH) frequency to a Tokamak discharge. A double waveguide
grill antenna has been used to launch a 1.25 GHz-500kW-6 ms RF pulse in
PETULA. One of the objectives of this study is to investigate the technolo-
gical problems associated with LH heating and caused by the high level of
RF power involved. Two aspects have been carefully studied : grill conditio-
ning and grill coupling. The latter is strongly dependent on the scrape-off
layer of the PETULA plasma and the observations are possibly not significant.
The former aspect though not really understood is probably to be expected
in other LH experiments. Plasma experiments have been carried out with a
wide range of electron density 2. <n_ axis < 8100 in both hydrogen
and deuterium. For hydrogen this allows theoretically linear mode conversion
to take place in the discharge. Although some heating has been observed, the
experiments are mnot, as yet, very conclusive. The actual RF pulse duration
is hardly larger than the ion energy confinement time, and the radial plasma
displacement caused by the RF is not feedback controlled. The main discharge
parameters were the following :plasma radius 14 cm, toroidal magnetic field
27 kG, plasma current 75 kA, loop voltage 1.6 V, Z .. < 2., 800 f_Te(D)S_ 1100eV,
200 £Tf0)< 350 ev.

| = GRILL BEHAVIOUR AT HIGH RF POWER.

In PETULA the RF power is delivered to the grill through a double
window vacuum pumped waveguide. Experiments with grills of different widths
have been successfully performed to launch transmitted RF power densities
up to 10 kwfcmz. However power transmission is only obtained once the grill
is properly conditioned. Correlation between the incident and the reflected
RF power clearly shows that arcing occurs during a conditioning period in
two distinet phases : (i) the cleaning of the vacuum pumped waveguide,

(ii) the cleaning of the grill extremity. If the machine has been opened

to the atmosphere the two cleaning phases are required. Even if the machine
has been kept under vacuum but not operated for a few days, still the second
phase is required.

The RF network is designed to measure the natural plasma reflec-
tion coefficient without a matching system. The reflection coefficient beha-
viour versus RF power and RF phase da“ between the two waveguides has been
extensively studied. The first grill (waveguide width 3.55 cm, total area
17 I:lz) behaves as previously /1/ with 100 ps RF pulse, i.e., the reflec-
tion coefficient with 0RI-‘ = w decreases as the power mnreanen : at low power
it fits the Brambilla's theory /2/ and at 500 kW (4 kwcm ) it is quite swall.
We then tried another grill (w = 1.8 cm, total area 40 L‘mz). The reflection
coefficient is still better with Gpp=" thm @y other RF phase as shown on Fig.l,
but it increases with increasing power. The main difference with the first
grill is the transmitted power density which is close to 10 KW/em® for SOOKW .
ALl our observations could be summarized in the following way : at low power
density (< 1 kN’p’l:mz) the reflection coefficient is described by the theory
/2/,at intermediate power density (- & k",’cmz) it has a minimum, at larger
power densities it increases. This behaviour does not depend on either the
plasma species (Ilz or DZJ or the plasma density. We do observe a minimum
reflection vhen moving the prill radially (about | cm back to the limiter
radius),

2 - PLASMA HEATING EFFECTS.

Most experiments were runm with the w = 1.8 em grill which has the
following Wy spectrum : 12 % of transmitted RF power Pp. for By< 1.3 (acces=
sibility), 86 Z of PR]—“ for 1.3 < N, < 8. (Flat l'f” spectrum). As in other
1l experiments, a density increase whose origin is not yet fully understood
is triggered by the RF pulse. The initial electron density increase scales
with PRF.;' IIP“.: AFEMI: = -ﬁ.lngcm-ij. This scale factor is lower than that
observed in WEGA /3/. Here ;e is the line averaged electron density. The
total density increase does not depend upon ;e for a given Pp. . We also
observe a fast ion tail during the RF pulse that makes impossible any mea-
Surement of the central ion temperature Ti[n) from our perpendicular charge
exchange neutral analyzer. Strong KB (or DE) line intensity variations mea-
sured at different positions, especially in front of the grill, suggest
important RF ionization at the edge of the discharge of the atoms enhanced
by outgassing from the grill and the walls. This may explain the discrepan-

cy between the central electron density n measured by Thomson scatte-

eaxis
ring and ﬁe. Fig. 2 shows the time evolutions of differences with and without
RF of the following parameters : Hs intensity in front of the grill, ; ’
radial displacement D o PR? , and ‘l' (o) from meutral analysis. During l:ha

RF pulse no major impurity con:nmmatxon is observed. Relative OVI and C IV
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line intemsity variations follow roughly the relative ;n time evolution. The
plasma current remains constant whereas the loop voltage changes only sligh-
tly (< 20 Z). The raw ion temperature rise AT (o) is found to fit a F In

scaling for hydrogen data, n A‘I (o) =~ 2. 10 eV cm = at PR?

al. to 5.10 3l:.ll'l 3’; range. Deuterlum data obtained over a smaller ; range

= 350 kH. over

are rather similar. The central electron temperature increase n'r (o) is
about 200 eV at n = 2,10 3m and follows a lln scaling law as given by
Thomson acat:ering and soft X-ray analysis. The Te profile tends to peak and
relaxes to the initial profile after the RF pulse. Present experiments do
not allow us to conclude much about heating effects. The fact that the RF
pulse duration is less or about the ion energy confinement time on axis,

and the lack of data in the outer region of the discharge make it difficult
to establish a total power balance with RF.

3 - CONCLUSION.

We have demonstrated that high RF power density up to 10 k.w,'cmz
can be coupled to a Tokamak using a grill-type antenna. However the power
dependence of the coupling is not explained by the present theory. The re-
sults in PETULA would suggest that if no RF matching network is used, it
is necessary to limit the RF power density to a few ku.o’mz to minimize the
reflection coefficient, Short RF pulse LH experiments are not conclusive
in terms of RF heating. More significant heating experiments are under pre-
paration. A lomger RF pulse will be used and the plasma discharge equili-
brium during R.F. will be controlled to reduce the radial displacement.
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ABSTRACT It is shown that shear in the magnetic field couples the

istive-g mode and ion temperature gradient instabilities to form a single
strongly growing mode. For parameters appropriate to the Culham Levitron
experiment the calculated mode structure is dominated by its resistive-g
nature confirming the previcus identification of the observed low fregquency
fluctuations. The frequency, growth rate and diffusion coefficient [y/k2)
are compared with the axperimental resulits. The scaling of diffusion with
collisionality appears to be faster than predicted.

INTROOUCTION Recent experiments on the Culham Lavitrnn[ﬂ have shown that

low frequency, {m‘u‘) long wavelsngth (klaicd] fluctuations are responsible
for the diffusion in strongly collisional plasmas. Originally these fluctu-
ations were thought to be drift waves but this seems unlikely since (a)
collisional drift waves are stable in slab geomatry ]. which is the appro-
priate geometry for these low m-number mades and [b) the long wavelength
is not a drift wave characteristic. Two instabilities which do have the
right characteristics are the resistive-g and ion temperature gradient
instabilities (see ref.1). Thesa instabilities sre similar, requiring kft<1
and having Im w > Real w. The major difference between them is that the
electrons behave adiabatically (k?l uezmvﬂ) in the resistive-g instability,
and isothermally k;l"l \ng:h(.».vE in the ion temperature gradient instability.

In a sheared magnetic field, the parallel wave vector of modes which are
centred about s mode rational surface depends on the radial distance x from
the mode centre; k“ - ky K/LH- For such modas the electron behaviour in
the inner region near the mode centre is adiabatic while in the outer region
[x > vﬁalel\va] the electrons behave isothermelly. Thus the guestion
arises as to whether thers are two separste unstable modes, one having the
character of a resistive-g moder and the other a temperature gradient instab-
1lity, or whether there is just one unstable mode. By numerically solving
the full radial eigenvalue prgblem it is shown that the modes couple toget—
her to form a single strongly growing mode.

THEORY The differential equation describing low frequency electrostatic
instabilities can be obtained from the two fluid equatlons as shown by
Horton and Varma and is written in the form

2
Pﬂia—‘-f[U‘R‘S)Q:ﬂ 1]
an?

where the functions P, §, R and § ara definad in ref.(5). Eguation (1) was

solved by a standard shooting technigque. The dependence on magnetic fisld
curvaturs is given
in Fig.1. For zero

eurvature the mode

is purely the temp-

Velws =100
fils = 004
=1 ,Me=0

arature gradient
instability., As
(r /R.) is increased
(destabilising) the

ImwrL,
Wxg
3
T
-

growth rate increases
dramatically until
at the end of the

range the mode is

Growth rate (

resistive-g in char-
acter. The effect

of shear on the

01 resistive-g mode is
shown in Fig.2. For

-01 -0.05 0 0.05
Curvature /R,
Pig.1 Normalised growth rate as a function of magnetic the strongly collis-

field curvature for radial mode mumbers & =0, Tand & y 0 oo oo o

malised growth rate, Im(w], 302
scales as (Lsfrnia‘S. Far the
weakly collisional case,

T
Ve, =1

)

uafm,=1 » the unnormalised

growth rate is almost

Imwils
Wy

independent of LE/I'“.
EXPERIMENT Floating pat-
ential fluctuations were

in the Culham
Levitron experiment (R=30cm,
I.,=110kA, I.=BBkA, n{D)g

R il §

. TBED]RSGEV and

=]

measurad 1

Growth rate (

1Q12|:m
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He s 1R
Low frequency (LF) waves
(fg15kHz, hyaisn.nal are
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Ls/tn

Fig.2 Normalised grouth rate of the resistive-g
mode as a function of shear parameter LE/J‘)I.

not on the inner density
gradient where VB.Vp<0.
Profiles of & recorded as

(a) Y. .02 {(b) a function of
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Fig.3(a) Radial profile of mode amplitude, e<$>/kTe, (cpen
atreles) compared with the theorstical grouth rate Y/uw, .
(b) Radial profiie of experimental diffusion coefficicht,

De;rp’ (open eciveles) compaved with the quasi-linear estimate, l"n/L5 is a

slowly varying function whereas the curvature parameter, rn/ﬂc. decreases

changes in L
mean that

significantly. The strong damping of the mode with I; is thought to ba due
to this change in curvature ss well as to shear stabilisation. The particle
flux, I' . calculated from the n, T, profiles, is used to obtain a lpcal

diffusion coefficient, DE‘D-I‘ /Vn. It was 'Fuundh that 0__ /0

Exp class™
= w2, 1141, /T ). Thus the particla diffusion

i1

P
where pe2 (hera B:lass
decreases as the mode amplitude decreases.Inthis paper further analysis of the
data is compared with the theory of 0

the coupled mode. The mode ampli- F
tude, ed /kTe, is compared with
‘(/w_e in Fig.3a showing tha localis- e .
ation of the modes 1s well predicted ?:‘0'=
3

(the density profile peaks at 1.3cm \
and the outer edge lies at 4.5cm). :?-

In Fig.3b, Dml. is compared with O

L 'L -

{-T/kle. Towards the outer edge 6] )
.
Daxp diverges from DUL where the < n
i L

collision freguency \aei.fm_g is high . ®
est. A plot of nw‘piu,aai against '0‘: .
vei/u'e for discharges at several ]

ECRH powers but fixed toroidal fisld

(1;/T,=. 8) 15 shown in Fig.d, The 0

theory predicts nmL/u.Eal?c[uEi/m_e}D'J vﬂl/mha

in disagreement with the dota. The Fig. 4 The normalised experimental dif-
fusion coefficient as a function of nor-

ranges of the other parameters in malised collision frequency.
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this data are ﬂ.aﬁsnnﬂ.ﬁl, 0.42g
nis‘l. U.Easrnlﬂcsu.ﬂ. O.DZSsr“/Ls
10 F £0.125 and D.ESsTi/TBsD.&S. Inspec-
tion of the data shows that these
kHz variations together with tha theo-
retical scaling in each case are
51 not sufficient to remove the
steep dependence on veim’e'
Under the reasonable assumption
O L = : t of zero mass motion in the labor-

atory frame the frequency of the
DISTANCE FROM RING (CM)
Fig.5 Radial profile of measured mode
frequencies (vertieal bave). Cwrwe(l) fg such that znfLAB:kdeiwba}ﬂ"R
the predicted doppler frequency with wr0 pore o o9 JenB. v, =2kT./eBR
and curve(Z) is the doppleyr fn-e.rguzncyuh gl Vpi B8 Ve e c’
with the theoretical wp edded on,
mode and k_=m/Rgq. Recent ky measurements have confirmed that the LF § waves

waves undergoes a doppler shift

Wy is the real frequency of the

have m=1 with lower amplitude m=2 and 3 present. The measured mode fre-
quencies are shown in Fig.,5 for the same discharge as in Fig.3. Curve 1
corresponds to fLAﬂ with uﬁ-n and curve 2 to fLAE with the pradicted value
of "’ﬁ' There is reasonable agreement with the magnitude of the doppler
shift and with the sign and magnitude of MR'

In summary, the localisation of the mode on the outer density gradient is
successfully predicted by theory as are the sign and magnitude of the real
frequency. The diffusion ls mors sensitive to collisions hawever than the

quasi-linear model pradicts.
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ANALYSIS AND INTERPRETATION OF ELECTROSTATIC FLUCTUATIONS

IN THE CULHAM LEVITRON

D ET F Ashby and E M Jones
Culham Laboratory, Abingdon, Oxon OX14 3DB, UK
(Euratom/UKAEA Fusion Association)

ABSTRACT Digitally implemented bispectral analysis shows that

a band of waves, typically centred near 50kHz and tentatively
jdentified as drift waves, drive very low frequency fluctuations
(v 3=5kHz) by non-linear interaction.

EEEBQDUCTION The levitated superconducting ring in the Culham
Levitron [1] has major and minor radii of 30 cm and 4.6 cm
respectively. High shear axi-symmetric field configurations
are produced giving Lg = 10cm, |B|=3kG, Bu/E¢=IU. Early fluct=-
uation measurements [2, 3] were concerned with decaying plasmas
and the effect of ohmic heating. Later measurements[d] dealt
3 T =5ei)
pruduced by ECRH and made extensive use of digital techniques

1
with steady-state helium discharges {ne=5xlﬂ cm

for spectral analysis [5]. These and more recent measurements
together with theoretical work[6] illustrates the diversity of
waves and modes possible. This paper is primarily concerned
with explaining large amplitude fluctuations of a few kHz which
commonly occur.

RESULTS Fig.l shows fluctuations in floating potential, mea-
sured by a high-impedance capacity-compensated probe, together
with the corresponding frequency spectra. One signal is from
a region of favourable curvature of magnetic field; the other
is from a region of unfavourable curvature. 1In both cases a
band of high frequency fluctuations, characterised by k¢a=0.3
occur together with large amplitude low frequency fluctuations.
The high freguency fluctuations are tentatively attributed to
collisionless drift waves in the form of wave packets. This
identification is based on the value of k,a and the fact that the
amplitude drops as dtlogeTE]/d(logene) increases [4]. The low
frequency fluctuations have a measured value of k¢<2w/Lp (Lp=
pitch length of the magnetic field) indicating that kII#D.

This characteristic, together with the fact that the fluct-
uations occur in regions of favourable curvature and also when
dllugeTi]/d(loqene)<2/3, rules out both temperature gradient
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waves [4] and resistive-g waves [§] as explanations. One pos-
sibility is that the low frequency fluctuations result from
mode coupling between the high freéuency fluctuations causing
energy to cascade down the frequency spectrum [7].

This possibility was investigated using bispectral
analysis [8]. Conventional spectral analysis resolves a signal
into the linear superposition of component waves. Higher order
spectral techniques are needed to identify non-linear inter-
action. For gquadratically generated coupling the bispectrum
(related to the triple correlation function) is appropriate.
The bispectrum B(ml, m2J is |(F(w )F(mZJF*(m +m2))| which when
normalised gives the bicoherences b(wl, mz) = Btwl, mzl X
(P (0 ) Flwy) IV Flw 4u,) 217 ! where F(u) is a fourier compon-
ent. If F(w +u, ) = ZFtwl)Fth) where 2 is constant over the
reqion of averaging then b(ml, mz) = 1. Frequency averaging
was used in this work. Each record of 1024 amplitudes was
resolved into 512 complex fourier components and averaged in
groups of 8 or 16 to give b(ml. uzﬂ. Fig. 2 shows a table of
bicoherences typical of the type of power spectra shown in
Fig.l for regions of unfavourable curvature. Since bgl it has
been rounded to a single digit and the decimal point dropped.
Synthetic random signals give b = 0.1 with a standard devi-
ation of 0.07 so numbers >3 in Fig.2 are highly significant.
Four groups of large numbers are discernable. One pair is
attributed to frequencies near 50 kHz interacting to give low
frequencies near 5-10 kHz and high frequencies near 100 kHz.
The third group is attributed to frequencies near 100kHz also generating
low frequencies near 5-1CkHz and the fourth group to ~50kHz and ~100kHz
interacting to give w150kHz. (Note that the amplitude at 1SUkHz is too small
to show on the spectrnum shown in Fig.2) Similar results are obtained with
signals fram regions of unfavourable curvature.

DISCUSSION AND CONCLUSION 1In interpreting fluctuations mea-
sured by floating potential it is important to realise that

the amplitude is proportional to perturbations of plasma pos-
ition and not velocity. Consequently the amplitudes squared,

as shown by the frequency spectrum, is not a measure of energy
in the wave: multiplying the spectrum by w? gives a better
indication of energy or power. It is concluded that the fluctuations
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near 50 kHz are unstable and are responsible for the low
frequencies near 5 kHz as well as higher frequencies.
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Abstract: Neglecting the deceleration of the pellet and the
perturbation of the background plasma, the maximum penetration
depth and fuel deposition for a pellet injected at a given
speed are investigated with respect to the adopted ablation
model and the prescribed temperature and density profile of
the background plasma.

The penetration depth of a pellet injected at a given speed
is affected by the drag experienced by the pellet as well as
by the ablation rate itself. If the pellet ablates faster than
it decelerates during its journey inside the reactor, one may
consider the pellet to be ‘moving at a constant speed [1]. The
injection speed required to attain a prescribed penetration
depth of a pellet injected at a given speed can be determined
from the knowledge of the pellet ablation rate alone provided
the temperature and density profiles of the background plasma
remain essentially unperturbed. This condition conceivably can
be met by restricting the pellet to a sufficiently small size.
An estimation of the required injection speed for a prescribed
penetration depth has been treated previously [1]. In view of
the uncertainty regarding the desired penetration depth, the
converse cases, i.e. the maximum penetration depth and the re-
lated fuel deposition (prior to the transport of the deposited
fuel through its interaction with the background plasma) at a
given pellet injection speed, are to be presented in this note.

Under the assumption that both deceleration of the pellet
and perturbation of the background plasma are negligible, the
ablation of the pellet is governed by

) §5 B g, (1)

*®
=2
=2
1]
3

where x = 1-f, £ = y/a, ¢ = rP/ﬂ

with y as the penetration distance and a the plasma radius.
U, is the injection speed, qam(x) the electron thermal energy
flux of the background plasma, and F(x) is the shielding fac-
tor with respect to the ablation model being considered. For
example, referring to the transonic-flow neutral shielding
ablation model of Parks and Turnbull [2], one has for a D,
pellet

(2)

. -16_ -2/3_ -2/3, 0.1l4
Elx)/nghg = 3.595 x 107 'r; n T

2o ax
=3

where r  is in cm, n__, ng incm 7, T

ferring to Gralnick's ablation model [3]), one has

and hs in ev, and re-

T =%h /by =% % 107%/36 = 1.39 % 1070 . (3

Anticipating a possible surface/volume effect of the ablation

process, we may introduce a modified shielding factor
ze(x) = (prl)cPr(x) . ()

On substituting Eg. (4) into Eq. {l), a direct integration

gives
(P prl
- = (g, /nh U ) ALE £,
where (5]
1 3/2
AE,E%) = [ E*(x)qu(x)dx, qu(x} = n (x)T, " (x)
i.e. Dag is the electron thermal energy flux at the torus axis
and
n,(x) = n_(x}/n_(0), T,(x} = T_(x)/T_(0) . (6)
In particular, the maximum penetration fraction, fmax is given
by
1
n_h_u r_(0) P¥
_ 's's'o el
LU T A T 'y 1 . (7)

e0

Eg. (7) indicates that apart from the shielding factor £* and
the power index p, with respect to a given reactor condition
A p+l
tqeo. a), fmax depends on an injection parameter, uurp (0).
Using Eq. (7) and £(x) given by Eq. (2), the relationship be-

tween fmax and Ug is computed for two pellet radii with re-
spect to the following modified parabolic profiles:
@ 1.3-a
T, (x) = (1-x2) T, n,(x) = (1-x%) T (8)

for oy = 1.2. The result is shown in Fig. 1. As a comparison,

the relationship between UU and f is also shown for the

shielding factor £ given by Eg. t??xfor a pellet with I, =
2.5 mm. One observes that if the ablated material leaves the
pellet surface as a cold plasma instead of in the neutral
state, the required injection speed U, for the same fmax will
be an order of magnitude lower. Regardless of the ablation
model used, the injection speed for fmax = 1/3 is about an
order of magnitude lower for f .. % 1. ) 1.3
Keeping a constant plasma pressure profile of B2 (1-x7)

the relationship between f and the temperature profile in-

max
dex a, is shown in Fig. 2 with respect to the shielding fac-
tor £(x) of Eg. (2). One observes that for a given combination

of Uo and rp(ﬂ), fmﬂx

profile (larger ag) as compared with a steeper density profile

is greater for a steeper temperature

(smaller aT).

Using Eg. (5), it can be shown that the pellet radius rP(E)
is related to its initial radius rP(D) through the function
A(£,E*%) by

1
plf) (1 - _AMEE (BT
T, 0

A(fmax;E‘)

(9)

With respect to the two shielding factor, Eq. (2) and (3), the
variation of the pellet radius rp(f)/rplﬂ) and the fuel de-
positien Np(f)/NP{O) (where NP(D) is the total number of par-
ticles contained in a pellet of radius rP(D)) with respect to
the fraction of penetration, f, is shown in Fig. 3.
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SUNPRESSION OF THE ELECTRUN CYCLOTRON INSTABILITY OF A BEAM-
PLASHA SYSTEM BY SELECTIVE CYCLOTRON JAMBING
J.n,C, Cabral and C,A.F, Varandas
Laboratdric de £lectrodinf@mica - Complexo Interdisciplinar
Instituto ouperior Téecnico - Lisben - Vartugal

Jg study the possibility of suppression of the slectron cyclo-
tron instability of a beam-plasma system (wu,ku) through the
parallel injection of a sscondary electron beam of adeguate ve-
locity to induce cyclotron damping (uu-kau;2=wca). Thae b-p sys-
tem is conventional snd the scd. beam was created by the inser-
tion of a negatively biassed Fine mesh orid of Tungsten batween
the Filamen: and the first earthed electrode of the Pierce slec-
tron gun., lhe main beam bombards this grid and so the scd. beam
results from thermoionic as well as from secondary electron emis-
siogn. Typical parameters are: Fain beam: 2000 eV, 10 mA, #=3 mm;
3low beam: U to 180 eV, 0,75 mA; Flasma: lﬂg um_a. 5 gV¥; Chamber:
L=75 cm, W= 8 cm, Fya™ 4 % 10"l Torr. ThnlapB:Lrum shows a strong
cyclotron peak at Fu=450 MHz, u=1.3EI cm - with FCB=SJD MHz, an=
280 MHz, p=1.0 em~ L. The instability appeers under tha form of
rapid bursts with typical durations of 100 ns (CABRAL, 1976). “a
yverified that the passage of the scd, beam changed only slightly
the plasma parameters. We measured the total wave powsr Pw re-
ceived by a Langmuir pin probe,

as a function of the scd. beam
energy and Fig.l shows a typical
rsult:- there is a strong power
reduction for sz ~ 110 eV, Meas-

urements of A and kﬂ showed that,

in every case studied, the veloc-
ity corresponding to the minimum
of P is very close to “;2' re-
vealing cyclotron damping (CABRAL
et 21,1978), Spectral analysis
show that the power reduction is

Tmrrrrr rrr

mainly due to the decrease in am-

a8 & s u1 ®0 w0

plitude of the electron cyclotron

|

instability. Figures 2 and 3 show
Fig.l respectively the tempaoral and the
spatial variation of the cyclotron bursts in three situations:
1)- in the abrence of the sec. beam; 2)- with a resonant beam
L ,=90 e¥); 3)- with a non-resonant beam (UD2=1HU gl). s we

can pbserve, the passage of the resonant beam causes the almost

|o~w~wnnq¢”*anﬂmmw o L . ) 1 '
1. ¥
1.- l“ .
a ®
al-
I I I L L
T 20 By SN (S n rm) M r—
o W w m m —_—
Fig.2 Fig.3

complete Jisa,pearence of the cyclotrun wave (wn,ku), leaving a
vlear residunl pvidence For the excitation of a Vrivelpiece-
Lould mege geveloping, by coincidence, around (wn/i.ZkD). fieams
of different vslocities (non-responant) produce only minor modi-
fications .n “he instability uvebaviour. In order to explain the
experinentsal results we First consider the lransvarse dynamics
of the scd, heam electrons, acted by the Lorentz force arising
from the axinl H-Field and from the instability E-field. To sim-
ulate a continuous electron stream we write E=Eu cus(mnt—kuz*ﬁ)
and ¥ is varied from 0 to 2% . since V& uphz mh/kn < Vppr ue
neglact the influence of E# on the electron trajectory and so
ils axial velocity is taken as const. Therefore the E-field can
b2 Lhouuht as purely transverse for the calculations., Electrons
enter the interaction chamber at z=U and t=0 und leave it at z=L
at tsb/y .
ex-re:.ion for the elewctron transverse anargy Ul (ﬁ,vhz) at z=L.

Intesration of the eguation aof motion leads to an

fly an average over ¥ we obtain the mean eleclraon transverse ener-

ay <U}> lun2) also at z=L. Y& verifiesl that <U)3> is sharply
peaked al Lhe resonant velocity v;z. as expected. N numerical

calculation, with the parameters: F =450 FHz, k =1.30 cm-l, £ =

ce”
330 MHz, L=75 cm and EU:IU v :m'lleada to a mean transverse ener-

aqy of 364 el at resonance., In Fig.4 we plotted the variation of
<U]> with sz.
other smaller amplitude peaks. These ones are due Lo the consid-
eration of the Finite w-width of
the cyclotron wave packet (raso-

llgsides the sharp main resonance peak we observe

nant interaction with modes to
both sides of the main spectral
line with @mplitudes at -3, -6
and -9 dB). Therefare the global
resonant wave-particle interac-
tion is not so sharp. As the de=-
pendences of Pw and -<U|> an ubz
are similar we beliesve that the
wave power decrease observed
(fig.1) is due to the net gain
of transverse energy by the scd.

beam electrons, as a rusult of

enerqy conservation. A sacond
approach to the interpretation

Fig.4
of the experimental results is based on dispersion theory. The

camputer solution of the dispersion equations, For the thres
sub-systems, in the cycletron region of interest (wcgelugwuh,

k ~ ug), lead ta the following results:- (i)- Fast beam+ plasma:
absclute instability; (ii)- slow beam + plasma: evanescencej
(iii)- fast beam + slow beam: weak convective instability. The
solution of the Jispersion equation for the system of a plasma
with two oeams, when compared with that For the normal system,
shows a small decreasse in the temporal growth rate uy af the
absolute instability and an increase in the spatial damping rate
k. of the evanescent modes which appear For the same Frequency
band with slightly lower real-k values. Ye can compute the effect
of the modification on both uy and ki on the amplitude attained
by the instability E-field. Indeed, the ratio E/Eu' where En is
the Field amplitude attained in the absence of the scd. beam,
can be calculated From either E/En= exp[—(wi-min]TI or E/Eu=
qxp[(ki-kin)zl , where T and Z are of the order of one half of
the total extension of the bursts respectively In time and in
space (T= 50 ns ond Z= 20 cm). If we compute the decrease in
amplitude due to the changes on miann ki,mith the expressions
above, varying the scd. beam energy in steps of 10 eV from O to
15U eV, we arrive to the rosults presented in Fig.5. Curve a)
shows the decrease in amplitude (in dB) due to the reduction of
the instability growth rate wy. As we see the influence of the
scd. beam is moderate leading to a maximum decrease of asbout 7
dB. Curve b) shows the result of the increase of the damping
rate k; which leads to a higher amplitude reduction (some 11 dB).
If we combine both effects, that
is to say, if we assume that the

\] instability wave paclet couples
to the esvanescant modes with
slightly lower k-values, we ob-
tain curve c) which shows a
maximum amplitude reduction of
about 18 dB znd whose dependence

on U 2 reveals an excelent agree-

b
want with the real experimental

situation as depicted in Fin.l.

i \ P Further we note tiat the energy
(o .
\ / corresponding to the minimum in
L= 1 f—= Fig.9 is practically coincident
v W W W wm s w
o with the corresponding value for
Fig.s U;z. Therefore the acquisition of

transverse energy by the scd. beam slectrons is translated, into
dispersion languane, as an increase in the spectial dawping rate
as well as in a decrease of the instability nrowth rate. 43 the
dispersion diagrams show that the new instabilities caused by
the scd, beam are comparatively weak, the passage of this beam
through the plasma constitutes indeed an effective suppression
mechanism Faor the electron cyclotron instability. We extend the
conclusions of this paper to Fusion research in TOKAKALS since
the fast beam can be constituted by the runaway electrons and
the slow beam by the hot tail of the electron velocity distri-
bution of the thermonuclear plasma. We finally can foresce a
heating mechanism, selective cyclobtran damping, based on the
adequate injection of powerful waves with 3 Fce'
Aeferances:
1.- CABRAL, J.A.C. (1976) - Plesma Fhysics ld, 719.
2.- CRBRAL, 1,A.C., SILVA, W,E.F,, VARANDAS, C.A.F, - Plasma
Physics 20, 21,
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Anomalous Heat Transport in a Turbulent Plasma Blanket

D. Anderson, M. Lisak and H. Wilhelmsson

Institute for Electromagnetic Field Theory (EUR-NE)
Chalmers University of Technology

412 96 Gdteborg, Sweden

An analytic investigation is made of the conductive heat trans-
port properties of a plasma blanket, where the heat transport
is dominated by anomalous conduction due to a current-convec-
tive instability. The scaling of the blanket width with physi-
cal parameters is given.

The main purpose of a cold plasma blanket in a fusion reactor
is to prevent high-energy neutrals from hitting the wall of the
container causing sputtering and subsequent impurity influx.
Thus the ion temperature in the blanket must be below the
sputtering threshold and the width of the blanket must exceed
the penetration depth of highly energetic neutrals from the
plasma centre. On the other hand, the width of the blanket is
determined by its heat transport properties and for low-beta
devices, the corresponding width is usually too small. It was
recently suggested, [1], that a wider boundary layer could be
obtained by enhancing the conductivity of the blanket through
a current-convective instability. In [1] the corresponding
highly nonlinear temperature equation was solved numerically
and several conclusions were drawn as to the scaling of the
blanket width with some of the characteristic physical para-

meters.

In the present work we reconsider and extend this problem
giving explicit analytical solutions for the temperature pro-
file, heat flow, and blanket width, which clearly displays the
scaling with all relevant physical parameters, The analysis
can also be extended analytically to include the effect of a
constant particle flux contributing to the heat flow.

The steady-state heat flux equation determining the tempera-
ture profile, T(x), is taken as

a dr, _
&y, T =8 (1

where the density, n, is assumed constant and the source term,
5, is due to Joule heating by the electric field, E,, which
drives the current-convective instability. We consider a situa-
tion, where the dominant contribution to the conductivity, Xy
is due to turbulence induced by the current-convective insta-
bility, (1,21, i.e.

| (2)

i
o
®

where R is the distance along the major radius, Bo the longi-
tudinal magnetic field, and X‘I the classical thermal conduc-
tivity.

Inserting the appropriate expressions, we cbtain the highly
nonlinear equation

4 [.-9/2 ar.3] _ 372
4 [+92L ] — (3

where the constant vy is

4 B

Z

?-2102

|0 N

7 (4)

2 R 1nA

eff”

Zeff being the effective charge and ln/ the Coulomb logarithm.
From eq. (3) the heat flow is obtained after integrating once

4/3
4

3/4
T
T (T )]

where u=9-1ﬂ—3

1 2 2

(nR EO/BOJ Zef[ - denotes the heat flux
incident on the blanket from the inner hot plasma core, and
T, is the temperature of the inner boundary. Eq. (3) can be
integrated one step further to yield an explicit exact solu-

tion involving elliptic functions [3]. As is evident from eq.

(5) the character of this solution depends on the single
parameter
4/3 4‘{’1‘D

p= (EEJ 3 (6)

For most parameters considered here (typically R=500 cm,
¥..—3 -2

EO=4D kG, Zeff:1:1n:]u cm ", q0=10Wcm A T0=1GD eV, and

assuming Ec:1 Vm ) p<<1 in which case we obtain a simple

approximate solution corresponding to constant heat flux

through the blanket:

T=T_ (1+x/xg) "2

/3 -=1/2
) Tq (7

Defining the width of the blanket, x,, as the distance at
which the temperature has dropped to T=T,=10ev<<T

2452
= n“R°E_Z 1/3 o
x,=9-10"4 (_E___E_EEE\ p,"1/2 (8)
\By g, ]
which clearly displays the scaling of the width with all
relevant parameters.
Finally, requiring that the blanket width must exceed the
penetration length, L, of hot neutrals (L~1D15/n) implies
2,42
NREZ eV 2 s
——e———— Ty >10
\ 2q  J (9
o "o

For characteristic values as given above one obtains

12

>4.10 (10)

n
1/5
95 /
Thus for a heat load of qo=1° Wcm-z, n must exceed 2-1014 cm_3
in order to provide sufficient shielding effect.

The analysis can also be extended to include the effect of
particle diffusion on the heat transport, [3].
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CURRENT TRANSITIONS IN THE PLASMA-WALL INTERFACE IN A TOKAMAK

U. Daybelge

Uni-Center P.0.Box 250149, 4630 Bochum

Federal Republic of Germany

Abstract: The potential variation at the equatorial region of
;;;—-;;;;s wall,where most of the unipolar arcing tracs have

been observed, is calculated by a self consistent method. Second-
ly, it is shown that certain types of potential perturbations on
the wall can lead to self sustaining and moving current transi-

tions.

Although, most of the arcing reported in tokamaksj'z occur on
surfaces parallel to magnetic field lines, and especially close
to the equatorial belt, in the available theoretical studies
about unipolar arcs,characteristics of the tokamak plasma in such
regions are completely neglected. Among the plasma features close
to the torus equator one observes: 1)pue to the magnetic drift, here
particles come closest to the wall during their drift-gyro motion.
2) Between two collisions particles can perform many of the fast
so that as far as gyro-motion is concerned,

gyro-motions, plasma

is collisionless. 3) The self consistent electric field near the
wall depends on the boundary conditions on the wall, whether the
wall is reflecting or absorbing one or both of the particle spe-

cies.4) For most tokamaks one can estimate that here electron

I drift orbit
l grazing the
wall

B d y / [

projection of
the drift orbit

a =—— b

ZE‘{ drift due to
wall sheath

Fig.1 Particle orbits near the wall at equator.Left: Section
"abecd" and typical orbits:1. Outside the sheath, 2.Inside the sheath.

gyro radius p_, is about equal or less than the Debye length RD.

5} Since the m:gnetic drift displacement is larger than the Py
and P and the direction of the shift depends on the sign of Vi
inside the wall sheath vll can have only one direction.

In Fig.1 a small section of the region of interest is shown.
To calculate the self-consistent sheath potential in the vicinity
of the section "abcd" one has to consider the particle dynamics.
Neglecting the curvature of the guiding center orbits and consi-
dering the potential to depend only ony, we can write for a par-

ticle of charge g the equations of motion as

m¥X=gqyB ; m¥=qE(y)-qg%xB; m¥%¥ =0 . n

Integrating the first equation once we find % = Qy + C1 where
1 = gB/m, substituting in the second we obtain after inteqration
2= lyi+ 20yx + 2q¢(y)/m = C, . Here, we used E = -d¢/dy

If we substitute also %, we find

Y - T Ty T (2

dt

Contents of the root sign must be positive for a real motion and
setting it equal to zero we find the turning points. Hence,
2 y) 2
5 < =%y ZL!QY + C2 . (3)
Given the potential and the initial conditions , this relation
indicates whether or not the particle can exist at the level y.

Lost

For a monotonous potential varia-

tion the condition for hitting the
wall is simply c; 2 2g $(0) /m.

Fig.2. illustrates the relation (3)
y for ions. For an adsorbing surface
loss region in velocity space can
zﬁgu! be therefore easily determined.

Setting the value of C, we find

2
CZ—zciny‘ szz that the loss region corresponds to

Fig.2.
g2 + 2yax - 02y + 2l ty)- ¢(0)]> © (4)

On normalizing by respective Larmor radii and thermal speeds we
Tewrite Rel.(4) for plasma components as

Ion loss region: ¥: o+ Zyiﬁi— yi+ nng >0, (5

Electron loss region: ¥ 2y X - yé - aF >0, (6)
a¥ = ¢ - ¥(0), and

If the particle distributions far from the wall are Maxwellian,

a
where n = TejTi i ¢ = ed/kT_, (e le|).
then the densities in the vicinity of an adsorbing wall can be
calculated by integrating the Maxwellian functions outside the
loss regions in the velocity space. The Maxwellian functions are
= \— 3
in the form f = (/?vth]

sity N is a slowly varying function over the length scales Pa

W exp|-(vi+qy/m) /vE, |, where the den-
and 0yt and it reflects the boundary conditions at the infinity,
(plasma core, or limiter and divertor effects). Due to guiding

center shift, 2 can have a single sign , and transforming all

lengths to the fa scale, i.e., L and et ¢ (e=vm/M)we find

Y
:_z - TE'E {me_j,zdy;fc:e—i‘idﬁ , % - e;ﬂ’$ ,‘l}'me_l:’zdy :;J.(D e-ﬁzd*
B i
where % = %% - % - %% and &= %gy ¥ %X - g%% :
Thus,we find that
ng = & 1rz Ad
ﬁ; = Ty { dz erfvz exp[—zfi“(y+‘§)]z] n
erf/e?yionad (i EJY2>”A$]
" R (8)

-né
v e /2
5 ely? exp[—%{sy+§%$]2}
V277 5
te?y2-ned) JeiyTenad
Asymptotic expressions in (8) were obtained for
For y-»«

Z

(1f e2y?<nad)

y=0(1), e-0.
(ion Larmor radius) one has to use the full integral.

Substitutin? %he expressions {(7) and (8) in the Poisson's equ-

ation &% gy = ne/NE - nijNi. 3
where 6EADIDE > 1, with 3(0) 2
fixed, 3(@)40, we find the po- 1
tential variation near a per- |e|¢
fectly adsorbing wall. Our ini- i{ﬁ;c
tial assumption for a mono-
tonous variation is agreement -1
with the numerical results shown f’? -2
for a hydrogen plasma in Fig.3. i
i3

Results indicate that the alteration of the wall adsorption co-
efficients change the decay length of the potential without af-
fecting its monotony. These results are contrary to the"poten-
tial model with a maximum" suggested in Ref.2.

We have seen that once the wall potential,$(0),is given
(depending on the discharge history and the diffusion) radial
potential variation near the eguator region can be determined.
Let us, now,assume that a local perturbation locally reduces the
potential difference between plasma apd the wall (assuming AE)DL

bending the equipotential sur- ¢=C005t Y

faces towards this region as &:'?f‘\__/‘-
seen in Fig.4. (initial pertur- = Lo 5
bation may be due to the star- = ‘4‘///
ting electron emission): As a E"’ﬂfss' /‘e
resalt, hot charged particles

drifting parallel to the wall @

at some distance are directed B “Z “disturbance

region I- |
JOZRN

to the disturbance region, hit-

ting and heating the wall they + /fﬂ
cause more electron emission.

The disturbance region will be

Initial Induced Superpos.
asymmetrically heated, and the . pot.dist. dist. shifted
dist.

current passing through metal

Fig.4

indicate that the initial po-
tential perturbation has to be shifted to the right (so called
retrograde direction). With sufficient heating metal evaporation
and wall erosion can follow. Neglecting the role of impurity
ions in this process, we have determined the amount of energy
transferred by plasma ions to the disturbance region, using
orbit simulation for a class of perturbations for different
wall potentials. Maximizing the heating by varying the shape
factors of the perturbation, we have determined necessary
ambient conditions for achieving metal erosion during time
lengths of a few ms.

i D. H. J. Goodall and G. M. McCracken,Culham Report CLM R167. November1977.

2 G. M. McCracken and D. H. J. Goodall, Culham Report (1M P509 Octcber 1977.

3 MNedospasov, A. V. and Petrov, V. G., J. Nucl, Mat. 76/77 (1978) 490.
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€O, LASER SCATTERING FROM T

-ACOUSTIC FLUCTUATIONS
N *3
C.M, SURKO , D. GRESILLON, J. OLIVAIN and A, TRUC

Laboratoire de Physique des Milieux Ionisés
Ecole Polytechnique, 91128 Palaiseau, France.

Study of the ion festure in plaswas can yield detailed information
about plasma parameters such as ion temperature, electron drifts and impuri-
ty content. It is of interest to study details of the thermal ion feature in
a well-controlled laboratory plasma. In this paper we describe an experimen—
tal study of lon-acoustic fluctuations using CO, laser sralterinq-(l’ZJ This
technigue has the advantage that it does not suffer from tefraction in plas—
mas as dense as 1015 cm_J.and it requires only a small angular access to the
plasma. 1t also provides enough sensitivity to reach the thermal level in
the laboratory plasma described below.

The plasma is produced in one chamber (80 cm diam. by 80 em long)

" : Ly 2 -3 .

GF @ bl pLaSg Gevice it dengities of Hp Eo 10  om i an and TaT
-3

i

o in He, with electron temperatures T} from 1 to 5 &V. A single-mode

C.W. CGZ laser with a power of 140 W is focussed in the plasmz to a diameter
250 of 4.6 mm to the l,fe:" points. A spatial Filter copsisting of a small

aperture and two lenses is placed between the laser and plasma to eliminate
nonuniformities in the transverse mode pattern of the laser beam. Scattered
radiation is heterodyne detected by beating it with a small fraction of the
incident laser beam which is split off and aligned so that it passes through
the plasma. The intersection of the two beams defines the interaction volume

(1

and assures efficient heterodyning )-‘1‘he detector is a negatively biased Hg
cd Te photodiode which takes a maximum LO power of 1.5 mW. We have been able
to work at scattering angles as small as 11 mrad (plasma wavelengths of
©0.93 mm) where the stray main beam power on the detector was less than 0.2
mW. The detector noise is found to Se close to the photon noise fluctuations
of the 10 beam in which case the minimum detectable scattered power is
given by Pm = (hy /‘r';) { :_\f/rl% where hy iz the Ccl2 radiation photon enecay,
7 the guantum efficiency (0.33), .Nf the bandwidth studied, and ¥ the ave-
raging time.

Shown in figure 1 is the scattered signal T, (proportional to
the fluctuating electron density W) From an ion acoustic wave driven by a
voltage at frequency <o applied to a 20 cm diameter plane grid in the
plasma. The detector signal was mixed with the driving oscillator of fre-

quency w to produce the interferometer pattern shown. In such an arrange-

I (au)

figure 1

[A)

: Klcm™t)

45 65 30

ment, the envelope of the signal should be due to the wavevector resolution
of the scattering experiment. The rapid oscillations are due to the change
in phase produced by the wave traveling between the grid and scattering vo-

lume which are separated by a distance Kn' In this casc we would expect

/8

w =lK-K )as/8
I (K) e n € 2] o cas (KX.) (1)

where K_ s given by the seattering angle 6 and the wavelength A of the
co, radiation (K = 2 @ /+) and K is the wavevector of the ion acoustic
wave. The predictions of (1) are shown by the dashed curve in Fig. 1 using
a phase velocity at +./2 1 = 1,35 MHz of 1.35 % 105 em/sec, a plasma den—
sity of 1.75 % 352 ™ dnd ¥ = 1.85 em. The observed signal power is
about 10 db lower than that pr;adi:ted from the wave amplitude measured
with a probe in the plasma. This may be due to the sensitivity of the
scattered signal on grid alignment and flatness.

We have studied naturally cccurring fluctuations in Ar plasmas

-3
with denzities up to 1012 eém ~. Shown in Figure ?

il =3 .
cm with electron temperature

is the scattered signal

ohserved in a plasma of density 1.1 x 10

on volume centered

eV. This spectrum was taken with the interac

figure 2

4 6 8
P 1 i |

%%WHﬂ

150

K(em)

on the edge of the plasma and indicates a Fluctuation level far above
thermal (by a factor of the order of 10] in scattered power). This signal
was obslerved to be a maximum near the plasma edge and is probably related
to plasma production and gradients near the wall of the device. The fre-
quencies and wavelengths observed agree reasonably well with the ion-acous-
tic dispersion relation including Einite KJLnE effects (dashed line). The
frequency widths are due mainly to our Finite wavevector resolution. In
Figire 3, 150 G © corcespoeds s KA, equal to 0.5,

We have attempted to observe the thermal ion feature in Ar plas-
mas with densities of up to 10'2 cn™ . We have not observed the thermal
spectrum for which we would have expected a signal to neise ratio of 1 to
10 with a 1 second averaging time if § (K) = 1 (a thermal plasma with
L Ti" We have however observed that driven waves in this plasma damp
about a factor of 10 faster than expected from electron Landau damping. A
1 % concentration of H in the Ar placma would produce such a damping and
in this case we would expect 5 (K) ~ 1/30 which is consistent with the ne-
gative scattering results, In He plasmas this enhanced damping does not
appear to be present. In preliminary experiments in the He we have,depen-
ding on plasma conditions, observed superthermal fluctuations similar to
those shown in Fig. 2,but we have not yet observed scattering from the
thermal ion Eeature.
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KINETIC THEORY OF THE COLLISIONAL SCRAPE OFF LAYERS

U. Daybelge
1nstitut fiir Theoretische Physik, Ruhr Universitdt Bochum,
4630 Bochum, Federal Republic of Germany

QEEEEEEE: This paper deals with the boundary value problem of
the collisional plasma ion kinetics in the scrape-off layers of
poloidal and toreidal limiters.

uUnder ideal discharge conditions the purpose of the limiter
is to intercept all charged particles diffusing out of the dis-
charge and so to prevent them from interacting with the torus
wall. It has well been established, however, that in many toka-
maks a cool, low density plasma extends outside the limiter and
is in contact with the wall. It is reasonable to assume this
plasma as collisional. To simplify the problem, one can also
assume , that the transition from collisionless to collisional
regime at the discharge edge has occured well inside the limiter
aperture. These assumptions imply that the boundary conditions
imposed at the limiter surface can influence the ions only in-
side a certain range. However, the plasma-limiter interactions

and the related impurity transport largely depend on the kinetic

structure of these influence regions.

(b} Fig.1 Limiter Configura-
tions and relevant coor-
dinates: (a) poloidal Lim.
(toreidal divertor),

(b) toroidal Lim. {poloidal

divertor) .
We consider the ion drift-kinetic equation
( vll + VD}- Vi = Cii(f) (1)

with the particular ordering w << w << @ , where w is a typical

transit time, vth/Ru, v is ion collision frequency and @ is
ion gyreo-frequency. According to the maximal ordering of the
neoclassical thenry1 the neglected terms in Equ. (1) are O(MZIH;).
Our purpose is to solve Equ(1) with the limiter boundary condi-
tions. The drift velocity in Equ. (1) is ;D:v||;'V(v||/Q).

The effect of the limiter induced electric fields on the particle

orbits is assumed small,a point whose consistency needs to be

. we assume a simple pitch

checked. For the collision operator Cil

angle scattering opcrator? Normalizing by the thermal velocity

and the aperture radius a, the kinetic equation becomes

sim TEE® 3F af _ 1 3 r of -
v sin @ 3 5 + q{a}3E =gla)y VE B U?'ﬁﬂﬁfj (2)

- (r-a)
(a/Ra) (vth,/ﬂpl
cosine of the pitch angle £, the safety factor q, and the

Here, we have introduced a new radial coordinate 1

parameter of collisionality vy = Rev/v,, . Since y is assumed

to be large, we define new boundary layer coordinatas § =y (0-0,

% A
% =vh and 1= yr. Hence, Equ.(2) can be written as

1467 3f
ZE n
AT

Y
=
=
m

v

ra o g Lln-en i) (2)

u
S
@

<
)

It is clear that in an axisymmetric case such as a toroidal li-
miter, f does not depend on #, and the third term on the left
dfOPs out. Due to the last transformation, £ can be treated now
4s a constant of motion. Allowing £ to vary in (0,1) we can look

at the Equ.(3) as a prescription to determine £'. Similarly,

if -1e<0 , Equ.(3) determines f . In what follows, we consi-

der the egquation for f+ without specifying the superscript.

With fNeo we denote the distribution function to this order

found via neoclassical theory without limiterw, and notice that

29

fNeo is a slowly varying function of ?, and it is essentially a
1

Maxwellian . As the collision operator does not couple f+ and £,

flow quantities to one plate can only be affected by the dis-

tant boundary conditions at the other plate, this effect decreas-

ing with the increasing collision frequency. Hence, using a Max-

wellian for f;eo' we find that the ion flow to the limiter sur-

face is Fi=(,rif,,re)1/2 3 915/2’? where g is the ion sound

speed and the ion heat flux is Qi=2kTiFi.

rs

On defining £ = £ -£ it is clear that f also satisfies

%
Neo’
Equ. (3) and vanishes for large values of the 131 and |¥|. Now,we
take the Fourier transformations of Equ({3) by applying

(2ﬂ71 [:exp(iﬂ?)fmexp(iua) 4t a8 , and neglecting ¢ dependence
o

o001-£2)98]+ 48 sin 0 AT 2t o as¥i o ot
ar Sitgpd TR (T )+iu—a—§]X = rmda ® (T,80,£)d7

(4)

The point £=1 is one of the singular points of the equation (4).

The analytic solution at this point can be obtained by substitu-

ting X =3I An(&—1)“ in the homogeneous equation. We find i
- 2 2 2 _2iva
An = 3n_1(a+2b—n€n-1))/2n +An_2(a+2b)/2n +An_3bf2n . where a=——

b =if SiﬂBnVSJq. For the limit £+1 we can express the series by

the Bessel function Jy(vZ(a+2b) (1-E)) . At the other limit,

when E-+0, the solution can be written as Xv c Ai(—51/3(5+ g))

1/3

1

(E+ E)). The coefficients <, and c., can be deter-

2
mined by matching these two limit solutions with an intermediary

+ c2 Bi(-a

WKB solution in the middle found for large values of the para-

meter lal|
(1+t2)[cos z(t)+sin z(t)] (5)
/Z7E [(a+2b) (14ut?)] /4

where t= % 1n %EL and

z{t)=2 J/a+2b Sidt VITpET/(1+£2)?
o

and u=(2b-a)/(2b+a). Thus we find c‘zfi a_1fﬁcos I and

“W6gin 1, with T=(2b3/2

gy = Jaa /3a)=- z(1).

Having thus determined the solution X in the neighbourhood
of £=0, we,now reguire that X-+0 for £+0. This is necessary
to prevent particle accumulation at the turning points of the
orbits. Expanding the Airy functions for large arguments we
find that X~ V277 5174 sin(%-F z(1)) when E£+Q. Therefore, we
find that

the argument of sin must be equal to k7w with k being

an integer. Thus we found a relationship between the two eigen-

values a and b when a is large:
1
J ode YT+pe*/(1+t?) 2=30k/B/a+2b (6)
o

For any value of b, we note that there are many possible values

of a,(b), and for k large a (b)n (31k/B%0.5986) 2 Hence, by the

Fourier inversion formula the solution can be written as

gopanh A e R 81 17 6L 1

£ =g L /. exp(-iBT) d8 exp( Luktblﬁ)Lﬁkxk(ﬂk.L;LJ+Rk,
(7)

Here, R, is the solution of the nonhomogenous term in (4). To

k

determine Ak(E} we use the "initial" condition £(71,8,.,8). For

_gMax

nonemitting limiter plate it is equal to u(?) where I is

the step function. For recycling or reflecting plates this value
can be accordingly altered. In addition we need the orthogona-

lity of the functions Xj and ¥« It can be shown that

1

o] =C. 8.
{ ag Kj(h;i) X (B,8) CJ ik

where §

\ =
ik is the Kronecker delta.Hence, Au(B)= { g df thu-LRj)/C.k‘fﬁi 3

1 F. L. Hinton and R. D. Hazeltine, Rev, Mod. Phys.,48, 233 (1976).

2 F. L. Hinton and R. D. Hazeltine,Phys. Fluids, 17,2236 (1974).
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COLLECTIVE SCATTERING OF CO,-LASER LIGHT BY THE HIGHLY IONIZED ARGON PLASMA

OF A HOLLOW CATHODE DISCHARGE

B.F.M. Potsy J.J.H. Coumans and D.C, Schram

Physics Department, Eindhoven University of Technology, The Netherlands

1. Intreduccion. We report on cellective scattering of CO,-laser lighr with
optical homodyne detection, The emphasis lies on the measurement of sponta-—
20 -

19 10%%%

with a e.w. low power CO,-laser (1’i=2w). We compare the fluctuation level

neously appearing turbulence in a medium density plasma (nexlﬂ

measured by scattering with the level at frequencics below IMHz measured by
optical probes. These optical probes measure the plasma light fluctuations.
Collective scattering refers to plasma scattering of electromagnetic
radiation, for which the socalled scattering parameter n={l(luj-'>l. Here
=|kl=|k,~k; |, where k is the wavevector and s and i refer to "scattered"

and "incident" respectively (cf. fig. 1); A is the Debye length. The

D
scattered power at frequency o, in a band Aus is equal to :
ws+iﬂus
Pl s bu)=P; o, Load [ S(k kil —u)de) m
“ﬁ_“"’s

730m2i5r is the Thomson cross-

where L is the observation lengch, o=Bx10
section and Afl is the solid amgle. S{(k,#) is rhe spectral density function
[1]. By varying the scattering angle 8 (cf. fig. 1) and the frequency of
observation W the function 5(5""] can be studied in various parts of the
(k,w)-space. For a thermal plasma /S(k,w)dw=1 and the widch of the spectrum
can yield information about the ion thermal velocity or the ion acoustic
velocity. For a turbulent plasma [S(k,w)du>>1 is possible.

In homodyne detection the scattered power is mixed optically with a
fraction of the original laser beam, called local oscillater (l.0.). The
mixing eliminates the stray light problem, shifts the scattersd spectrum
from the optical to the r.f, range and enlarges the voltage level, No
distincrion between blue and red shifts can be made. The solid angle of
detection is limited by Aﬁﬂl%,’!\, where A is the effecrive source area.

The ideal signal to noise ratio (SNR) for a photoconductive detector with
quantum e¢fficiency n is equal to :
nk

ideal 5 -
SNR TROAD Vit (2)

hv is the photon enerpy, Av is the i.f. band of detection and t is the
post dotection integration time. The ideal SMR ic approached when the rhat

noise of the l.o. is dominant.

CO:-scn!Luring diagnostic (ef. fig. 1). Our COI-'lnscr beam is focussed
in the plasma to a spot of 2 mm; a Fractionm is used as l.0. The scattered
radiation is 1) chopped for pi\ase sensitive detection purposes and

2) mixed with the 1.0. on a liquid helium cooled Ge:Cu detector (1 mm®,
current ImA, n=10Z). As mentioned for optimum SNR rhe l.o. shot noise
should be dominant with respect to other noise sources. On the other hand
low detector dissipation asks for low l.o0. power. Therefore,we choose a
high load (600 1), source follower and ultra low noise components; then
10 mW l.o. power suffices. Passive band pass filters (center frequency
1-50 MHz, relavive bandwidch 0.1-0.3, 24 dBfoctave) are used for spectral
analysis. The scattering angle % can be varied between 17 and 7°

(0.025k3 0. 1).

As the l.o. passes through the plasma also "small-k" scattering will be
detected in addition to the scattering at angle 0. Lt can be discriminated
by phase sensitive detection and measured seperately. It yields information
about S(k,w) in the low frequency region, however, without k-resolution.

We achieve SNR's about a factor ten below the quantum limit (2). The
degradations are due to the use of a chopper, losses in mixing efficiency
and remnant noise, including noise contributions of the'"small-k"scattering
besides 1.0, shotr noise.

For the calibration of the diapnostic we refer to reference [2].

ma facility. We use a low pressure (Iﬂ_] torr) hollow cathode dis-

3. F1

charge. The plasma (argon) is cylindrical (radial 10 mm, length 1.5 m),
magnetically confined (B-0.5 T), stationary, current driven (10-300 A) and
highly ionized. Typical plasma parameters are n =10 2102973, T,=3-10 ev,
‘I'i-l-_’ﬂ eV [2]. The ion plasma frequency is about 200 MHz and the Debye
length abour 2 um. The scattering volume is located relatively far from the
cathode (0,25 m).

Experimen

al results and discussion, We used two scattering geometries :

kA B oand kLB, A remarkable result is that we find For all parameter sets a

f L

uation leval close to thermal for k/ B, whereas for klB the fluctua-
tion level can reach several orders of magnitude above thermal. A typical

example of 5(%

)owith kLB is shown in figure 2. The measurements show :

1} a linear dispersion corresponding to the ion acoustic velocity;

2) a decay in both kJ_ and w3 3) the occurance of a peak near the lower

hybrid frequency, i.e. r‘w:tm MHz (drift lower hybrid instabilicty).

In figure 3 the relative fluctuation level :Elne-l’!d’E“Zﬂ‘%(h.u)ﬂ; is given
as function of Frequency for the same parameter set as in figure 2.

The integration refers to the whole k-space. We assume here that no other
turbulence phenomena are present than observed arcund the ion acoustie
velocity line in the (k;,w)-plane. The points measured by the optical

probes are indicated and the overall behaviour is a |fu2—dnl::ly spectrum,

We note that also the optical probes measurements point out fluctuations

with a propagation perpendicular to B.

5. Expectations for Tokamak plasmas. An interesting question is whether

supra-thermal drifr-wave turbulence levels can be measured in a large sized
Tokamak plasma with a low power c.w, COzvlascr. as Surko and Slusher did
with a high power 200 W c.w. €o,-laser [3]. For a CUz-laaer and AD=20 pm,
scattering angles between 1% and 17 are to be used, with a laser beam
diameter of d:ID_Zm; for drift waves the frequencies are relatively low
(w=10%-10" rad/s). spatial resolution is bad (L=lm). With a Eluctuation
level of 107 times thermal, F,=20 W, n=10""u™>, Le1 m, age )2 /n(d/2)? =
I.AxlD_& st with d:lﬂ_zm. 10Z of the total phenomenon at a slpe:ific k in
a typical frequency band of du=5:10& Hz and
50%, yields rs:lu"“

-3 4
and v =10 © §, we get SNR=EB4, i.e. fluctuations are measured easily on

an optical transmission of

W. With n=10Z, a totaldegradation of a factor ten,

a time scale of 10 ms. We note that multiplexing both in k and w-space is
possible, so that in one plasma shot S(k,u) can be studied as function of

time. .
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SPACE POTENTIAL MEASUREMENTS WITH PARTICLE BEAM PROBES
R. L. Hickok, W, C. Jennings, K. A. Connor, and J. T, Woo

Plasma Dynamics Laboratory
Rensselaer Polytechnic Institute
Troy, New York 12181 U.S.A.

This paper presents a comparison of four heavy ion beam
probe diagnostics systems that are in operation or under con-
struction. The beam probes are located at the ELMO Bumpy
Torus at Oak Ridge National Laboratory; the Tandem Mirror
Experiment at Lawrence Livermore Laboratory; the research
Tokamak, RENTOR, and the ALEX Baseball experiment at Rensse-
lzer Polytechnic Institute. The EBT system is fully opera-
tional, the TMX and RENTOR systems are completely installed
and detailed alignment with the magneric fields is in
progress, and the ALEX system is in the process of being
assembled on a test stand. The primary objective of each
system is the measurement of the plasma space potential with
auxiliary objectives of studying plasma density, electron
tsoperature, magnetic
field structure, and
fluctuation levels.

The essential
features of all four
beam probe systems
are the same and are
illustrated in the
schematic diagram of
the EBT probe shown
in Fig. 1. The basic
components consist of
a gun chamber to pro-
duce the heavy ion
beam; an optics cham-
ber that contains
auxiliary lens, sweep
olates and beam moni-
tors; the plasma re-
gion where the charge
state of the beam
ions is changed by
interaction with the
plasma electrons; and
the detection chamber
that houses the energy
analyzer to monitor
the energy and inten-
sity of the secondary
ions. The space
potential is deter-
mined by measuring
the difference in
energy between the
nrimary and secondary

/

&
Fig. 1 Schematic of Typical Beam
Probe System

ions, the intensity of the secondary ion signal provides
information on the plasma density and electron temperature
and the momentum of the secondary ions can provide informa-
tion on the magnetic field. Typical primary beam character-
isties are a few tens of microamps of alkali metal ions at
10 te 70 KeV and the secondary ion signal is usually of the
order of a few tens of nanoamps.

The EBT systems takes advantage of the D.C. operatiom
of this device by using a chopped beam and phase sensitive
detection to provide increased sensitiviiy. With the in-
creased sensirivity we can observe the 17 to 3t and the 17
to 4T transitions as well as the usual 1% to 2% reacticn used
with beam probing. An analyzer energy scan showing the var-
ious secondary ion charged states is shown in Fig. 2. In
principle this information can be used to evaluate the elec-
tron temperature, but it requires large correction factors
that are not well known since the various charged states do
not come from the same point in ihe plasma and they have
different sample volumes. The 37 and 4% signals can be used
to measure ¢. This has the advantage that energy difference
between the primary and the 37 and 4+ ions is 2¢ and 3¢ re-
spectively, but it has the disadvantage of weaker signals and
higher beam energy to probe the same point in the plasma. The
3" and 47 signals are very useful in making potential measure-
ments at different points in the plasma without changing the
beam injection parameters. This provides confirmation of the
potential profiles obtained with the 2% secondary ions.
Figure 3 shows a typical space potential profile measurement
on EBT. This is an energy scan along a curved detection line
that is more or less vertical.
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Fig. 2 3econdary Ion Coirge Tig. 3 Potentiil Profile
States Observed on EBT Observed on EBT

must take into consideration the
variation in the beam trajec-
tories with the plasma beta. As ?0‘2
beta increases, it will automa- ]
tically scan the observation

Point across the plasma without 0.4
changing either the beam energy
or the injection angle. This
is illustrated in Fig. &4 where
the observation point in the
plasma for = given set of
injection characteristics is

The TMX beam probe system % 0.0

Fig. 4 Simulated B
Scan for TMX

plotted as a function of plaswa beta. Unfortunately beta is
an unknown parameter, but by monitoring the location of the
primary beam after it has traversed the plasma,as a function
of the injection parameter, we expect to obtain an evaluation
of beta. The calculated scan is for an assumed square well
beta extending out te a 30 cm radius with flux conserved in-
side the solenoid ceils. There is only very minor changes in
the bera scan if flux conservation is neglected.

The primary beamhas been aligned
with the vacuum magnetic field and
Fig. 5 shows the beam walking across
the primary detector as the magnetic
field is pulsed. This is a long
resistive detector so that the volt-
age signal out each end is propor-
tional to the beam location. As the
field comes up the beam abruptly
appears on the north end (top trace)
then this signal decreases while the
south end signal (center trace) in-
creases until the field reaches full
value. As the field decreases, the

- s
Fig. 5 Primary lon Sig- beam walks back north and finally

nal on TMX off the detector.

On RENTOR one of the major
problems is the toroidal deflection
of the beam by the poloidal magnetic field. The effect of
the vacuum poleidal field can be compensated for by appro-
priate steering of the beam in the optics chamber, but the
field produced by the plasma current gives an unknown amount
of toroidal momentum to the beam., The detector in the elec-
ctrostatic analyzer is split in the toroidal direction and we
anticipate using a feedback loop to hold the beam centered
on the split plates. This should provide information on the
current density distribution, but the accuracy of the results

Fig. 6 Toroidal Displace- Fig. 7
ment of Primary
Baam on RENTOR

Primary Beam Signal
Through Analyzer on
RENTOR

will depend on the signal to noisc¢ ratio ol the measurements.
Figure 6 shows the walking of the lLicam in the turoidal direc-
tion due to the vacuum poloidal field produced b, the OH
windings. The signals are from a set of radial wires in the
bottom of the diagnostic box. The wires are separated by 1
em. The beam starts to the left of the first wirc, walks
across it and the second wire, and ends up on the third wire. The
toroidal field is also pulsed at the same time so the beamis
walking in both the radial and toroidal direction. A pro-
grammed toroidal sweep is used to keep the beam centered in
the vacuum field. A standard technique for calibrating beam
probe svstems and to establish the proper slaving conditions
iz to bend the primary bheam into and through the electro-
static energy analyzer. Figure 7 shows z twpical signal

when this procedure is carried out with the RENTOR beam probe.

On ALEX a neutral beam rather than sn ion beam is used to
probe the plasma. 4 schematic diagram oS the primary beam
line, showing the alkali metal vapor neutralizing cell and a
deflection chamber to remove any unneutralized portion of the
beam is shown in Fig. B. The advantage of this system is that
the primary beam is not severely defocused by the strong field
gradients of the "baseball' geometry, the required beamenergy
is reduced by a factor of four and the reaction cross section
is higher for the low temperature arc plasma used in ALEX.

The disadvantage is the necessity of incorporating the
neutralizing cell with its associated inefficiencies and the
inability to sweep the beam across the plasma. The plasmacan
still be scanned in one dimension by sweeving the beam energy.

The present stztus of all four beam probe systems will
be reported and the latest results presented.
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Fig., 8 Schemaric of Primary Neutral Beam Line on ALEX
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PRODUCTION OF PLASMA CURRENTS BY MEANS OF ROTATING MAGNETIC FIELDS

W.N. Hugrass, 1.R. Jones and M.G.R. Phillips

The Flinders University of South Australia
Bedford Park 5042 South Australia
The technique of generating azimuthal electron currents in a cylindri-
cal plasma column by means of transverse rotating magnetic fields was first
investigated by Blevin and Thonemann [1] and Davenport et al [2]. In this
paper the results of theorctical and cxperimental extensions to these early
studies are presented and attention is drawn to the merits and versatility
of the technique in generating the steady equilibrium currents appropriate

to a variety of plasma-fiecld configurations.

In essence, the technique involves applying a rotating magnetic field
in a direction transverse to the axis ¢ a cylindrical plasma column. Pro-
vided that the ansular frequency of the rotating field (w) lies between the
g (calculated with
reference to the amplitude of the rotating field, Bo), and provided the

ion and electron cyclotron frequencies, W and

electron collision frequency, Vgr is less than the electron cyclotron fre-
quency, the electrons can be considered as "tied" to the lines of force of
the rotating field. They circulate synchronously with the angular fre-
quency of the rotating field whereas the ions (at least in the short term)
have no nett azimuthal motion. As long as the system remains azimuthally
symmetric, no charge separation occurs and the electrons are not prevented
from moving by space charge fields. The clectrons thus form a steady

azimuthal current layer which generates a steady axial magnetic field.

In both the above discussion, and in Refs. [1] and [2], the implicit
assumption is made that onc is dircussing a steady-state situation where a
rotating magnetic field completely permeates a plasma column and drives an
azimuthal plasma electron current,
which the rotating field is applied is obtained either by preionizing the
neutral filling gas or by allowing the induced electric field associated

In practice, the plasmn column to

with the rotating field to do the ionizing. In either case the important
question arises as to whether or not the rotating field will fully pene-
trate the plasma column in the first instance. This question has been
investigated by means of a numerical study of the initial value problem.
The penetration of a transverse rotating magnetic field into an uniform,
infinitely long cylindrical plasma colwmn was followed in time. Tt was
assumed that the ions formed a fixed, uniform neutralizing background and
that the resistivity, n, was uniform and remained constant in time. Pro-

vided that Wy SwSu, and w < Vo S, the appropriate form of Ohm's

ce
law is:
- At 1
BE=n + 5 GxH
[
The effect of the non-linear Hall term (which becomes sipnificant when

Ue/["'cn ~ 1) is to aid the penetration of the rotating field.

These model calculations showed that for small values of B the
rotating field only partially penetrates the plasma column and only a
fraction of the electrons rotate. On increasing the value of Bo‘ a
threshold regime is reached where the number of rotating electrons in-
creases rapidly.  Above a certain value of B, there is no gain to be
obtained by further incrensing the amplitude of the rotating field because
a situation is already reached where a'l the plasma electron rotate syn-
chronously with the field. The lower the value of Vet the lower is this
critical value of By

An experiment was made in which the rotating field technique was used
to generate a theta-pinch like distribution of field and plasma. This
experiment both illustrated certain features of the numerical calculations
and demonstrated the usefulness of the technique. A straight, cylindrical
pyrex discharge tube, of 5 em internal diameter and 70 cm length was
equipped on the outside with two longitudinal loops orientated at 90 to
each other. R.f. currents of the same frequency and amplitude, but
Aephased by 90°, were passed through these two loops to produce a trans-
verse magnetic field which rotated about the axis of the discharge tube.
The r,f. currents were gererated by means of Weibel type r.f. line
generators [3] which were moditied in such a mwanner as to reduce sub-
stantially the nccessary number of spark gaps. Each line gemerator could
produce a short r.f. current pulse consisting of eight periods at a fre-
quency of (.67 Miz.  The equivalent generator impedance and the rms open
circuit voltage of each generator was 9,72 and 14.1 kV, respectively. No
attempt was made to match the generators to the load. 1n fact, since the
load impedance was at all timesa small Fraction of the generator impedance,
the penerators behaved essentially as constant current sources. The
amplitude of the vacuum rotating field produced in this manner was 220
gauss on axis.  An external solenoid was used to produce a steady bias
magnetic field, Iln, directed along the axis of the discharge tube. In

these experiments, the filling pas was argon. The use of argon ensured

that the necessary condition, Wy <w< U g0 WS easily satisfied,

Provided the conditions set out at the start of this paper are satis-
fied, the applied transverse rotating field drives a steady azimuthal
electron current in a cylindrical plasma. At any radial position r, the
electron drift velocity is tw and, if all " c plasma electrons partake of
the rotational motion, ja(r} = ne(r] ]eI Tw  The component of the total
axial magnetic field which is generated solely by the rotating electrons,
B (r), is

uolal w N(T)
B, = —m——
R
where N(r) = I r ne(r}r dr is the line density of electrons lying
T

between r and R; R is the inner radius of the discharge tube. Note

that
uoia| w Ny
B,(R) = 0 and B, (0) = ——ar—

where .N'o is the electron line density. The direction of Bz[r) depends
on the sense of rotation of the rotating field, For the application we
have in mind, we have to consider the case where the axial ficld component
produced by the rotating electrons is in the opposite direction to the
applied bias field, Ba' The total axial magnetic field, B.r[r), is there-
fore given by By(r) = B, - B_(r).

Experiments were conducted with two filling pressures of argon, namely
3.7 mTorr and 6.0 mTorr. For the 3.7 mTorr experiments it was observed
that the rotating field fully penetrated the plasma columm and set the
electrons rotating. By choosing two different values of Ba it was
possible to generate theta-pinch like configurations having different on-
Typically, Bn = 740 gauss, BZ{U] = 300 gauss and

These configurations were sustained for ~ 10 psec, this

axis B-values,
B(0) = 65%.

being the effective duration of the r.f. pulse. In the 6.0 mTorr experi-
ments, it was observed that the effective electron collision frequency was
too high, only partial penetration of the rotating field occurred and only

a fraction of the electrons rotated.

The technique discussed in this paper can be used to penerate the
steady equilibrium currents appropriate to a variety of plasma-field
configurations, In particular, the use of it to generate the equilibrium
currents corresponding to the spheromak, reversed field pinch and screw
pinch/high-£ tokamak configurations has already been discussed [4-6] and
demonstrated in preliminary experiments.
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p.55 (1962)

[2]  P.A. Davenport et al., U.K.A.E.A. Culham Report CIM-R65 (1966)
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[51 1I.R. Jones, Flinders University Report FUPH-R-153 (1979)

[6]1 W.N. Hugrass, I.R. Jones, M.G.R. Phillips, Flinders University
Report FUPH-R-155 (1979).
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SCREENING EFFICIENCY OF THE SCRAPE OFF PLASMA IN THE SHADOW OF
A POLOTDAL LIMITER
A. Nieolai
fnstitut fir Plasmaphysik der Kernforschungsanlage Jilich GmbH. Associatien
EURATOM-KFA, 5170 Jilich, Federal Republic of Germany

Abstmact

The plasma parameters in the scrape off layer of a poleidal limiter are cal-
culated by introducing additional particle and energy loss terms into the
six-regime version of Diche' code /1/. The plasma has two ion components,
one hydrogen and one impurity species. The impurity influx from the outside,
gasinlet in the oxygen and sputtering in tne iron case, is treated by a two-
dimensional model. Using TEXTOR data it turns out that the screening effi-
ciency of the scrape off layer is about 25% in the oxygen and 45% in the iron
case. The recycling rate of oxygen at the limiter was assumed to be 100% and
the gas puffing rate was fi=1,35-100/sec. The iron ions are supposed ta stick
at the limiter surface.

1. Impurity built-up
1.1 Oxygen

The oxygen influx ¢n consists of two parts, ¢ and \»02, the first of which

o1
bo, = 27 RO2T )
is due to the oxygen gaspuff which is supposed to increase the mean oxygen
density from ng, to ng linearly during the time At. R and ry, are the major
and minor radius (Fig. 1). The second contribution
Tin
=2nak nv n, vvrdr

(nof—noi)ﬂ.\t

Yoz
Tim, i s

emanates from the impurity recycling processes at the limiter surface. A is

the recycling rate. &, and 1y, are the radii of the limiter and liner plane

respectively (Fig. !}, n, is the impurity density summed over all ionization

stages. Ay is the Boltemann factor /2/ and a is a constant /3/ and v, is the

impuritv ions thermal velocity.

1.2 Iron

The influx of iron atoms has during normal tokamak operation essentially
two reasons: charge exchange sputtering at the liner surface and ion sput-
tering at the limiter surface. Arcing, the ablation of blistered macroscopic
iron particles and the selfsputtering evoked by the impurity ions being ac-
celerated in the potential sheath are neglected here though they might be
important impurity sources. The flux of sputtered iron due to the escaping
charge exchange neutrals reads

10 dr .
o = 1 —d
ey fai dE

xln-::cu:

Here the sum runs over the generations of the charge exchange neutrals /3/
and 4 I', ,/dE is the energy distribution of the hot neutrals. ;(,le] is the sput-
ter cue?}lcient /5/-

The flux of sputtered iron released at the limiter surface is obtained as
follows:

Before entering the sheath in the hydrogen ions have one half of a Maxwellian
as distribution function. The sheath leads toc a shift of the energy of the
impinging ions of about ieoﬂi where U is the sheath potential. By folding the

sputter coefficient /5/ For the shifted energy y(E+|e U|) with the distribu-
tion function in front of the sheath, we get the temperature and voltage de-
pendent sputter goefficient

2 2
%, (T, U) = 4 [du \.\3 exp(-u”) ¥(u -kT+\eOUI)

a

The integration variable is u=y/v; where v = /2m /(kT.T is the ion thermal
velocity. Fig. 2 shows a strong dependence ai“ the sSputter coefficient on the
sheath potential if the temperature is below 200 eVv.

The flux of the sputtered iron due to ion impact at the limiter then reads

r
@Fzgg,ul

]
& Agn v X, (T, .0) rdr

)
Tim
Here n; is the ion density, calculated in the diffusion model discussed be-
low, A; is the ions' Boltzmann factor /3/. In analogy to the treatment of
the cold neutrals due to the hydrogen recycling at the liner and limiter sur-—
faces /4/, the density of the neutral impurity atoms within the plasma is
calculated by means of the exprsssion
" i | E
& = e iz '
nul(rl = ;D c{ dbzxp ( v D_J‘ n, <ov>, a1’y
Vo is the velocity of the incoming impurity atoms the distribution function
of which is supposed ta be isotropic and monoenergetic, <ov>, is the ioniza-
tion rate coefficient for the first ionization stage /6,7/. The length 1 is
defined in /4/. Integration of the impurity volume source term
S, = nn, <ov:
over the scrape off region and the central core gives the fluxes of impurity
atoms being ionized in these regions (Fig. 1):
"

= anirsim

o

edr 'S, ; [ rdr §
v e v

the screening efficiency is then given by n_ = 4 /(b + 9).
Inthe oxygen case the fluxes 4_ and _ are 2alcufated anafogously.

2. Diffusion model

The diffusion model emanates from the fact that the transport parallel to the
magnetic field is caused by MHD processes and by parallel electron heat con-
duction on a very short time scale (typically 10 - 30 microseconds). On the
other hand the time scale for the diffusion processes perpendicular to the
magnetic field is 10 - 20 milliseconds. Therefore, if there are closed flux
surfaces in the s.o.l., the densities and temperatures are almost constant

on them, even in case of the impurity ions. By applying the conservation laws
on the region between two infinitesimally neighbouring flux surfaces, addi-
tional loss terms occur in the transport equations which are equal to the par-
ticle or energy flux densities at the limiter surface divided by some charac-
Feristic length 1/2, 3/.

3. Sheath potential and secondary emission

The requirement that the net current density due to the influx of hydrogen
ions, impurity ifons, electrons and due to secondary electron emission should
Vanish locally results in an equation of the sheath potential /2,3/. As there
re strong relaxation processes (two-stream and the mirror instability) in
the bulk of the scrape-off region deviations from the Maxwellian distribution
function are supposed to be negligible.

4. Results

Various calculations concerning the TEXTOR device (l’i'“:SG cm, rln=54 cm,
R = 175 cm, toroidal field Bt = 20 kG, plasma current I_ = 476 kA, mean den-
sity n = 2-10 3 cm) have been done. Some typical results are given below.

4.1 Oxygen

If an oxygen gaspuff which raises the oxygen content from 1% to 3% is applied
between 400 and 430 ms, i.e. during the flat top phase, one obtains at the end
of the gaspuff the parameters shown in Fig. 3. The hydrogen density deviates
strongly from the electron density at the limiter edge, because Zaff is
about 4 here. The temperature distribution is very similar to the case with-
out impurity inlet /2/, as the radiation losses are still small compared to
the limiter losses. About B5% of the charge flux of the incoming electrons

is balanced by the secondaries and only 10% by the hydrogen and 5% by the
oxygen ions, so far the limiter edge is concerned. The impurity density there
is about 20% of the hydrogen density. The impurity profile deviates consid-
erably from the graphs of the other plasma parameters characterized by an
almost exponential decay. The reasons are the strong deposition by the gas-
puff and the decrease in the loss term due to the lower thermal speed of

the impurities. Fig. 4 shows the different ionization stages of the oxygen
which are calculated from a time dependent coronal equilibrium, i.e. by

means of the rate equations. Their solutions is interwoven with the solution
of the diffusion equation /B/. This procedure seems to be reansonable for

the central core, but is somewhat doubtfull for the scrape off region be-
cause of the steep gradients and the strong flow parallel to the magnetic
field. Nevertheless, the concentrations of the ion species 05-07 shown in
Fig. 4 had been calculated by this procedure. The position of the maxima
should be typical, whereas the wings of the curves might be not so steep in
reality. The density of the neutral oxygen is in the limiter plane about 30%
smaller as in the liner plane. 100% recycling at the limiter surface is
assumed. At 430 ms the particle fluxesd,, . ¢(’2, ¢a and ¢: are 22A, 40A, 15A
and 47 A, so that the screening efficiency is 24 $.

4.2 Iron

The fluxes $F, = 0.87 A and Pp__ = 0.61 A, calculated at 430 ms are of the
same order of magnitude. The flsgas $5 and ¢. turn out to be D.64 A and
0.85 A respectively so that the screening efficiency is 43%. As expected
the screening efficiency for iron is higher than that for oxygen. As it is
assumed here that both fluxes ¢p,, and ¢pez are released in the liner plane
the screening efficiency might be somewhat overestimated. As a similar con-
sideration applies also to the oxygen case, the screening efficiency cal-
culated here might be also somewhat too high.
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Experimental Studies of Scaling Laws in a Cold Mantle
J.R. Drake and A. Kuthy
Royal Institute of Technology, 5-100 44 Stockholm 70, Sweden

Abstract: The classical one-third power scaling of the plasma density with
the neutral density was observed down to a plasma density of 1.2x]02]m'3
with a neutral wall density of 2.4x10%%™3 and a field strength of 0.5 T.

Introduction: A cold-mantle is a shell of interpenetrating plasma and
neutral gas surrounding an impermeable plasma core. In this shell, the
neutral density, ny,is determined predominantly by diffusive pane‘tration
of neutrals into the cold mantle from a source region outside the cold-
mantle shell. The diffusive scale length is L0={.\Ex:\m“)”2 where Aex and
Aiun are the neutral mean free paths for charge exchange and ionization
respectively. The cold-mantle boundary layer regime is attained if the
plasma temperature, Tb' is above 2 eV and the product of the pl?;mfz
density, ng, and cold mantle thickness, & , satisfies nA 2 10 °m ['l].
Experimental studies of scaling laws and observations of plasma density and
temperature profiles and neutral penetration were carried out in this
parameter regime in the F [ rotating plasma device.

In this regime, the cbserved scaling between " and the neutral
hydrogen atom density at the wall, M followed the scaling law given by

Wi ‘"m“z)m
where B s the magnetic field strength. In this paper we report
.verification of this scaling to lower neutral and plasma densities than
previously reported [2,3]. This one-third power scaling law implies that
y is predominantly determined by the particle and momentum balances.

In addition, we have measured plasma n and T profiles at various
pover input levels and have calculated the neutral profiles using the
Boltzmann equation and these measured profiles. The observed plasma
density profiles and amplitudes were comparatively intensitive to P,
but the temperature profiles and amplitudes were strongly dependent on P.
Temperature increased with P, In the calculated neutral profiles, La was
dependent on P through the strong dependence of Aiun on T in the 2-eV
temperature range. In fact, the criterion for sustaining an impermeable—
core plasma was maintaining the core temperature above 2eV¥ [4]. For all
values of B and Ny e observed that the penetration of neutrals was
determined by these temperature profile effects.

Apparatus: The experiments were carried out on the F I rotating plasma
device which has a purely-poloidal spherator magnetic field [3]. The azi-
muthal E % B rotation velocity is sheared and therefore the plasma is
heated through fon viscosity. This provides a technique for coupling high
power inputs, up to 10°W/m™, to the plasma. The device has the disadvantage
that particle and energy transport parallel to B give losses to the in-
ternal ring support. However in the experiment discussed here, the rotation
parameters and B were such that transport perpendicular to i dominated
and the particle containment scaled classically like Bg. The central plasma
density ranged from 16107073 to 6x10%'n™? and the central temperature
from ZeV to 15eV depending on field strength.filling pressurc and power,

The experiments were carried out with a typical poloidal field of
0.5 T. Classical highly cellisional ion transport in this spherator device
with g=0 is roughly equivalent to that in a tokamak with q=3 and a toroidal
field strength of 1.5 T.

One-Third Power Law. The scaling law relating the plasma density at the
edge of the impermeable core to the neutral density at the wall is derived
by assuming the presence of a steady-state fluid balance between the outward
diffusion flux of ions and the inward diffusion flux of neutrals. The
friction between ions and neutrals is neglected when considering the
ion-fluid moneritum balance so that the ion diffusion flux has the classical
form 1, = nfo 2T V(y 0 ¢ 7 1s2T).

However, the dominant term in the neutral fluid momentum balance is the
friction exerted on the neutrals by the ions through charge exchange colli-
sions. Thus the scaling for the meutral flux in regions where nen; is given
by [y=7,(nTy)/n. If the temperature profile effects are neglected in the
cold-mantle boundary layer, a spatial integration of the flux balance gives
the one-third power law.

This predicted scaling has been experimentally examined. The plasma
density measurements were made using interferometry. The Tilling pressure
vas taken as the neutral rressure at the wall., The dense plasma volume
represented only about 10% of the vacuum volume so we assumed that the
vacuum volume was an infirite reservoir of room temperature neutral hydro-
gen, In Fig. 1, we show the plasma density versus the filling pressure ex-
pressed as a neutral H-atom density. The field strength was 0.5 T and densi-
ty values were taken at a constant density-normalized power input level of
4&104 eV/sec per ion. The scaling followed nﬁlnhl-:ﬁ down to values where

the ratio "b’"lw was 5.

i nbﬂo21 m3) o-
o0

8
— |
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Fig.1. Ny, versus n showing the one-third power law-scaling.

To demonstrate the classical nature of the particle containment, we
show the scaling of Ny versus B at a Fixed M and fixed power input
in Fig.2. The scaling followed the classical expectation, nh“BZB.

Neutral Penetration: We have calculated

the neutral profiles for various power
inputs by numerically integrating the
Boltzmann ecuation using experimentally
measured N and T profiles. These
calculated profiles show an increased
penetration of the neutrals with
decreased power input. A minimum o X

power, P_. . was needed to maintain 1 . /;*. IB(T)
the core temperature above 2eV while
also, of course, replacing the energy
losses from the system due to enthalpy
transport, conduction and radiation {-ﬂ If P was below Pnn'n’ the core
became permeable to neutral penetration.

np102m-3)
0=09 MW

x=04 M:;’)/(

Fig.2. Scaling of Ny, versus B.

Figure 3 shows examples of the experimentally measured n and T pro-
files. The outer half of the profiles on the equatorial midplane are shown
as a function of the major radius, Only two power inputs are shown for
clarity.

In Fig.4, we show the calculated neutral profiles based on n and T
profiles for different power inputs. Note that with higher P, the neutral
density decayed rapidly starting immediately inside the limiter. The inner
neutral density was determined solely by recombination at these powers. For
decreased powers, the peutral penetration was increased and, at P=0.24 MW,
the central neutral density was attenuated by less than a factor of 10.

P=09 MW
012
o _n(o2m3y| 2T
3l | L 0.24 -
] I9F 0.42 ]
2t {5 98
P=0L W 1k 1
24 *\ &
L N - P=0.92 MW
1T Ttew) - Syt .
nnoI2| m_|3)/l 1 1 1 1 1 i 1 1 1
22 23 % 5 Jegg[ 22 24 26
major radius(c major radius {cm)
Fig.3. n and T profiles. Fig.4. n profiles.

As seen in Fig.4, the plasma core was permeable at P=0.24 MW. In the
F I rotating plasma device, this transition to a permeable core was easily
seen experimentally. The axisymmetry of the system was lost and the plasma
broke up into rotating spokes which were evident on all diagnostics. Thus
the calculated neutral profiles are consistent with the other experimentally
observed characteristics indicating the transition from an impermeable to
a permeable plasma core as a function of power input.

Conclusion: The plasma density amplitude followed the one-third power sca-
ling law for ]xlclzl Zlm'J even though the derivation of this law ne-
glects temperature profile effects. However, the temperature amplitude and
profile was strongly dependent on the power input and, in turn, the neutral
penetration scale length was dominated by the temperature profile effects.

<nb<6x]l]
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wile rLCHGIGQUE COF IR HOLOGRAPUY AT 10.0 um
FOR LASLR-PRODUCED PLASHMA DIAGUOSTICS

E.M,Barkhudarov, V.R.Berezovskii, T.Ya,Chelidze,
G.V.Gelachvili, K.Il.laktakishvili, H.L.Tsintsadze

Institute of Physica, Academy of Sciences of the Georglan SSR,
Tbilissi, USSR

mﬂﬂgﬂ The results of the development of IR holographic inter-
ferometry technigue utilizing a pulsed CO, laser (A= 10.6 fm) are
presentied. The possibility of its application to diagnostilcs of a
jaser-produced solid target plasma in vacuum,as well as a laser-
-produced spark in a gas, has been demonstrated.

In studying the high-temperature plasma in devices of Tokamak
type, theba=pinch, plasma focus etc. the necesslty to measure the
electron density of the order of 101%410"% ¢n™? arises. In this
case it 1s advisable to ubtllise an infrared (IR) interferometric
technique at A= 10.6 Jm wavelength (instead of the visible light)
realized using & pulsed EDE laser, since it provides essentlally
higher sensltivity and allows one to attribute the measured inter-
ference fringe shift entirely to plasma electrons.

In the present work the possibility of the application of
double-exposure IR holographic interferometry technique at 10,6 pm
to diagnostlos of a laser-produced solid target plasma in vacuum,
as well es @ laser=produced spark in air, has been demonstrated.
The solid target plasma was produced using a pulsed 002 laser of
microsecond duration. The study of sush a plasma is of ronsider=-
able interest for the problem of magnetie trap £illing. Experi-
ments were carrled out in a stainless steel vacuum chamber. The
double-discharge TE CO, laser generated a radiation pulse of a
complicated shape - a peak of =100 ns width was followed by &
"tailw of 1.2 )5 width., The leser radlation energy wes 60 J. The
radiation was focused onto the surface of an aluminum target by a
concave oopper mirror of 15 ocm focal length. The maximum radlation
intensity in the focus was ~10" w/on?,

A pulsed double-discharge TE 002 laser was used for obtaining
IR holograms of the plasma., The laser was operated using a gas mix-
ture with small nitrogen content, generating a radiation pulse of
about 10 J enexgy, the predominant pert of which wes concentrated
in a peak of T~100 ns width. The beam dimensions at the laser out-
put were 2.5 X 4 cma. Holograms were recorded using a usual double-
=beam scheme, on different polymeric materials [1].

Double-exposure IR holograms of the laser-produced solld tar-
et plesma in vacuum have been obtained for a series of times up
to 2 Je after the initial peak of the plasma-producing laser radi-
etlon pulse. Plasma holographic interferovgrems have been reconst-
ructed from them using a He-Ne laser, one of which, taken et t =
= 100 na, is shown in Fig. 1., The guality of interference fringes
is quite satisfactory, indicating, in particular, that temporal
resolution of 100 ns ie sufficient for studying such & plasma. Fi-
gure 2 ghows radial electron density profiles at four distances (x)
from terget surface obtained as a result of a quantitative treat-—
ment, using Abel inversion, of fringe shifts measured on the inter-
ferogram in Fig. 1. As it follows from Fig. 2, the electron densi-
%y determined in this experiment at +t = 100 us and at the distance
of about 2 mm from target surface varies from the axis to periphe-
Ty by two orders of magnitude, falling %o the value Ui, m(2-3)s10"7
o2,

The technique has been also tested on a laser-produced spark
in a wige range of air pressure = from atmospheric to a few Torr.

The spark was produced by a ruby laser (radiation energy 0.5 J,
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pulse widath 25 ns), us well as the pulsed (‘.02 laser described
above. Later stages of the spark development (t>2 }la after air
breakdown) have been studied. Fizure 3 shows, @8 an example, radi-
8l electron density profiles in the ruby laser-produced spark pla=-
smu at 6,2 and 9.6 jm after breakdown. It should be noted that
quantitative results obtained in the present work are well consis—
tent with electron density data obtailned in [2—4] for earlier pha-
ses of the laser-produced spark development.

Figures 2 and % show that IR helographic technigue permits to
measure, for studied objects, minimum electron densitiea as low as
of the order of 1017 ca™>.

As to the pulsed 002 lager-produced spark, our results point
to rether complicated spark structure due to the existence of se=
veral areas of energy release and interaction of produced shock
waves. In this connection a quantitatlve treatment of obtained ho-

lographic interferograms is difficult.
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Introduction In past years, cross-field-current driven micro-
instabilities have been intensively studied, particularly in con-
nection with anomalous ion heating in plasmas produced by relativ-
istic electron beam injection into mirror mnchinesl and the modi-
fied Penning discharge.2 Among these instabilities, a lower-hy-
brid instability, with frequency between the electron and ion cy-
clotron frequencies, is easily destahbilized by ExB current. This
instability can play an important role in enhanced ion heating,

On the other hand, this heating mechanism has been regarded as

the Joule heating due to collisional thermalization of the kinetic
energy of ExB drift motion generated by the radial current.
Thus, the heating mechanism is still not clear.

In the present paper we would like to point out that a basic
process of ion heating in the crossfield configuration in a mag-
netic mirror field is Joule heating due to collisional thermali-
zation of ions, after the investigation of the instabilities.
Further, the increased ion confinement is investigated by measur-
ing the confinement time directly.

Experimental device The experimental apparatus is essentially the
same as that reported elsewherc,3 except the diameter of the heat-
ing section with 30 cm. The plasma density in steady state is
varied berween about lﬂ1 ta 10 em® ina He-gas of a pressure
less than Z:clll'4 Torr. For measuring the transient state, the
above plasma is chopped electrically with repetition rate of 10

lHz and about 50% duties. The characteristic decay constant of

the plasma current is less than 20 ps. Diagnostics including a
floating double probes, a small diameter (Smm$ ) Farady cup and a
double monochrometer are used for measuring the plasma particle
confinement time, electron and ien temperature and their energy
distribution functions. Instabilities are observed by using
Langmuir probes in steady state.

Results Ion temperature is measured in steady state by using the
monochrometer in a dense plasma, while the Farady cup is used in
a dilute plasma. A typical example of the spectrum around HellI(
4686 K] line is shown in Fig.1l(a) as a function of the difference
in the wave length, A}, with a parameter of the heating voltage
Vi applied across the magnetic field. The monochrometer is fecus-
ed on the plasma axis in the middle of the mirror field. From
this figure we can easily recognize that when VH is small, the
distribution function shows the equilibrilum state, but it shows

n The cold-
er component is suspected to be the plasma flowing into the mirror
field region through the orifice without frequent collisions.

two components distribution with higher voltage of V

From the gradient of the curve we can obtain the ion temperature
as an example is shown in Fig.1(b). The celder part does not
change very much with the increase of the heating voltage, while
the hotter one changes in proportional to the squre of V".

The particle confinement time is measured directly from the
decay curve of the floating double-probe current hy chopping the
plasma current with a decay time less than 20 ps. A typical ex-
ample of the decay time, ©, is shown in Fig.2 measured at several
points in a radial direction. As clearly seen from the figure,
the decay time_of about 100-200 us increases to about 1.5-2 ms at
V”= 100-200 volts without no significant increase of ion tempera-
ture, although it depends on the radial positiens. Further in-
crease of VH decreases the decay time and again increases it.

This is reasonable because the particles existing in the off
center rcgion are trapped electrostatically as this is aimed ori-
ginally for the present system, At the high voltages of VH the
ion temperature increases and the density also increases because
of flattening of the density profile in the steady state opera-
tion as already shown in Ref.3. In the transient state, however,
the current for heating ions decreases very rapidly compared with
the decay time, 7. Thus the ionization within the decaying phase
might not be very effective.

The relation of energy balance of ions may be given as follow

40Ti) nry - Lar, -0 (1)
in a steady state, wherc the heating rate R“
Ry %% Vgt Vo) (2)

is given as

by assuming the collisional thermalization, and t© is the particle
confinement time. Vi is ExB/B1 drift velocity and ¥ is the ini-
tial particle velocity. Here the particle enmergy is gained
through the cross-fleld kinetic energy.
Thus T, - %M WE: +v.h TTI (3)
By the crude assumption of VH=Ear’ where Rn is the radius of the
chamber, Ti changes with VHZ as shown in Fig.1(b) by solid line.
The confinement time 1 is discussed as follows; If the ions
with energies A4¢ are confined in the axial and the radial poten-
tial well for a time T required for them to diffuse upward in
energy above the barrier height. For ¢ > ZTi’ T may be given as
follows simillar to the result by Pastukhov
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These features are qualitatively in coincidence with the experi-
mental results observedin Fig.2(b), while Fig.2(a) are not ex-
plained by this manner because of the plasma ncar the core flown
away by the centrifugal force.

The instabilities are observed with a Langmuir probe ina low
density case, Only the ExB type low frequency flute mode has
been observed, which frequency is in proportional to ExB drift
velocity. No strong instabilities near the Lower Hybrid frequen-
cy have not been observed.

Ar gas of about 10% is imposed in the present system to make
a mixed Ar and He plasma for intending to observe the ion mass
separation caused by the centrifugal force in the radial direc-
tion. Preliminary results show that the Ar gas originally con-
centrated near the column center spreads out toward the chamber
wall, while He ions remain near the column center. This shows
that the mass separation is possible with the difference of ion
mass and the possibility of the gas blanket is suggested in the
cross-field rotating type plasma.
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Fig.l. (a) Spectral intensities observed around Hell (468@ ﬁ}_
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The Dynamics of Alpha Particles in
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Abstract. The Tandem device has been advanced as a mirror con-
Finement scheme with potentially large 0 (ratio of fusion power
to injected power) value. Several previous calculations have
shown that Q values of about 5 are obtainable for realizable
fields and sizes if the alpha particles from the D-T reaction
are selectively removed. 1In this paper we solve the full set
of particle and energy balance equations that characterize the
multispecies plasma including fast and thermal alphas and exa-
mine various alpha-associated processes that could impact the
g-value of the system.

Analysis and Results. One of the exciting schemes that have
recently been proposed to _enhance the Q-value of mirror machines
is the Tandem concept. (1r2) This device which consists of a
long solenoid in which the magnetic field is nearly uniform,
and two end, minimum-B, mirrors that serve as "plugs". By
making the electron density in the plugs much larger than that
in the solenoid an ambipolar potential is set up which provides
the desired confinement for the plasma in the central section.
As a reactor it is expected that most of the fusion reactions
will take place in the solenoid, and because of their large
charge number the alpha particles generated by the D-T fusion
reactions will be better confined by the electrostatic potential
than the ions. As a result, the Q-value of the system will be
significantly affected by the longer confinement of the alphas
and some means must be found to selectively remove the alphas
without totally destroying their role as a major plasma heating
source. In this paper we examine some of the processes that
might contribute in a positive manner.

We begin by noting that the system can be characterized by
a full set of coupled particle and energy balance equations for
each species in the three regions of the device. These equations
can be found elsewhere(3), and in the interest of brevity and
space we include only those pertaining to the central section.
For the ions in this region the particle and energy balance equa-
tions are given by
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where S, is the ion injection rate, Eyc is the ion injection
energy, ¢, is the Tg?ropriate confinement time, Wi is the
energy exchange rate between the two thermal species repre-
sented by the indices, f is a non-escape probability of the
fusion alphas, and Q¢ denotes the energy given to the ions
directly by a fusion alpha as it theramlizes. The first term
on the right hand side of Eg. (1) represents the net fueling
rate by neutral injection that includes ion losses due to charge
exchange. If one ignores the atomic processes (i.e., ionization
and charge exchange) with the alpha particles and assumes that
the electrons and the ions of the plasma have the same temgera-
ture then the charge exchange loss term can be written as (5)

<:<T(Ij%x 3 -8
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where T is in keV. Since the electron and ion temperatures are

not the same and since the atomic interactions with the alphas
cannot be ignored we have revised the above formula to read
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with the last two terms in the denominator representing alpha
ionization and charge exchange respectively. Analytical formulas
for all the terms in (4) including dependenc? ?n plasma tempera-
tuxg and injection enegy have been developed 6) and checked
against experimental data, and subsequently incorporated in the
Present analysis. The effects of the alpha terms in (4) on the
Q-value of the system will be addressed shortly.

Equations similar to (1) and (2) can be written for the
alphas in the solenoid while for the electrons in this region the
Particle balance equation is replaced by one that yields the time
evolution of the ambipolar potential 3} standard balance equa=
tions are written for the electrons and ions in the plugs where
it is assumed that no interaction takes place between these par-
ticles and the fusion alphas that escape from the solenoid. For
the particle and energy conf{nement times in the plugs we use
formulas deduced elsewhere{3) while for the end losses from the
solenoid we emp}o¥ a multispecies modification of Pastukhov's
formulas namely (7
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Plasmo Q Ratio
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where Che is the Familiar 90°
appropriate plasma mirror ratio.
with species k is given in terms
for small alpha densities in the solenoid this constant takes
on values of 1, 2, ~ 4 for electrons, ions, and alphas respec-
tively. It must be kept in mind that in applying Egs. (5) and
(6) to the positive species in the central cell the guantity v
should be understood to represent the difference between the
solencid and plug potentials.

In its simplest form, the magnetic field in most of the
solenoid (i.e., excluding the transition region)} can be viewed
as uniform so that in addition to the end losses described
above the particles will undergo classical diffusion across the
field. However, due to the non-axisymmetry imposed by the mini-
mum-B plugs, Ryutov and his coworkers (8) have recently shown that
the particles will undergo neoclassical and enhanced radial
transport due to resonant diffusion arising from such field con-
figurations. In this calculation we include only the neoclas-
sical effect which has been shown to be proportional to Bohm
diffusion. With this in mind we introduce the following confine-
ment times

collision time, and R is the
The constant C iﬁentif;TG
of densities and masses'’; and

E,

_J—= C.BH < € B \* (N
(7)), {207 N (c_c)
& c Ep & (8)
=SB S
(T, 127 Ay, (ic_:)

where the coefficient Cpy includes among other things geometric
factors.

We have focused our attention in this investigation on
three machanisms which the alpha aprticles can participate in
and indirectly impact the Q-value. by solving an appropriate
Fokker-Planck equation we find that the self-scattering of fast
alpha particles in a mirror geometry does not significantly
change their lifetime and hence does nc? ?ontribute measurably
to slective removal of these particles. (? We find that by
including alphas in Eq. (4) a sizable increase in the Q-value
occurs as shown in Figure 1. This increase can be attributed
to the fact that ionization of neutral particles by alphas in
a steady state operation leads to a reduction of charge exchange
losses which in turn manifest themselves in higher Q. Results
based on Eg. (3) are shown in the lower curve.

Although all species are allowed to undergo neoclassical
diffusion in the central cell the fact that the step size is
proportional to the Tarmor radius allows for some measure of
preferential diffusion of the alphas. This must, however, be
balanced against loss of heating when too many alphas diffuse.
Although it does not represent an optimum case Figure 2 shows
the dramatic increase of Q with increasing value of the Bohm
diffusion coefficient. The same effect can be seen in Figure 1
althongh lnss af heating and possible excessive loss of ions
at high diffusion rate will ultimately bring the Q-value down.
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SUPPRESSION OF PLASMA LOSS FROM MIRROR ENDS
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Abstract: The ponderomotive force of r.f, field near the elec-
tron plasma frequency is used for stabilizing the drift-cyclo-
tron loss-cone (D.C.L.C.) instability as well as suppressing

the plasma loss,

The plasma produced by the lisitano coil flows to both
directions, and is reflected by a mirror field at only one side.
The operating pressure of Ar or He gas 1is 10'“ Torr, and the
electron temperature and the plasma density are the several eV
and 10?7~ 10!° en™?, The plasma is thought to be collisionless
under the experimental conditions with only the half mirror,
aince the ion-ion mean free path is comparable to the vessel
length. The cavity, which has the diameter of 30 em, the Q
value of 2500 and the resonant frequency of 763 MHz without
plasma, is mounted near the mirror field, The r.f. power of
200 W is fed to the loop-antenna inside the cavity operated at
the Ty o mode. As the direction of the electric field inside
the cavity is almost parallel to the static magnetic field, the
interaction between the two fields is not serious.

After the mirror effect is investigated without r.f. field,
the effect of the r.f. field for the suppression of the end
loss is studied}‘z) In Fig.l are shown the typical experimen-
tal results in Ar gas with the r.f. field of 500 V/cm inside
the cavity. The incident waveform to the cavity and trans-
mitted one through the cavity are shown by the upper 2 traces.
The trace of the electron saturation current Ige at the bottom
figure shows that the plaamn loss at the mirror end is sup-
pressed by the r.f. field, At the same time, the plasma den-
sity increases at the mirror center as shown by the third trace.
Then the adiabatic confinement without following the ion and
electron heating is achieved. In Fig.2 18 shown the dependence
of the suppression ratio of the end loss on the net input power
Pi to the cavity, where Igag is Igg without r.f, field andAIge
is the absolute value of the decreased Igg. The theoretical
curve is obtnined from the explanation of Fig.l,

The spontaneously excited wave with the frequency close to
the ion cyclotron frequency is observed in the plasma of He
gna?) This wave localizing in the radial region with the sharp
density gradient propagates in the azimuthal direetion of the
ion-diamagnetic current. The measured dispersion relation of
the wave is in good agreement with the theoretical prediction
of D.C.L.C, instability, In Fig.3 are shown the ion saturation
current Igj, the electron temperature Ty, the space potential
and the amplitude of the wave for the mirror ratio 3 as a func-
tion of the radial position r, The curves a and b show the am-
plitude of the wave with and without r.f. field of 65 V/cm.
This shows that the D.C.L.C. instability is stabilized by r.f.
field.

The machanlsmaj) of the suppression of the end loss and
stabilization of D.C.L.C. instability are explained by Fig.h,
which shows the velocity space in the mirror center, The dot-

ted region contains the charged particles flowing from the

region of the plasma production toward the mirror field, The
horizontally and vertically hatched regions contain the parti-
cles reflected by only the mirror field and by the ponderomo-
tive force with the mirror field respectively, where Y and ¢
are the quasi-potential produced by the ponderomotive force and
the ambipolar potential. Since the loss-cone velocity distri-
bution is converted inte the loss-hyparboloid one by the pon-
deromotive force, the D.C.L.C. instability is stabilized. The
proposed method to stnbilize the D.C.L.C. instability does not
need the potential of the intense r.f, field which 1is compara-
ble to the kinetic energy, since the confinement of only the

low-energy ions is necessary to change the loss-cone distribu-

tion.
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POSSIBILITY OF MHD-STABLE PLASMA CONFINEMENT 2) a decrease of the plasma pressure along the axis is slow, tor example
Til Ali AXTSYMMETRIC MIRROR MACHINE as r? ¥ —éﬁ ld s €1 (2= 1’-‘{245 are the coordinates of the mirrors)

V.V,Arsenin end f is locelized near the mirrors (for instance, = congb Je

1.V.Eurchatov Institute of Atomic Energy, The case o = ‘-21 [6] s for instance, can be realized &t L >>(g—i)j
Moscow, USSR Te e

(this inequality does not contradict to the general concept [1} b
stability of @ hollow plasma in an exisymmetric mirror machine is when i-e cooling is faster than i-i scattering.
juvestigated in the presence either of an azimuthal current in the near-
axis winding, or an exial current in the paraxial approximation. Stebi- =5
1ity is possible, in perticular, in the case without minB in the plasma. ready pointed out [ ! } . The paraxial approximation used alows us
i) Sbo quedrupals geomwtad Gf $he end girzor io en esbipalew o %o find & clasa of long stable configurations. As min B exists both in
trap [1] gives rise to "neoclassical" transports [ ] it is interesting
o enalyze possibilities of MHD stability in an axisymmetric case. It is
sufficient to consider an end trap.

The existence of stable axisymmetric configurations has been al-

this approximation and in the limit of short plasma ring removed from
the axis [?1 e hope arises that it is possible to find a compact

1. A system with & near-sxis winding, We proceed from the stability configuration suitable for a reactor.
criterion for potentisl perturbations in rarvefied ( A~ 0) plasmes, 2, Stebility in the system with exisl current. The existence of
ey g -
W=-1i jdq)jig (E_,_Veﬂ B)(E v NP +pu) > 0, ) a shear in hollow systems with axial current alows the stabilization
of all modes. A simple example is & plasma with ilsotropic pressure
in ordinary notations. Eq.(1) is valid also for finite S << 1, provi- (mirror ratio A>>1 ). In this case it is sufficient to prove the sta-
ded the plesma radius R is much less than the plasma length l&, (Lp is bility in magnetohydrodynamics [9} « The potential energy
. il d 2
.,E;.:z]e order of the field variation length L if the mirror ratio is~2 ) W= J{m'flmzzz[(gzﬁzhmee):zf + (K2 Bz +m69)%‘} ¥
1 2 (7)
5 2 F dn »2
K -Mm = of
Let & nearaxis region of the trap be empty, there is a winding +( ZB.E 89) z2 ]'7_6/2. T 4”]-6 Az F ?-dt;
%=g , the surface density of the azimuthal current i(z) (¥ige1). Then where the first term corresponds to perturbations cos( m& - KZ ) in
#2 arlp
21 é(z) - ?' €%+ g fitn r 2 " & cylinder without mirrors end the "gravity" G ~ AT '%?;U; immitates
¢ the effect of the field curvature in the presence of mirrors. The

/ Qa 7. a
By=-48"% + Z—,C(it)—-z— §
stability takes place if the positive minimum of the first integral

whare f:»giréil , 1 - is the variation length of i(z) (1> a).
& (this minimum occures on the perturbation localized near r  where

- = 1 stability. If the Le ai; > & th
h - 3% i A £7 e mB_-kz A, =0) is larger than the second term:
first" mode § =& cod@ 53¢ =0 cen be unstable [5] . ®or 6 2 AR
r 2
this mode, B; (1 + 2g:° %@) 2 P lyl-r B, . 8)
z 12 4 2,2 2
=240 E 2 38"y, P ys 4 @7 (go(E747 2
W “'qu)jg” (g E?)z 2z dz +2.{2 Idlpjglca ’SE dz, (3 ( L, is the mirror length).
2 fo) | 283 3
where (z) =|T £2 | fda - denotes the radius of a 2§
r(z) =[ (O)g(;)) +7F JJC ] D S TR Tt is satisfied if 393/3%(‘2.43} ? md v ity 1+ 2LE L 4o
2

magnetic force line, p = Py +P, . Two terms in Eq.(3) describe the
nowhere close to zero in the plasma. The latter requirement gives the

instability of a hollow plasma in the ebsence of the inner winding (a
limit ﬁ <L 1.

suitable mechanicel analogy is a rigid ring on the potential mountain
with a "flat" top, Fig.?a) and the stabilization effect of positive

on the inner boundary of the plasme tube ( & ring on the mountain with I ' \ Fi_g.f
8 sh 8 i
arp top, Fig.2" ). Stability is possible if 2 + We emphasize E - : : E '1! r { { {, - E

that min B is not necessary to stabilize m = 1 mode,

142 Stability of other modes. Min B. Oply the constancy of & with

respect fo r was essential in the above proof of the "first” mode

“Bhillt'.;. Therefore, perturbations m > 2 are also stabilized, pro-
Yided oE w0, MOTEEN ”
>% eover, A special choice of i(z) gives a possibility References

o suppress all the perturbations. In tact, we see from
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here W, 4o defined by Eq.(3) (for § = const the latter term :
6. E,A.TpyOHukoB, Plasma Fhysics and Controlled Nuclear Fusion Rese—

in Bq.(5) vanishes ). A simple example is a plasma with Lpéﬁ L (eni- 1 I —
arch, v.1, pP.83. " enna, -
7.J.Andreoletti Comptes rendus, 257,123%5 (1963).

8, H,P,Furth. Phys.Rev.Letters, 11, 308 (1963).

3e%Topic pressure ), In this case Eq.(5) reduces to the conditions:

the roots of quadratic form

2 3 T 2
X JE pdz ..x.f.ff pdz + ZZE J( ipdg | x =_'g: , - 9. M.Kruseal, C.Oberman. The Sesond Intern,Conf. on Peaceful Use

£ a

of Atomic Energy, Geneva, 1958.

Ars
PoBitive and radius T, corresponding to the lesser root coincides
"th the position of mex p(r) (the outer plasma radins R must be <r,).
Th
®8¢ conditions are satisfied, in perticular, if 1) the ratio LP/L is

8 I
Uificiently small and § ~ % ( for instance §= comsts z ) or
B
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ELECTRON HeATING UNDER TEE INFLUENCE OF THE ION
CYCLOTRON INSTABILITY IN A MIN-B MIRROR TRAP

Zhiltsov V,A,,Kosarev P,M.,Penov D,A.,Skovoroda A.h.,
Shcherbakov A.G.
I.V.Kurchatov Institute of Atomic Energy

It is well kmown that neutral beam injection in a mirror
machine is accompanied by various typea of the ion cyclotron
instabilities (ICI). These instabilities are characterized by a
comparatively narrow frequency spectrum with msxima arranged in
the wvicinity of the cyclotron fregquency and its harmonica. The
enhance loases of particles from a trap are often observed si-
multaneously with the ICI development. It was shown in the Ogra-
3B experiments [ 1] that the enhance losses actuelly exist
only if et the same time there are low frequency oscillations
in the plasma, which were drift oscillations in that particular
experiment. When ICI appeared as a series of bursts the low fre-—
quency oscillations looked like " ringing after blow". When
ICI appearsd as & gtationary oseillations, then the low frequen-
¢y activity and particles losses were much lower.

In this report we discuss the behavior of plasma electrons
in the presence of ICI in Ogra-3B installation.

It was Tound out that during each burst of IC1 the peak of
electron flux along the axis of the trap is detected. As these
electrons overcame very high potential barrier (it reached
10-15 electron temperature) and the axial flux of electrons be=
tween the bursts was undetectable. It was necessary to suppose
the longitudinal acceleration ot the electrons in the oscilla-
ting field of ICI, the processes well lkuown after the experi-
ments in Ogra-1 installation [2] ,

Fig.1. shows the electron temperature dependence on the
product of the plasma density and its time of life nT with
the central field equals 13 kGa. The life time T in this expe-
riment was limited mainly by charge exchange and was equal ap-
proximately 0,3 s. The arrow indicates the threshold of ICI.
Electron temperature was calculated from the measured line pro-
tite of the super high frequency wave absorption at the electron
cyclotron frequency in the minimum B reglon of the magnetic
field |_-3I + In this case the line profile ia described by the
Doppler shift, that permits to find easily the longitudinal ve-
locity electron distribution function. It is clear from fig.1
that ICI development followed by significant rise of the elect-
ron temperature. In the region of the ICI activity the tempera-
ture dependence on AT is more steep than classical one propor-
tional to (AT )7 .

The time dependence of the electron temperature in one in-
Jection impulse is shown on tig.2. Distribution function has
some deviation from the maxwellian profile so '"the temperature
calculated from the teil of the distribution function (dotted
curve) does not coineide with "mesn electron temperature", The
difference become visible after the sppearance of ICI.

Figa5. shows the limitas of ICI on the electron temperature
- ion angular anisotropy plane calculated in [4] .Horizontal
solid line indicates the region of parametera observed in our
experiment. So at highest electron temperature the stable re-
gion was reached.

The rise of the electron temperature in the presence of ICI
and the delsy of the electron heating process may be considered
as a cause of a relaxation mechanism Jf the burasts generation.
After the beginning of the ICI oscillations the longitudinal
electron temperature with some delay reaches the region of sta-
bility and burst stops itself. The electron bemperature relati-
vely slow dropa down and plasma again gets into unstable region
&nd the next burat begins to nevelop. Apparently the interval
between bursts must be of the order of the electron-electron
collision time T,,. Bxperimentally measured intervals between
bursts as a function of plasmc density showm on fig.4 (solid
points), Solid line represents the tunction 27..(n ) and it coin-
sides with experimental points rather well.

Some processes may be responsible for electron heating du-
ring the ICI bursts. They are electron heating by high energy
ions generated in burstes, resonance phenomena on the plasma
boundary where the plasma resonance conditions are fulfild, the
of the longitudinsl oscil-
lations of electrons in the electrostatic potentisl well and ICI

resonance between the frequency wi

frequeney . The latter process is rathe. effective in a pa-
rebolic wall ‘P = ‘f'a( 1+ ( 25/L)2), were frequency of oascil-
lations does not depend on the electron emergy (here Y, is the
plasma potential and L is a characteristic longitudinal dimen-
sion of plasme). In our experiments the resonant condition

w; = Wg may be fulfild. The investigations of the longitudi-
nal strueture of the ICI waves showed us that two types of wa-
ves were exoited - symmetricel waves Y = { cos(F2/L) end
entisymmetrical Y = ¥ 8in(97 z/L), where ¥ is emplitude of
ICI oscillations.

If we take into account that in eaech period of oscilletion
electrons being in resonance with ICI wave can rise their ener-
gy only on a small quantity,it is not difficult to calculate the
characteristic time of electrons acceleration. In the case of
antieymmetrical waves the process of acceleration takes place
not only at fundamental frequency but also at their odd harmo-—
nics. The fundamental resonsns is most effective and the accele-
ration time up to emergy eguals to the well depth %, can be
estimated as bt ~ ( L/Vy )( Y, /T ), waera Vy = (2e¥f/m)7* .
This estimetion of ecceleration time doea not contradict to the
experimental observations - the axial flux of electrons was
detectable Just at the beginning of the bursts.

In the case of symmetrical waves the process of accelera-
tion takes place at even harmonics. Usually ICI generates os—
cillations at fundamental end some higher harmonics and this
glves more possibilities for longitudinal electron acceleration.

So we heve seen, that ICI caen generate high energy elect-
rons and this process must be taken into consideration in the
theory of ICI development.
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Studies of Finite Gyro-Radius Effects
in a Field Reversed Mirror Configuration*

G. M. Miley, J. G. Gilligan, D. E. Oriemeyer, and E. C. Morse
Fusion Studies Laboratory
University of I17inois, Urbana, IL 61801 USA

and

W. C. Condit
Lawrence Livermore Laboratory, Livermore, CA 94550 USA

The field-reversed mirror (FRM) is characterized by a small size such
that finite gyro-radius effects must be considered in both stability and
transport analyses. Consequently, such effects are important to the inter-
pretation of both ongoing experiments and extrapolation to future reactor
conr.epts.“ :2) The present work employs an energy principle to study stability
of law-frequency (w << ﬁcE, W= Qm-) acoustic modes. Also a Monte Carlo
technigue has been developed for study of high energy-ion transport.

Stability Studies

Due to the large orbits, FRM stability cannot be determined from a
conventional MHD analysis, forcing recourse to the Vlasov equation. 3 In
this study, an energy principle based on the Vlasov equation was developed
for an axisymmetric field-reversed mirror. With this energy principle, the
perturbed energy of the FRM configuration is calculated from an applied
electromagnetic perturbation.

A unique aspect of the analysis is that the equilibrium configuration is
modeled using the time-dependent orbit kinetics code SU?ERLA‘(ER.H) This
code ignores electron physics but computes the ion trajectories in a self-
Orbital data from SUPERLAYER is used to find
the perturbed energy by calculating orbit integrals of the perturbed vector
potential of the form g = Sv+6hdt'. The energy principle is a functional of
g and its time derivative. Consequently, by variations of the trial function
&f, instabilities can be found by examining the roots of the energy equation
6(2)U = 0. Here U is the total energy of the plasma and magnetic field.

For a particular equilibrium studied with the SUPERLAYER code, no roots
188

consistent axisymmetric field.

were found for L = 0, where e is the azimuthal variation of the perturbation.

This corresponds to a lack of tearing instability for a "short, fat" reversed

field mirror. For 2 = 1 and £ = 2, however, roots were found giving growth
rates *D‘DSQU- and real freguencies on the order of 0.7¢Q, where 0 is the
mean drift freguency of the ions. [These modes are similar to precessional
instabilities postulated for Astron.] The growth rates indicated are much
lower than those predicted by MHD theory, possibly explaining the relatively
long lifetimes observed in some field reversal Experiments.(s’ Such instabili-
ties are likely to cause magnetoacoustic turbulence, inducing a Bohm-11ike
diffusion. This would not be directly measureable in present low temperature
experiments, but could be serious in later devices.

Examination of the theoretical stability properties of reversed-field
mirror equilibria with a toroidal field, supplied either externally by a
center conductor or internally by poloidal plasma currents, 6 is now in
progress. Also, the possibility of using a quadrupole magnetic field is also
under consideration, although resulting orbital resonances could enhance

transport. (7

Alpha Particle Transport and the MCFRM Code

For the small FRM configurations, the question of fusion product leakage
Due to the
large, complex orbits involved, a Monte Carlo simulation technique (MCFRM)
has been developed where the background plasma is represented by an elongated
Hill's vortex, i.e.,

‘-3/2 B, [t—; R Z:l R<1

B{r,z) = (m

i " 2
rz 2 2 P
(-3/2 B, 1:((?;15) r-l3- o + z] R 1

(i.e., whether or not ignition is possible) becomes crucial.

Comparison with experiment“ +8) and SUPERLAYER calculations indicate that
this is reasonably accurate. Pressure balance then gives the self-consistant

plasma density as

nir,z) = o rz(‘\-RE) tn,, Ry o R>1 , (2)

2

2
+ 12,,!_2)]/2’ and based on the good
thermal conductivity of the plasma, a uniform temperature has been assumed.

Here v is the elongation factor, R = (r

Values for the plasma parameters are obtained from an auxilliary global
plasma model that incaorporates appropriate energy and particle balances.
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The fusion product (fp) trajectories are calculated from the equation of
motion using a modified leapfrog algorithm. Slowing down and pitch-angle
scattering effects are superimposed on this motion through the well-known
Spitzer coefficients for drag <dv,/dt>, parallel diffusion rdvﬁ!db, and
perpendicular diffusion <va2_,’dt>. The Gaussian distributions which describe
the random change in v, and v. are approximated by triangular distributions,
preserving the standard deviation. The change in the local velocity components

during a timestep is therefore

4 12
By p = [ <vl :I {oq,3702,4) ()
dv, /2 dv,,
v, = [ <%—> At] (og-g) = /\%>ﬁt . (4)

The "scattered"
velocity vector is then calculated by rotating these changes back into the

where pj-pk are random numbers and At is the timestep.

inertial frame of the particle pusher.
A starting grid is selected which weighs each test particle equally.
This requires construction of appropriate grids in both configuration and
velocity space. Particle histories are calculated in parallel. Histories
are terminated when particies hit the wall, are carried out the mirror throat,
or sTow down below the cutoff energy.

only assigned to the ash buildup if they are confined completely within the

Particles below the cutoff energy are
closed field region. The remainder are assigned to the leakage plasma that
originates on the first few open-field Tines.

The primary use of MCFRM has been in conjunction with the SAFF[RE(Z]
reactor design study. In this design, a cold flowing plasma is introduced on
the open-field Tines for two purposes. It shields the hot closed-field

(9) and it aids in the

region from cold neutral charge-exchange interactions, (o)

removal of fp ash. This latter effect results from the FRM's small size
which allows many ips to interact with both the open and closed-field plasma
Fig. 1 illustrates this for a 14.7-MeV, D-3He proton in a
The large orbit motion carries the proton out into the
The diverting action of the cold plasma is illustrated by

during slow down.

typical FRM plasma.
open-field region.
the final gyro-motion which accurs just prior to cutoff, depositing the

proton on an outer open flux surface.
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TWO-FPREQUENCY — BANDS PLASMA — DENSITY INTEHFEROMETRY WITH
OVERS1/ED MICHOWAVE WAVEGUILE
Ye Youzhang, Hai ShuYuan, Zhang Wenmo
Southwestern Institute of Physics
P,0.Box 15, Leshan, Sichuan
People's Republic of China

Abstract: A two-frequency-bands interferometer has been used to
measure the electron density of a plasma. The two signals
with different frequencies (70GHg and 35 GHz) are mixed and
divided by a double-prism coupler and interfered independent-
ly in the same bridge-type oversized waveguide system. This
arrangement permits measurements with overlapping check and
greater band width than a conventional single frequency-band
interferometer. In the present experiment, a range of electron
density from 5 x 1010 to 2 x 10‘L2cm_3 i3 covered.

ﬂffEEﬁEEEEhE: A two-frequency_bandsmicrowave interferometer
with overe;;ed waveguide has been developed on the basis of
4mm-band fringe shift microwave interferometer with oversized
waveguide/1/. The prineciple of this type of interferometer is
similar to that of multichannel communication. We use zebra-
stripes for 4mm and direct-fringes for Bmm. Components(coup-
lers, bends,phase shifters) are constructed in the same manner
as in the 4mm-band fringe shift interferometer with oversized
waveguide. A sketch of the interferometer is shown in Fig.1.
Microwaves of 4mm and Bmm interfere simultaneously in the same
instrument. In prineciple, it is also possible to realize three
or multi-frequency-bands system. Afier the microwave signals of
the two frpguency-bands are mixed by an adjustable iris-type
power divier {or a double-prism coupler), they are divided in-
to reference path and transmission path by a double-prism cou-
pler,and mixed again by another double-prism coupler, then the
interference signals with different frequencies are sent out
from different arms, detected, amplified and clipped flat,and
finally, two signals are recorded simultaneously on an osecillo-
acope.

Interferometer: Two microwave beams of 4mm and 8mm wavelength
bands are generated by a reflex klystron of type D2012 and K 21.
The interferometer can be operated in three different ways: (1)
As a 4mm and Bmm microwave absorption-meter. In this case the
reference path is shut, the 4mm-band reflex klystron is modula-
ted by 250Kz sawtooth voltage and Bmm-band reflex klystron by
1MHz sinusoidal voltage.(2) As a 4mm zebra-stripe microwave in-
terferometer and 8mo absorption-meter, the reference path is
turned on and connected with a high pass filter which allows
4mm wave to propagate but stop the passage of Bmm wave. The
B8mm reflex klystron is still modulated by 1 MHz ®inusoidal vol-
tage.(3) As a 4mm zebra-stripe interferometer and Bmm direct-
fringelor Mach-%ehnder) interferometer. The reference path is
turned on., Bmm reflex klystron operates inc.w.state.

Frequency divider and mixer: The freguency divider and mixer is
an important component of this kind of interferometer. 1ts main

funetion is to incorporate signals of different frequency-bands
into the trunk comminication system and then to select different
signals from the trunk for different terminals. The frequency
divider is a passive network,Because it is reversible, it can
also be used as a mixer. The frequency dividing system is usual-
ly composed of a series of frequency dividers comnected in dif-
ferent ways. We use a step-by-step channel shunt filter isola-
ting method. Among the six arrangements suggested,i.e.,Series
diffraction converte
quency dipIexer/jj
le: and series double-prism coupler

,Series directional coupler,dual fre-
,G6rating-polarization diplexer,finline coup-
, we use the double-
prism couplers, The basic de3ign of this component and its se-
ries-counnected diagram are shown in Fig.2, from which we can
see Lhat it can separate three dilferent lrequencies. We use
only one double-prism coupler as freguency divider. The 4mm and
Bmm wave will go out from the vertical and the horizontal arm
by adjusting the distance belween two prisms of the coupler,and
the attenuation of 4mm wave is about %dB. This kind of coupler

is usually used as an attenuator, but it is found to be a good

frequency divider too.

Experimental results: The oscillograms of electron density mea-
surement on a plasma produced by discharge tube with the two-
bands interferometer are shown in Fig.3,with the direct-fringe
oscillogram at frequency 35Gliz{ top trace) and the zebra-stripe
oscillogram at frequency 70GHz( boitom trace). Discharge para-
meters are: discharge voltage=5Kv,condenser bank capacity=16uf,
vacnum pressure:ﬂOgjturr,horizuntal sweep period of oscillo-
cope=1.1ms. plasma size=72cm. The measured electron density of
the plasma is shown in Fig.4. The agreement between the results
from the measurements of two frequencies ia quite good.

The authers are indebted to Prof.Sun Xiang for her encoura-
gement throughout the research, We are also thankful to the In-
gtitute of Electronics Research of the Chinese Academy of Sci-
ences for supplying the reflex klystron.
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ATTEMPTS TO OPTIMISE 8 IN THE TOSCA TOKAMAK

+
R Birch*, C W Gowers*, FA Haas, P A Jones*, K McGuire ,
D C Robinson, A Sykes, M Turner, A J Wootton

Culham Laboratory, Abingdon, Oxon, 0X14 3DB, UK
{Euratom/UKAEA Fusion Association)

*AWRE Aldermaston, UK +Un1versity of oOxford

ABSTRACT Tokamak empirical scaling laws for an ohmically heated
plasma show that the maximum B is obtained in small aspect mtio
devices with small major radii. The maximum central value of 8
obtained by a combination of gettering/gas puffing/shaping on
TOSCA is 4%. For a central g value of 1 the maximum theoretical
value of central B for the onset of ideal MHD ballooning modes
is 3% but for certain profiles higher values are possible. A
combination of gettering and the use of a resonant helical coil
has permitted stable operation with q, down to 1.4 and no cond-
ucting shell. Triangles show “jumps’ between two equilibria.
INTRODUCTION The small tokamak TOSCA (R=30cm, a/R<0.27) has
been used to investigate the maximum value of # which can be
obtained with ohmic heating.

MAXIMUM B SCALING The maximum density for ohmically heated
plasmas in tokamaks is observed to be proportional to B¢/E, or
as q(0)ml, the central current density. When this is combined
with empirical scaling laws for the energy confinement time, the

central value of B can be expressed as B(D)s(a)Y shee
-7 S mperE 3
B/ R’a(0) %8,

If TEmna‘ then y=4/5, 8=1, £=9/5, A=1/5, p=2/5, with the Pfeiffer,
waltz[1] scaling y=0.45, §=0.55, £=1.04, 3=0.24, p=0.46 and with
the Mirnov scaling y=6/5, 6=4/5, £=2, A=0, p=2/5.

the Pfeiffer, Waltz scaling for central electron 8

Fig.l shows
Teo for a
number of devices operating at or near the maximum density (Z.¢s
and q(0)=1). The optimum results on TOSCA show that the maximum
f is obtained on small aspect rato devices with small major radius.
OPTIMISING B

to 3+3.5 10M%en™ in 3 ms while the central electren temperature

(a) With circular plasmas the central density rises
is constant from 2+3ms at ~300 eV. (i} Over the discharge period
the toroidal field can be decreased from 5kG to 3kG raising
without any deleterious effects. (ii) When gas puffing is used
the density can be raised to 3.5 103%em™?
ruption but higher values of n, or g are not obtained. (b) With

in lms without dis-

W0

gettered circular o)
plasmas the density can
12 -3 &
be 5x10""cm - without o o
runaway phenomena and L
can be raised to 3.5 A [ "
13 =3 15040 “Dila  gErosmus
10" "em by gas-puffing : o o
but with no further o 014y anay
o ATE
increase in density or o mgfnmw
: Ao,
B. (c) A triangular N 0;’:“,75“
plasma has a similar m PET
st
effect with a central B8 .
value of 3%[2]. In sum-
oil_oWja . L L ]
mary, attempts to in- ot o a
crease the density and % A5 1
decrease the toroidal ETe Q(R R 209g-24
o

field result in a max- . N £ s . =9 9

Fig.? Central eleciron B ag a fivetion of

imum central electron £ tha scaling parameter.

value of 4%. The total £ value on axis maybe 5%. These discharges
trace out trajectories in a normalised current, normalised den-
sity diagram as shown in Fig.2. The highest B values are obtained
with trajectories which reach high values of KeR/BW i.e. E.
Attempts to optimise the average £ have alsoc been made by de-
creasing the value of g by raising the current in a controlled
way. Using a combination of gettering which yields low densit-
ies with broad current distributions throughout the pulse, and

a resonant coil [3] which stabilises the m=2 mode,stable oper-
ation is obtained at values of g<2 for times up to Ims(™ 2 x 7.)
with no conducting shell (trajectory A, Fig.2).
value of g reaches vl.4 where mode activity with m=1, 3 and n=1,

The minimum
2 is observed, and L The central 8 value is
lower as the density is lower, the average value is "1.5%.
E&QLDUNING MODES The value of average B for the onset of bal-
looning modes has already been exceeded on TOSCA[2] with a tri-
Low toroidal mode number instabilitles may have
a higher critical B, and a second, high B
may be accessible, Numerical results for one family of equil-
ibria as the central current profile (characterised by gq(0)) is

is not reduced.

angular plasma.
region of stability

modified are given in Fig.3.

B, EP

This shows the maximum poloidal
as a function of g(0) for stability to large toroidal mode

number modes(2] in the TOSCA device
a for a circular plasma with g 3. Two
= | regions of stability (A and B) are
apparent. One with B_<1 and g(0)z1
which has a central value of B of 3%,
H ; a value which is exceeded in this de-
vice, and a region with ﬂp>>1. Fig.3
also shows the flux contours, current
and pressure profiles for a marginally
stable case with BP=7(Bl, average B of
2.6% and central value 13%. This high
8 _ regime maybe accessible if g(0) can
be kept at V1.5 while heating. Equil-
ibria with g v1.4 give high average
values of B(>4%) with low shear i.e.

q(0)z1.2 although these are in the
In this case the

'high Bp' regime.

Fig.& WNormalised current as

a funetion of normalised deneity

A, B gettered, current rise C,

I ungettared current rise E

gae puffed, F ordinary.

lower region of stability has
Bp(O .3 for q(Gv1 which has also
been exceeded experimentally.
TRIANGULAR EQUILIBRIA Triang - 1B
ular plasmas are preduced by g
adding a hexapole field, current

Ih' Inward pointing plasmas L
(1,/1,<0) are easier to control
than outward pointing ones,
because of unusual jumps AR in
major radius. These occur with
velocities between 0.02 and 0.2 : : L

Fig.4 shows the mag- | %
s Fig.3 (1)Flur contours, (2)eurrent and
nitude of the jump normalised (3)ppessure distribution for marginally
to the starting position, An/%latabla oquilibriwn with B,=7. (d)Bal-
looning mode stable mgiog in the qf0),
as a function of the triangul- g plane.
4
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arity, Ih/Ip. The re-
sults (x) are for plasmas
initially near the
hexapole centre, Ro,

A and show small jumps

Ca 007
for inward pointing

plasmas, large jumps
for outward ones. In
these jumps the plasma

AR 1Ay —=

o moves from one equil-
oo? ibrium to another, fol-
lowing a small perturbation.
& Two possibilities are
. - a neighbouring equil-
. ibrium exists or a

-10
— y 5

0 ond 0.0

change in parameters
modifies the existing
. equilibrium. The solid

~ 0 I 007
oor

curves in Fig.4 show
the predicted jump for
Major radius jumps as a funetion of a decrease in inductance
triangulariiy. of 0.07. Two sets of
curves are shown for plasmas initially centered (0) or outside
by 2.1em(0.07). The model predicts the variation of the jump
size with the ratio Ih/I . The new equilibria associated with
an outward jump, are not observed experimentally.

CONCLUSIONS Experimentally the optimised central 8 of 4% from
ohmic heating just exceeds the lower ballooning mode limit.

Pig. 4

Theoretically a second higher B region of stability maybe ac-
cessible. Stable operation atgq, values down to 1.4 has been
obtained without a conducting shell. a
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B2.2

HIGH POWER NEUTRAL BEAM EXPERIMENTS ON ISX-B* electron heating by the neutrzl beam indicates that the beam power has approxi-
+ mately the same effect as the ohmic heating power, causing a change in T, of
D. W. Swain, 5. C. Bates. C. E. Bush, R. J. Colchin, W. A, Cooper’, ~ 0.5 eV/kH. Although extensive scaling studies have not been done so far, it
J. L. Dunlap, 6. R. Dyer, P. H. Edmonds, A. C. England, C. A. Foster, appears that the electron energy transport is in agreement with Alcator scaling
Jd. T. Hogan, H. C. Howe, R. C. Isler, T. C. Jernigan, H. E. Ketterer, (t. ~ n,). Ilon thermal conductivity appears to be within a factor of two of
J. Kim, P. W. King, E. A. Lazarus, C. M. Loring, J. F. Lyon, H. C. neoclasSical at the highest densities observed. However, losses_associated with
McCurdy, M. M. Menon, J. T. Mihalczo, 5. L. Milora, M. Murakami, A. P. charge exchange dominate the ion power balance at low values of ng (<2.5 x 1013),
Havarro®, R. V. Neidigh, G. H. Neilson, D. R. Overbey, V. K. Paré,
Y-K. M. Peng, N. S. Ponte, M. J. Saltmarsh, D. E. Schechter, J. E. Summary: 1) Average beta values of 1.8% have been attained in a relatively
Simpkins, W. L. Stirling, C. E. Thomas, C. C. Tsai, J. B. Wilgen, clean plasma in 15X-B with neutral beam injection power > 10 times the ohmic
W. R. Wing, R. E. Morsham, and B. Zurro% power input.
2) Total beta has increased smoothly with beam power so far, with no
Oak Ridge National Laboratory, Dak Ridge, Tennessee 37830 USA indication that a ballooning or other instability is increasing the energy loss
. rate significantly. ~
ISK-B is a modification of the ISX-A tokamak [1], which includes 3) For a given plasma density (>3 x 10!3), plasma energy transport
neutral beams with injected power = 1.8 MW, and a poloidal coil system processes are in rough agreement with 1-2 times neoclassical for the ians
designed to produce circular, elliptical, or D-shaped plasmas with elonga- and Alcator transport for the electrons. The effect of Te on the transport
tions up to 1.8. A major goal of the experimental program is the study is uncertain.

of the equilibrium and stability of plasmas with average beta <g> in the

2-5% range produced by beam heating EZ]. Basic machine parameters for Acknowledgments: We wish to acknowledge the support of J. F. Clarke,
ISX-B (shown in Fig. 1) are: Rp =10.93m, a = 0.27 m, Bt =1.0-1.8 T, A. Berry, 0. B. Morgan, J. Sheffield, and the help of the technical

]?_ = ]00-200 kA. Plasma current and position (both vertical and horizontal) and engineering groups, during the design, construction, and operation of
are

maintained at desired values with feedback control systems. Plasma 15X%-B.
density is normally controlied by a preprogrammed gas puff, Solid hydrogen
pellets 1 mm in diameter moving at speeds up to 1000 m/sec may also be References:
injected into the beam heated plasma to raise the density.
In this paper, we present the results of neutral beam injection *Research sponsored by the Office of Fusion Energy, U. S. Department of
experiments carried out on an almost circular plasma (elongation = 1.1-1.2) Energy under contract W-7405-eng-26 with the Union Carbide Corporation.

with neutral beam power of up to 1 MW using gas puffing for density control.
We have obtained volume averaged beta values (including the calculated

fast ion component from neutral beam injection) of up to 1.8%, Peak beta
values of 8-10% have been achieved. The relatively peaked pressure profile
observed gives an rms beta (= /<g%>} = 3% (the parameter of interest for
reactor design because burn rate is approximately proportional to pressure
squared). Poloidal beta values 2 3.0 have been obtained. We have not seen
evidence of a beta 1imit caused by ballooning or other instabilities.

1'lJni\.rmr'sﬂ‘ty of Michigan.
fVisitors from J.E.N., Madrid, Spain.

[1] M. Murakami et al., Phys. Rey. Lett. 42, 655 (1979).
[2] J. F. Clarke and D. J, Sigmar, Phys. Rev. Lett. 38, 70 (1977).
[3] J. D. Callen et al., Proc. 5th Intl. Conf. on Plasma Physics and

((Z?S;;c)ﬂ}ed Nuclear Fusion Research, IAEA Tokyo Conf. Paper CN-33/A16-3
Typical Discharge Characteristics: Parameters characteristic of discharges ‘
at four injection power levels and several densities for By = 1.15 T are [41 R Soldston, private: commnication. (1974);
shown in Table 1. Figure 2 shows the time behavior of plasma current, loop
voltage, line average density, central ion temperature, and p, + 24/2 dur-
ing a typical shot with 1 MW of neutral beam injection (at a Beam energy of
40 keV). The usual mode of operation is to inject hydrogen neutrals into a
deuterium plasma, The increase in plasma current from 110 to 145 kA start-
ing at the beam injection time was preprogrammed into the current feedback
control system and is not a result of the beam injection.

The two beamsi. from two neutral beam injectors designed and bu'l;t at N i ; n re(nj q!, 1‘(0) Plasma Total
ORNL, are both co-injected. Significant electron heating is observed, witl 2 S ey = )
T, (0) (determined from Thomsungscattering measurements) increasing from Usl)' (eh). Clot% o) (kav) (kal) i(keV) Nolts: Z.gr =g
0.6 to 1.5 keV during injection. The value of T; (0) (from charge exchange (<153) (s5%)  (£108) (£15%) (£10%) (£15%) (2208)
analysis) increases from 0.35 to 1.3 keV. As can be seen in Fig. 2, the T 0.65 0.25
loop voltage drops from 1.5 to = 0.5 V when the beams are turned on. In 0.84 3
these discharges, the plasma heating is dominated by the neutral beams, the i
ohmic heating power being < 10% of the total power input during the injec-
tion pulse.

As in ISX-A, the plasme impurity concentration is Tow, with <Z.pe>
betvieen 1.5 and 2.5 typically, both with and without injection. Ra§1ar.ed
povier is usually < 304 of the input power during ohmic heating. P;ad does
not increase significantly during injection and is typically = 10% of the
input power during high power injection shots. This is attributed in part Figute 1 _ Figure
to the use of low-Z materials throughout the vacuum vessel and diagnostic | | mON CORE
devices, with stainless steel used for the limiters, The vacuum vessel is ‘ ] LIMITERS
: |
‘0

Table 1. Typical discharge parameters in [5X-B
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Beta Results: Figures 3 and 4 plot volume averaged and peak values of beta ‘
Vs Ng for injection powers between 0.3 and 1 MW. For these data, B, =
1.12'T, and ]g = 110-115 kA. The plasma components of f; and <pg> tefid to L

o = mOo = N
Py (MW)

increase linearly with ng, in agreement with results reported previously [1]. R,
However, the total beta, which includes the beam component of the pressure i
\fﬂ{‘.UU

° &

addition to the plasma component, does not increase as fast as the plasma
component. For the 1 MW cases, which are dominated by the beam contribu-
tion to the pressure, the average beta is almost independent of n, because
the beam contribution goes down (due to the decrease in the beam slowing-
down time) as the electron density goes up. The fast ion contribution to
total beta is computed using a Fokker-Planck code [3] to calculate the o
initial beam deposition profile, using measured Tz and n, profiles and Floute 3 - . e
estimated neutral density. It is in reasonable agreement with results from PLASHATTCIAL

sthi + 5P *0.3+05
a Monte Carlo code [4] that computes initial beam ionization and subsequent gor » e s 8 d
diffusion. Figure 5 is a graph of the plasma and fast ion contribution - _ % Ry =QBs12
& v |
the fast ion contribution is a significant fraction of the total beta, :-; 1ol ]I IIII I
particularly near the magnetic axis for the lower density case. @ E 7
Figure 6 is a plot of Te (r) and ny (r) for two cases with the same = I

ly the same T; (0), but with different toroidal fields. For the 1.12 T case o oo~y ;
<g> = 1.4%, and for the 1.46 T case, <g> = 0.8%. Although numerical stabi- g 1 2 3 4 5 8 o 4
Tity calculations using the measured pressure profiles indicate that the Tig 110" em'd) .

.
close agreement of the measured macroscopic plasma parameters indicates that Figure 5 Figure 6
no instability that substantially lowers the gross energy confinement time L L1 i 3 S e e o [
was triggered by the lower toroidal field (i.e., high beta). Distinctive r Masa2ad en "o
collimated PIN diodes are seen as beam power 1s increased. These may be
manifestations of ballooning or other pressure driven modes, but any such
identification is uncertain at this time.
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to the total beta vs radius for two cases. As can be seen from the curves, | [
1!
LR
injected power, gas puff, plasma current, average density, and approximate- #1
interior third of the plasma should be unstable to ballooning modes, the
3 “Breda2T
changes in oscillatory signals detected by magnetic pickup coils and

Ty (R [ReV ]

Particle and Energy Transport: The behavior of ng(t) is altered by injec- LR LR LR
tion at powers above approximately 500 kWM. For a fixed gas puff flow rate, N\,

the density decreases shortly after injection begins, as shown in Fig. 2,

and then increases once more after the end of the injection pulse. This is in
contrast to a similar shot with no injection, in which Ng increases uniform-
1y in time to a value of 4-5 x 10 em™3 until a disruption occurs. This
decrease in 1ine average density may be due to a change of the prafile or

to an increase in average particle loss rate. This could result from a
ballooning or other instability, er another mechanism such as a reduction

of inward radial transport (e.g., a decrease in the Ware pinch effect) due

to the lowered toroidal electric field. More detailed measurements are
necessary to resolve these questions. For a fixed value of ng, analysis of

Flaam® 11 MW

T T
ERLHT R

0 0 10 20 2
A=A, teml




B2.3

FUSION NEJTRON PRODUCTION DURING DEUTERIUM
NEUTRAL BEAM INJECTION INTO PLT
p. L. Colestock, S, Davis, P. Efthimion, H. P. Eubank, R. 1. Goldston,

L. R. Grisham, R. 1. Hawryluk, J. Hovey, D. L. Jassby, D. W, Johnson, A. A. Mirin,
7 G. Schilling, R. Stooksberry, L. D. Stewart, J. D. Strachan, and H. H. Towner

Plasma Physics Laboratory, Princeton University,
Princeton, New Jersey 08354% USA

The maximum observed fusion neutron intensity (1.5 x lﬂmn,fsec) from PLT

deuterium plasmas heated by deuterium neutral beams(”

is about two orders of

magnitude greater than in previous tokamak experiments. The neutron emission is
1 L -

due principally to beam-induced fusion reactions [B]

occurring either when the injected deuterons collide

" Cauntar 1o
with plasma deuterons (beam-target reactions) or

when the injected deuterons collide with other beam

HEUTAON COUNTS

deuterons (beam-beam reactions). For beam-target
reactions, the reacting deuteron pairs have a
center-of-mass velocity which was observed on PLT

by recording neutron spectra with a collimator

.,

28 10

viewing the Counter-direction for Co- only and e
Counter-only injection (Fig. 1). The shape and mean

EX]
WEUTRON ENERGY |Mev)

energy of the neutron spect;a are reasonably
explained by calculated spectra’™” for the energetic
beam ons slowing down in a T, = 1.5 keV plasma
with Zeﬁ' =345, The neutron emission is located

primarily in the central regions of the plasma

WEUTAON COUNTS

(Fig. 2) roughly as expected from the neutral beam
deposition.”?

The neutron intensity was measured in the
15
0

nfsec with 10ms time resolu- 28 22 24w 1p
) N > . NEUTRON ENERGY |Mev]

tion' ' (Fig. 3). The rise time reflects the equilibra- Fig, 1. Collimated neutron

spectra obtained looking

tangentially in the direction of

injection current) and their classical slowing down Counter-injected ions.  The

rgies where they no longer contribute to the Shift in mean neutron energy
to energ, 4 B is due to the different center-

neutron production. The fall time reflects only the of-mass velocity of the react-

slowing down. In the case of unidirectional injec- ing deuterons for Co-only vs
o Counter-only injection. The
tion, where beam-beam collisions can be neglected, Jines are the spectra predicted

both the time behavior and the absolute magnitude ;Rd'_z)s for WTi = 1‘;6"&3'
of the beam-target neutron flux are well-described vFé_fm :l 30 kV. co~ .

range 107 o0 1

tion of the linearly accumulating fast ions (constant
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Fi=. 3. Time evolution of the PLT discharge
with the largest neutron ernission.
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Fip. 2. Radial profile of the
hedtron  emission. The shaded
region  represents the expected
profile (Ref. 3),
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Fi Fig. 5. Dependence ol the neutron emis-
I8 4. Dependence ol the neutron emis- sion (Co + Counter injection) on plasma

S:UH on beam vsltage (Ref. #). The insert
hows the dependence of gv on voltage
for the DD, n)ie reaction.

density. The shaded regions indicate the
predicted levels of beam-beam and
beam-target reactions (Ref. 7).

by a bounce-averaged numerical calculation of the fast ion behavior.

The absolute calibration of the neutron emission is a difficult problem In the
tokamak geometry but we use several different schemes, including the use of PuBe
source. Our favored calibration uses the thermonuclear neutron emission predicted
from the experiinental plasma parameters for high density ohmically heated PLT
discharges, where T.l'zTE. The expected accuracy is about a factor of two.

Over the entire range of PLT plasma and neutral beam conditions so far
obtained the experimental neutron emission varied about two orders of magnitude.
The parameter which influenced the neutron production most strongly was the beam
voltage (Fig. 4), which reflects the expected dependence of the fusion reaction rate
on energy. Empirically, the neutron production rate per unit of injected current @)
decreased as the density increased (Fig. 5). For the beam-target neutrons, this
indicates the influence of enhanced beam trapping in the cooler edge plasma as well
as the reduction in central temperature

as ﬁe is raised. For the beam-beam

mmf_r - : .

neutrons, the direct linear influence of
n, on the decrease in the beam slowing

14

L

down time, with increasing '-'e reduces E
the probability of an energetic collision. ,:
I

The observed neutron intensity can

be predicted reasonably well (Fig. €) by
Fokker-Planck code caiculatiuns(j'ﬂ
which describe the fast ion population by " e
agattm

e Ca

orbit motion. T

A lactor-of-two uncertainty is 0 frteesem
expected, however, in the theoretically

EXPERIMENT (n /fsec|

classical energetic ion slowing down and

0"

[
THEQRY (n /sec] NON LINEAR TRANSPORT CODE

predicted neutron rates due to uncer- Fig. 6. Comparison of the observed
PLT neutron emission with the pre-
dicted emission (Ref.5) for a wide
range of plasma and neutral beam con-
ditions.

tainties in the experimentally measured
parameters that are used as input into
solving the Fokker-Planck equation.
The most important uncertainties are the magnitude and radial profiles of 1) the ion
temperature which contributes a finite T; enhancement to the relative velocity in

calculating the fusion reaction rake,(s)

and 2) the neutral density which determines
the fast ion charge exchange loss.

These uncertainties in the absolute neutron calibration and the ««perimental
input to the codes are of a magnitude sufficiently large to allow enhanced radial
transport of the energetic iens to remain undetected in a simple comparison of the
neutron magnitudes. Evidence for the lack of radial transport comes from the fact
that injection into both high density and low density plasmas have been equally well
described.

At low densities, the neutral beam trapping is centrally peaked, so that
enhanced diffusion tends to move energetic lons outward resulting in a reduced
However, at higher densities (i, >5 x 10!3 crn_j). the neutral
beam trapping profile is hollow so that diffusion tends to move energetic ions both

neutron emlssion.w

inward and outward. In this case the departure of the experimental neutron emission
from classically predicted levels even with enhanced radial transport can be expected
to be r1'|il1irnai.':5 The agreement between theory and experiment at both high and low
densities suggests that no enhanced diffusion was present.

Further evidence for the lack of radial transport comes from the fact that
cases where beam-target emission dominates are about equally well described as
cases where beam-beam emission dominates (even at the same ﬁe)' A significant hot
ion loss should have had a more pronounced effect on the beam-beam reactions.

During some of these n°-p* discharges, large density fluctuations observed
by microwave scattering were present. The neutron emission from these dis-
charges was equally well described as in all the other cases. Hence, these density
fluctuations have apparently no drastic effect on the classical behavior of the
energetic beam lons.

Conclusions

Deuterium beam injection into deuterium PLT plasmas has resulted in
D{D,rl)Hl:3 neutron yields of 1.5 x lDMm'sec and 2 x lﬂ”nlpulse. This neutron
170 watts of fusion power (QDD>6 X 10‘5) while the
equivalent D-T fusion power would reach 50 kW (QDT’= 2%). These results are in
agreement with theoretical analyses that assume classical energetic ion behavior and
use the experimental profiles of density and temperature,
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B2.4
BALAJICE OF ZUERGY AT THE LH HEATING IN THE PT-1 TOKAMAK

V.LB.Golant, V.i.Gusev, V.V.Dyachenke, M.M.Larionov,
A.D.Lebedev, G.T.Razdobarin, G.A.Serebreny, 0.il.Shcherbinin

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

Abstraci. Vhen studying the LH heating in the FI'-1 Tokamak the
increase of electron end ion energy was found. It was shown
that up to 50 of IIF power was absorbed by electrons in the
L4R ranze and up to 20% was spent for fast ion production. The
heating process was accompanied by an increase of energy losses
from plasma.

The experiments on the lower hybrid plasma heating at the
Fl'-1 Tokamak ( R = 62 em, A = 15 cm, B, = 6=10 kG ) are des=
cribed in /1"3". low the measuremenis have been performed to
precise the data on the balance of energy at the LH heating.
The HF power ( 400 MHz, 1-3 ms, 80 kW ) was coupled to the
plasma by the pagsive slowing structure with llz = 2-6
The ohmic heating (OH) power was of the same value (I=30-35kA,
U = 2.2-2.5 V). Plasma parameters before the HF pulse were:
1,(0) = 300-400 eV, n,(0) = 1x10" cn™ (hydrogen). The LH
condition was satisfied at B = 9-10 kG, n,= 6x10'° cm™

The effect of the HF pulse on electron temperature was
studied by laser scatiering. The average plasna density was
controlled by microwave interferometer. Fig. 1 shows the chan-
ges in density and temperature profiles when pulse duration
was 2.5 ms. Tne maximum temperature rise ( A T,= 100 eV) was
registered at [ = 4 cm. No changes were obperved at "> Tem.
The increese in plasma density ( An = 1:;‘!0‘I2 cm"jJ seems to
be connected with the neutral gas flux in the antenna region.
The total electron energy store increased from 37 to 50 J, or
by 35%. At the longer HF pulses the increase of density is mo-
re gignificant, but the temperature decreases everywhers ex-
cept the axial region.

The effect of eleclron heating is more explicit if measu-
rements are made 1 ms after the begirning of the pulse, when
the density does not change yet (Fig. 2). It is seen that the
ig localized in the expected region of wave
transformation, which is merked by the black rectangle. The
temperature profile was analyzed by the thermal balance equa-
tion in assumption that the electron thermal conductivity did
not change during LH heating. The increase of temperature gra-
dient at ™ = 5-7 cm pointed at the additional energy release
inside this zone. The comparison with the OH regime showed
that up to 40 kW of HF power (about 50%) was absorbed by elec—
trons. The electron temperature in the peripheral region did
not rise due to additional energy losses for ionization and
emission of impurity ions. This phenomenon spoils the efficien—
cy of HF neating.

increase of Te

The ion enercy wae studied by charpge exchange neutral ana=-
lyaer(Cx) A + It was found that HF power produced the fast
ionag with energy 0.5-2.5 keV. Their {lux increased sharply
when the Lid condition was met in the discharge. Fig. 3 shows
the evolution of the CX spectra after switch off at Bo =9 kG.
The "{ail" of ion distribution has an effective temperature
equal to 450 eV. By integration of the CX spectra it was shown
that the amount of fast ions reached 4 of total proton densi-
ty and tie energy of ione increased during the HF pulse by 20%.

Pijse 4 represents the time dependence of flux of neutrals
with 0.9% keV energy after the HF pulse at B = 6.6 kit and 9 kG.
In the first case the flux is =mall and ita decay time is clo-
se to the ion bouncing time along the banana orbits ( T’E -3

70 ms). At 9 kG the flux is 3 times greater and almost 50%
of ione are trapped by the magnetic Tield. their life time is
much longer and is determined by collisions with other parti-
cles,

Paking data on fest ion density and their life time omne
can estimate that about 15 kW of input power (20i) goes into
the fast ions, but only 2 kW is apent for production of long
living component. The rest of the power ig lost gince the po=-
loidal magnetic [ield is not strong encugh to contain fast

iona.

The ion temperature determined by CX without the HF was
about 80 eV. But during the HF pulse the CX measurements be-
came inaccurate because of distortion of ion diatribution
function. The change in ion temperature in this case was de-
fined by Doppler broadening of CV line 2271 A, which is
emitted from the central region of the discharge. In ohmic
heating stage Ti(GV) =70 eV, and A Ti(CV) = 25=30 eV du=
ring HF pulse. The power transferred to ions during OH is
evaluated to be 10 kW. So it is clear that only amall part
of the HF power (4 kW, or 5) goes into the bulk ion heating.
It is quite probable that the bulk ion heating can improve
in stronger discharges due to betier confinement of fast
ions.

In conclusion, it is shown that the efficiency of ab-
sorption of HF power is high. Up to 50% of the applied power
goes into electrons and up to 20% goes into fast ilon produc-
tion. Some reasons cen be noted which limit the plasma hea=-
ting:

1. The region of energy deposition is not localized at
the discharge axis but at "= 4-6 cm.

2. Neutral gas injection takes place under the HF pulse
which leads to cooling of the plasma periphery.

3. The fast ion containment is rather poor because of
low toroidal current in our experiment.
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B2.5

NON-THERMAL ELECTRON DISTRIBUTION
FUNCTION IN THE FT TOKAMAK

R 5 . .
R. Bartiromo, P. Buratti , L. Pieroni, 0. Tudisco

Associazione EURATOM-C.N.E.N. sulla Fusione, Centro di Frascati,
C.P. 65 - 00044 Frascati, Rome, Italy

INTRODUCTION

It is well known that the electron distribution function
fa in a tokamak plasma cannot be a maxwellian for the presence of
the electric field E driving the toroidal current.

The first order correction in E/ED, where ED is the Dreicer
field, gives the well known Spitzer-Hdrm distribution function
(1), from which the resistivity is usually computed.

It is also known that the fe can have other corrections, due
to the presence of runaway or slide-away electrons (2,3).

In this work we describe the violations of the Spitzer-Harm
model observed in F.T. tokamak by soft x rays, electron cyclotron
emission (ECE) and Thomson scattering diagnostics.

In this work we will consider discharges with a low content
of runaway electrons (no signal in the hard x rays monitor) in
which the streaming parameter £ = Vol Vin ranged from 1% to 9%.
The corresponding plasma parameters range was FE = .3 % 2.5!10]
cm's; I_= 250 ¢+ 350 kA; Te = 600 = 1000 eV; B =6 T.

We observed non-thermal phenomena developing beyond a value
of £ of the order of a few percent.

In order to explain the observed phenomena we tried a very
simple model, based on a deformation of the fe having a non-zero
average over the pitch angle. With our model we cannot explain
the details of the deformation, but we can derive the order of
magnitude of density and energy of suprathermal electrons.

EXPERIMENTAL RESULTS

In FT we were able to produce very high current densitydis-
charges (<J> - 300 A/cm’) at B = 6T and W, = .5 ¢+ 3.5%10'% cn”™?,

The presence of runaway electrons is monitored by a hard x
rays detector. In the discharges under examination we had no
runaway electrons.

At very high densities and not too high currents the results
of the diagnostics measuring the electron temperature were con-
sistent, but for higher currents or lower densities some anomalies
in soft x rays and ECE came out.

The emission at the second harmonic of the central cycletron
frequency was no longer correlated with temperature but with
lplié: which is an anomalous behaviour because the corresponding
optical depth was about 4, and the emission was expected to be
black-body.

The correlation with ID/He suggested a £ dependence of the
phenomenon. We plotted the emission versus £ and the result is
shown in Fig.1. The current density profiles necessary to compute
the £ were derived from Thomson scattering temperature profiles
assuming j - T;“; this is a good assumption for low E values;
probably above £ . 10% the deviations from classical resistivity
could be important.

Corresponding to anomalous ECE we found anomalous soft x rays
fluxesand spectra (Fig.2), due partly to enhanced bremsstrahlung
and partly to enhanced line radiation.

In Figure 3 a comparison between ECE, soft x rays flux and
Ipfﬁe is shown.

Anomalies have also been found in Thomson scatteringspectra,
3s shown in Fig.4.

We explored horizontally the discharge section by a ECE; the
Enhancement came out to be present every where, but the emission
is peaked on the center of the discharge, as shown in Fig.5. This
ag9ain suggests a dependence on the streaming parameter of the
emission enhancements.

THEORETICAL MODEL

A complete understanding of non-thermal phenomena is a very
difficult task reling on the solution of collisional Boltzman
Bquation in which the correct expression of collisional operator
Must be taken in account.

In this work we only try to find a tentative form of the e-
lectron distribution function which can bring together results of
different diagnostics.

We assume that the population of non-thermal electrons can
be representead by a displaced maxwellian
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2

n v+ (vI-vy)
= n [ n ] exp|- 2 X g = o
s s |27k s 2 ) k';

where ¥y is the drift velocity.
From that expression we calculate the x-rays spectrum and
ECE enhancement and, from best fit to experimental data, we find
values for Vs N and kT,.
Results of both x-rays and ECE show that, depending on dis-
charge parameters, i
5 < _“§<20:

Eo ~ 2 kTs
2 < kT5 < 5 keV

Concluding we stress that such results refer to the center of
the discharge; where the suprathermal electrons appear to be con-
centrated (Fig.5). There T can carry an important fraction of
the local plasma current and possibly influence the energy balance
of the discharge.

BIBLIOGRAPHY
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(2) H. Knoepfel, D.A. Spong, Nucl. Fusion 19 (1979) 78s.
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B2.6

CHARGE EXCHANGE MEASUREMENTS DURING NEUTRAL BEAM
INJECTION AND ICRF HEATING ON PLT*

5.5. Medley, K. Bol, 5.L. Davis, H.P. Eubank, R.J. Goldston,
L.R. Grisham, R.J. Hawryluk, J.C. Hosea, E.B. Meservey, G. Schilling,
W. Stodiek, R. Stooksberry, and M. Ulrickson

Piasma Physics Laboratory, Princeton University
Princeton, New Jersey 08544 USA

ARSTRACT - lon temperature increases of ~2 eV/kW injected power are observed
on PLT for both neutral beam and ICRF heating experiments. Recent results are

reported with emphasis on charge exchange diagnostics.

INTRODUCTION = Neutral injection heating experiments performed on PLT (1]
using four 40 keV ORNL sources delivered up to 2.4 MW of deuterium beam power
to the plasma and source improvements are projected to increase this power to
3.0 MW. Extension of the ICRF coil power level from ~%00 kW up to 2.0 MW and
combined beamn/ICRF heating studies are in progress.

PLT is equipped with two charge exchange diagnostic systems (Fig. 1). A five-
channel mass/energy analyzer (MACE) provides measurement of the perpendicular
“thermalized" ion energy distribution in the energy range of 0.75 to 40 keV [2]. This
systemn operates in a pulse counting mode, is capable of scanning to ~25cm in

miner radius (a = 0 cm), and uses a Berkeley 15 keV, 10 A diagnestic neutral beam

Co-Injecter Harizantally Scanning
Fast lon Diagnosiic
Experiment (FIDE)

source for localized measurements. A
second horizontally scanning multi-
sight-line  energy analyzer (FIDE)
operating in the analog mode provides
Counter

Injector measurement  of both  the ion

temperature and the injected-ion
Verticolly Scenning

Mass. Anolyred § il
Charge Exchange slowing-down distribution.
(MACE) Diograstic
Ll RESULTS — With the MACE analyzer,
Fig. 1. Location of charge exchange
analyzers on PLT, ion temperatures were determined

(Fig. 2) over a substantial range of electron density and neutral beain power [3). The
peak central ion temperature measurements (Fig. 3) underestimate the true central
value by £5%. Recent numerical calculations [ﬂ] and our previous analysis [I] show
that no significant distortion of the Maxwellian thermal tail distribution by beam

ions is expected under PLT experimental conditions and, in fact, none was observed.
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Fig. 2. Energy spectra (top) at selected  Fig. 3. Peak central T, during beam
times (arrows) during T, time profile  heating. Line average electron density
(hottom). is measured at peak Ti'

lon teinperature increases during 5D and D% H* injection scenarios (Fig. 4)
were found to scale with beam pawer, PB' and line average electron density, ﬁe’ as

3 3

)

AT, (keV) = 4.5 4 0.5 Py (MW)/n (0! em”

The ion te.nperature scaling does not appear to be affected by the enhanced
smicroturbulence [5] observed during high power injection into low density plasmas.
The highest lemperature recorded to date (6.5 keV with 2.6 MW D% H* at
EE =19 x 10 emd) has pushed PLT deep into the collisionless regime with v
well below 0.1 over much of the plasma radius. Preliminary ion power balance

calculations indicate that electron-ion coupling, particle diffusion, and charge
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Fig. &. Scaling of central 'l'i with the ratio of
beam power to line average electron density.

exchange losses dominate the power flow with neoclassical thermal conduction
contributing a small fraction. Due to the uncertainties in determining particle
diffusion and charge exchange losses in a plasma where the ratio of beam-to-plasma
ions is no longer small, the possiblity of considerable enhancement of thermal
conduction over neolcassical cannot be excluded.

Energy, pitch angle and time resolved measurements of the injected-ion
slowing-down distribution are provided by the FIDE analyzer. For example, the
slope of the I/e fall times of the tangential charge-exchange signal as a function of
energy (Fig. 5) for a 400 kW H®> D" case reflects the fast-ion slowing down rates
and agrees well with a numerical solution of the bounced-averaged Fokker-Planck
equation. Measurements of the beam ion tall distribution above the injection
energy, which is sensitive to the ratio of the drag rate to the rate at which beam
ions are heated by the thermal plasma, also agree well with the calculations.
Plasma toroidal rotation at central speeds of v, = IOT cm/sec were measured
during unbalanced neutral injection by comparing the tangential thermal spectrum

with co- and counter-injection.

During ICRF heating, both

S T
Fall Ti . Enes
analyzers were used to study the ehTnE e

- o 5 5 ~Thigt
isotropy of the majority and minority i

species ion energy distributions. At

the maximum power deposition level ah Experiment —

TIME (msac)

so far obtained {(~260 kW), increase Beam olf Time
= 340 msec

of the majority deuterium ion  30——g

40

30

ENERGY (ke
temperature from 500 te 1200 eV at

e 13__-3 Fig. 5. Plot of the l/e fall times of the
ngPelibacd Ap Il g s tangential charge exchange flux after

observed. With combined hydrogen beam;tum off:

beam injection and ICRF heating, the

r

L

beam tail distribution above the

injection energy is strongly enhanced

(Fig. 6), indicating direct RF heating

Neulral Beom
S Oaly I3 hev]
of beam ions.
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Fig. 6. Fast-ion tail above the injection
energy in the counter-direction,
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MODERATE POWER ICRF HEATING CHARACTERISTICS FOR THE
TWO-ION REGIME IN PLT*®
p. Hwang, V. Arunasalam, S. Bernabei, M. Bitter, D. Boyd,

N. Bretz, S- cohen, P. Colestock, S. Davis, D. Dimock, F. Dylla,
5. Fames, P. Efthimion, H. Eubank, R. Goldston, L. Grisham,
E. Hinnov, J. Hosea, H. Hsuan, F. -Jobes, D. Johnson, R. Kaita,
J. Lawson, E. Mazzucato, D. McHNeil, S. Medley, E. Meservey,
p. Mueller, N. Sauthoff, G. Schilling, J. Schivell, G. Schmidt,
A. Sivo, F. Stauffer, W. Stodiek, R. Stooksberry, J. Strachan,

5. Suckewer, G. Tait, H. Thompson

Plasma Physics Laboratory, Princeton University
Princeton, NJ 0B544 USA

RF wave powers up to -260 kW have been applied on

ABSTRACT.
Charge exchange

pLT for pulse durations exceeding 100 msec.
measurements at two radii (0 and 15 cm) indicate that the
energetic minority proton distribution is centrally peaked
with the two-ion hybrid layer placed on axis and that the
majority deuteron heating for this case is approximately the
same at the two radii. The central deuteron temperature has

been approximately doubled.

Initial heating results obtained on PLT for the two-ion
regime in both D-H and He3—H plasmas for rf wave powers up to
-70 kW have shown that the wave power absorption can be
attributed to direct fundamental cyclotron damping by the
minority (H) ion species [w - nh(rzo)].l The minority damping,
which is aided by the influence of the two-ion hybrid
resnnance.2'3 sustains energetic proton distributions which
are consistent with Fokker-Flanck thecry4 to E ~ 40 keV and
heats the deuterons (helium ions) and electrons through ion-ion
and ion-electron coupling with the protons. This minority
heating regime shows considerable promise for good ion confine-
ment devices.

In our present experiments we are investigating the power
deposition and heating characteristics for a single half-turn
coil, which excites a broad k||5pectrum, to serve as a basis
for comparison with multicomponent antennae which will enable
placement of the k I spectrum in a range favorahbhle to central
heating of the plasmaﬁ In this paper we report preliminary
results at moderate rf powers in D-H discharges with the
parameters:

3

I_ = 230-300 kA, Vv, = =1.3-1.7 x 10'? em” 5

¢
LT 6-10%, TE
(without rf), TEe = The excitation
frequency is 24.6 MHz and the magnetic field is E¢ = 17.1 kG

which places the two-ion hybrid layer on axis for n, =~ B8%.

1.3-1.5 V, e

- = (0) = 1.2 keV, Ta(OJ * 0.5-0.6 keV

20 msec, and zeff il

Hydrogen charge exchange spectra and deuterium tempera-
tures measured with a wave power of ~90 kW applied from
t = 360 to 520 msec are given for r = 0 and 15 cm in Figs. 1
and 2, respectively.
is ~B0%.)

temperature of the energetic proton distribution decreases
4

(The single coil coupling efficiency

The hydrogen spectra indicate that the effective

with radius and that the Fokker-Planck parameter

“Pre> 1/2
E = ?r?ﬁr (TE) decreases by the ratio of £(0)/£(15) = 1.17
e

for this case. Taking the electron density and temperature

Profiles into account and assuming ny is constant, gives

(Prf>r=0/<Prf>r:15 em © 1-4. The increase in T4 at 15 em is

comparable with that on axis indicating a broad heating pro-
file.

This result is consistent with <Prf> and n, decreasing

with radius (to within the accuracy of the data) gut does not
exclude charge exchange and diffusion effects.

The deuterium heating measured at a wave power of ~260 kW
applied for -100 msec is given in Fig. 3 along with the
neutron emission. T4 is doubled and £, values of lﬂlunfsec
Ere obtained. Fig. 4 gives ﬂTd versus wave power divided by
n for the range of wave powers explored. On the average,
de ~ 2.3 eV/kW for the present operating regime.

No attempt has been made to control the energetic hydro-—
gen distribution as the power has been increased; so energetic
Protons are lost more readily at the higher powers as evi-
denced by increased levels of heavy impurity radiation caused
by oroton bombardment of the vessel and limiters. (This
Tadiation is comparable with that for counter beam injection
for the same conditions.) For the present heating regime at

24.5 MHz, improved proton confinement and deuteron heating is

expected at higher levels of 0
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T T T
n, and n,, and for multiple P
coil excitation. The planned [0

. . e Hydrogen Spectro

operation in a higher fre- In fy | 1500 ms
quency regime with approxi- & Pr1~90 kW
mately twice the present E
ohmic heating current capa- 5—% O-0cm
bility should provide the L o® L
additional ion confinement I 8
required for power levels up = E5 keli(04 KW)
to =5 MW.
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B3.1

FINITE MEAN-FREE-PATH EFFECTS ON AXIAL PARTICLE
TRANSPORT IN MIRROR DEVICES*

T. D. Rognlien and T. A. Cutler
University of California, Lawrence Livermore Laboratory
Livermore, California' 94550, USA

We consider the problem of collisional particle and energy
transport in open-ended systems where the axial transport is dominant.
The Fokker-Planck equation for the distribution function f is
af

=C (1)

where C is the Coulomb collision operator. This equation has previously
been solved in two limits: when the mean-free-path ‘\mfp is long compared
to the system length Ll, and when \‘mf « L2 e shall present a

Monte Carlo procedure for the solution of Eg. (1) which is formally valid
for any range of .‘mfp'r"' although it is most practical for lmfp w L
Results are given for two problems relevant to mirror devices at Lawrence
Livermore Laboratory, namely, electron confinement in 2XIIB and ion
confinement in the tandem mirror TMX.

The Monte Carlo procedure uses a two-part solution to Eq. (1) for an
ensemble of test particles. First, the collision term is ignored and the
test particle is advanced for At according to the left hand side of Eq. (1)
which gives the equations of motion

dy .
gl B dilg (2,3)

Here m is particle mass, v, 1s the velocity along the magnetic field

B, q is particle charge, ' is the axial electrostatic potential, and
b= mvy 2/28 is the magnetic moment. The second part of the solution
includes the collision term which is calculated assuming that the
distribution of scattering particles is an isotropic Maxwellian
locally. The velocity coordinate frame is rotated to the h' frame so
that N“ lies along the velocity v and "‘Ix,y are perpendicular to V.

Then following Spitzer®, the velocities after the collision are

. AW A Z. A

TR TR J:{ st Ry (4)
W = J1 5, 2 R (5)
X,y e s 2,3

where HHD = |vl, R‘I.Z.3 are random nurbers chosen from a uniform
distribution from -1 to 1, and the brachetzd terms are collision
prubabi]itiuz. Accumnlated density and temperature profiles of the
test parlicles can then be used to update the background scattering
profiles. This procedura is repeated until a steady-state is abtained.
As our first example, we consider electron confinement in the
2X11B mirror device. A gas box located at one mirror throat (z = -.8 m)

produces a stream of warm ions for suppression of microinstabilities of
the hot confined ions. Two cases with different gas-box currents are
presented. The 1-D fluid code PHLOW calculates the final density and
potential profiles shown in Figs. la,b. The hot ion energy is taken to
be 15 keV, and the warm ion temperature is -~ 100 eV. The test electrons
have collisions with electrons, warm ions, hot ions, and ionize gas box
neutrals. The Final test particle temperature profiles are shown in
Fig. 1c. For the low-current case, TE is gquite peaked at the midplane
and thermal conductivity is not important since a large gradient in Te
is maintained. Here, electron enerqy is confined primarily by the
A number of 2XIIB shots at this gas-box
100-135 eV at the midplane and
Tn ' 30-40 eV in the fan region. For the high-current case, Te is
Tower because of increased To<s curyent, and Te(Z) is now nearly
uniform. Here thermal conductivity is very important, and one can
produce nearly the same profile using a fluid energy equation for Te
with thermal conductivity. The 2X1IB experiment also exhibits lower
midplane TE for high gas-box currents.

The second example studied with the code is the TMX tandem mirror

electroslatic putentia].l
current show this behavior with TE

experiment. For this case ions are confined electrostatically in a
solenoid by higher density mirror-machine plugs at each end.
Confinement time of the jons is generally calculated assuming that
“mfp However,
because TMX has a large mirror ratio (~20) from the solenoid to the
plug, ions need scatter only a fairly small angle to fill the loss-cone
in a transit-time. In the limit of a Maxweilian the confinement time

L so that f is zero on the loss-cone boundary.l‘

approaches the collisional value of

o= R e (8Y (6)
i

T T_ L T T T :
1.5 = lgas = 650 Amps N
mes by =3000 Amps |

1.0 Mhot ions /\

-ed [KeV]
o o
B <)

o
[N

150

100

T, [eV]

50

Z [m]

where R is the mirror ratio, L is the effective solenoid length, ¥ is

the potential barrier, T is the solenoid fon temperature, and L (2Tlm)”,
The code results in Fig. 2 show that TMX has a confinement product

nt part way between that given by Eq. (6) (45° 1ine) and Pastukhov's

result (horizontal h‘ne).l'a. We used the vacuum magnetic field

profile of 'i’MJ(, T =80 eV and et/T = 3.5. The solenoid density Ne is

varied to show the transition between the two regimes. Typical TMX

density is nc ~ Y X 10” cm'3. The enhancement in n.t only

occurs for devices with moderate )‘mfp: for reactor-like plasmas, it is

negligible.
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STABILITY OF HIGH DENSITY PLASMA IN A MULTIPLE MIRROR

M. Tnutake
Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan
and
A. Komori, R. Hatakeyvama and N. Sato

Dept. of Electronic Eng., Tohoku University, Sendai 980, Japan
ABSTRACT:  Experiments are made on the stability of a quasi-steady, high
ABSTRALT:
betn, collisional plasma in a multiple mirror machine. For plasma beta
lower than about 15%, a strong density oscillation accompanied by magnetic
field fluctuation is observed to propagate with azimuthal mode number m = 1
in the direction of the electron diamagnetic drift. The measured frequency
is in a reasonable agreement with the electron diamagnetic drift frequency.
it is sure this drift-type instability is due to the periodic structure of

the system.

nent and stability for a low beta plasma in a multiple mirror
2)

Confin
have been investigated by using Q-machines at Nnvosihirsk,” Berkeley,

3) Measurements have also been made on gun-produced and 8-

and Sendai.
pi.nch'l) plasmas with high beta value. 1In such transient plasmas with short
duration, it is difficult to clarify characteristic behaviors of low fre-
quency plasma instabilities. In this report, we use a quasi-steady (1 msec
duration), high-density, helium plasma (2 10” cm_3] in order to investi-
gate drift-type instabilities in a high beta plasma.

The plasma is prnduc-ed by an MPD (magneto-plasma-dynamic) arcjet which
is a kind of coaxial plasma accelerator. Typical paramecters are as
follows: electron and ion temperatures ‘I'B - Ti - 10 eV, plasma flow speed
u - JIJ6 cm/sec, ion acoustic Mach number M 2 1, ion mean-free-path '\ii - &
few cm, plasma heta B - several %, ionization degree > 80%. The plasma
coming clong a uniform guide field (80 cm long) streams into a multiple
mirror region (100 cm long) as shown in Fig.l. The multiple mirroer con-
figuration with cell-length 10 cm (»> Aﬁ) is formed by 10 iron rings (10
cm diam.) mounted in a vacuum chamber (15 cm diam. stainless steel) with a
uniform external magnetic field [Bu < 3.4 kG). The mirror ratio rlIl is 1.5.
The plasma is terminated by a stainless steel plate which can be moved to
change the number of cells in the system.

Axial/radial profiles of number density n, floating potential Vp as
well as fluctuations of density fi, potential i‘F and magnetic field g are
measured by movable double probes and magnetic probes. T is determined by
the Doppler broadening of He T line. T  is determined by the double probes
and confirmed to agree well with that obtained from the intensity ratio of He
I tolle T line. The density obtained from the ion saturation current of the
double probe is cross-checked by the HCN laser interferometer. In Fig.2 is
shown the ion saturation current J, collected by a plane double probe (0.5
mm diam. disk), the surface normal of which is perpendicular to the plasma-
flow direction.

A strong low frequency oscillation with 10 - 20 kHz is observed in the
multiple mirror configuration (Fig.2(b)). This oscillation does not appear
when the iron rings are replaced by aluminum rings in order to check geo-
metrical effect provided by the metal rings (Fig.2(a)). Thus the oscilla-
tion is due to the instabilities caused by the multiple mirror configura-
tion. We can also observe this oscillation disappears drastically when the
magnetic field decreases below a certain critical level as shown in Fig.2
(c). The results are summarized quantitatively in Fig.3. The suppression
of the instability is also observed when the pressure is increased with a
fixed magnetic Ficld. According to these results we can say that the
threshold of the instability depends on the plasma @ value. The threshold
beta value is about 15%. Both the oscillation frequency and amplitude
increase gradually with an increase in the magnetic field (Fig.3), on the
other hand, with an increase in the plasma pressure the frequency increases
and the amplitude decreases.

Before describing Further details of the instability, we present the
plasma properties in the stable operation regime of the multiple mirror
system. The axial profile of J, which is roughly proportional to n are
plotted in Fig.4 for both the multiple mirror field and the uniform field.
It is clearly seen that (i) n in the midplane is higher than that in the
throat region. The ratio is nearly equal Tu Ry (i) n in the upstream
region is much tigher than that for the uniform field and (iil) average
density-gradient in the axial direction for the multiple mirror Field is
steeper than that for the uniform field configuration.

As a result of the instability, the radial diffusion of plasma is
enhanced, so that the average density profile has a steeper gradient than
that in the stable operation and less increase inn is obscrved in the
upstream region. In order to identify the instability, radial profiles of

Jy («m), v T, as well as the oscillation amplitudes of demsity dys

P
pPotential \?F’ threc components of magnetic field (ﬁr, ﬁa. fiz] arc measured.

in Fig.5 is shown n, together with 3y (= m) at z = 60 cm (upstream region),
100 cm (third mirror point) and 160 cm (8th mirror point). (i) At the First
two positions, the density fluctuations are clearly localized near the
position of the maximum radial density-gradient, Er' EB, ilz and \'u'F are
obscrved to be localized. At z = 160 cm, n has a broad radial profile and
the fluctuation decreases. (i) The fluctuation propagates with the azi-
muthal mode number m = | in the direction of electron diamagnetic drift
velocity.  (ili) The phase difference between n and \T’F is 180°. iz and 1
are out of phase. (iv) The axial phase velocity along the field line is
confirmed to be equal to about Alfvén velocity, which is larger than the
ion acoustic velocity and less than the electron thermal velocity. (v) The
observed oscillation frequency w is in a resonable agreement with the
diamagnetic frequency w® = kaKTBK/eBo, where kB = ';_l (azimuthal wavenumber),
k== !;—"- (inverse of radial density gradient). The Doppler frequency due to
the radial electric field is less than w*. Here the electric field is esti-
mated from the floating potential by taking into account the temperature
profile. The increase of w with an increase in Bu is mainly due to the
changes of « and '1'e which are measured in detail. It is to be noted w is
determined by w* in the most unstable region, i.e., in the rezion of first
few mirror-cells, although calculated w' varies axially.

From the experimental results mentioned above, it is sure that the
drift-type instability of high B plasma is caused by the multiple mirror
field. A further investigation is necessary to clarify the instability

mechanism of such a high 8 plasma and its stabilization at higher beta

value.
uPD ENO PLATE
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B3.3

THE REXIMPLO EXPERIMENT: CONVERSION FROM CYLINDRICAL
TO QUASI-SPHERICAL PLASMA COMPRESSION
E. Panarella and R.P. Gupta
National Research Council, Ottawa, Canads, K1A 0R6

Abstract: The conventional theta-pinch device used in the REXIMPLO experiment for
plasma compression has been modified from cylindrical to spherical geometry. Under identical
conditions of gas pressure (1 Torr) and available condenser bank energy (10 kJ), the conversion
resulted in an increase of the electron temperature from 120 eV Lo over 400 eV and in the
production of ~-10° neutrons. Mareover, the neutron output increased inversely with the
volume of the sphercal discharge vessel.

As a continuation of the work reported at the $th European Conference on
Controlled Fusion and Plasmu Physies in Prague [1], the theta-pinch discharge system of the
REXIMPLO experiment has been converted from eylindrical to spherical geometry. The
conversion was motivated by the consideration thut the end losses inherent in a cylindrical

theta-pinch can be reduced and the conf imy d if the imploding plasma is driven

towards a small core volume rather than an extended line.

To illustrate how a spherical implosion can be obtained from the convergence to a
core valume of all j « B plasma driving forees, consider a spherical surface covered by current
lines directed along greal circles (meridians) lymg on planes perpendicular to the equatorial
plane (Fig. 1a). This is the current configuration of a spherieal pinch. In order to reproduce
it, one first needs to cut hall of the sphere along the equator, so that current entering through
A can leave the sphere through B (Fig. 1b). However, this arrangement permits the eurrent
to flow along any direction on the surface of the sphere. To improve the situation, e, to
force the current to Now along the meridians, one needs to provide the sphere with a sel of
slits along a few selected meridians (Fig. 1e). This is the final pinch structure. It has the draw-
back that the current density j (and therefore the plasma driving force j x B) is larger at the
poles P, and P; than elsewhere, but nevertheless it is capable of driving the plasma towards
a small volume.

To see more clearly how this can oceur, consider the magnified version of Fig. 1e
{Fig. 2). The sphere is provided with two main cuts, one in the equatorial plane QQ and the
other in the polar plane P, P,. The magnetie field lines in the equatorial and in the polar
planes, at a particular instant of time, are represented in Figs. 3 and 4, respectively. It is
observed that the plasma is not spherically sy mmetric because the driving forees ] x B do not
have equal intensity and do not converge towards u point. Nevertheless the plasma is
essentinlly three-dimensional and is better confined than in u eylindrical pinch.

In order to appreciate the effect of the n of the di y from

eylindrical to spherical, an experiment was performed with a spherical pineh as shown in

Fig. 5. It consisted of o large sphiere of " 16 cm diameter which could accommodate n
spherical glass vessel contuining two diametrically opposite internal electrodes for gas pre-
ionization. The condenser bank energy (10 kJ) was discharged into deuterium gas at 1 Torr
initinl pressure. The experiment yielded a large flux of X-rays from the pinched plasma. The
electron temperature peaked al over 400 eV, a factor of 4 larger than in the eylindrical pinch.
Neutrons were also observed which could not be detected with the eylindrical pinch under
identical conditions of initial gas density and vondenser bunk energy.

d with the elucidation of the effect
of the scaling of the spherical device on the neutron output. By discharging the same con-

The other experiments performed were co

denser bank energy (10 kdJ) into spherical devices of different dimensions, thus varying the
plasma energy density, a varintion of neutron output was expected, The experiments were
condueted with three fully enclosed spherical pinches similar to that of Fig. 2 of 15 em,

B em, and 5 em dinmeter, respectively, The results of the measurements are reported in
Table I. One can see that, when the discharge volume decreases by a factor of 8, from 2000 ml
{eorresponding to the *~15 cm dia. ball) to 250 mi ("8 cm dia.), the neutron output increases
by at least a factor of 5, the uncertainty heing due to the limited sensitivity of the counter.
When the discharge volume goes down by a factor of 5, from 2560 ml to 50 ml ("5 ¢m dia.
ball), the neutron output increases by a factor of 7. In short, it seems that the neutron
output scales inversely 1o the volume of the discharge.

TABLE 1

] Volume Ratio Neutron Output Ratio
V,(mb) VilVau o By
| I B I )
1 2000 <10°
2 ‘ 250 8 441 < 10° >5
\ SL 50 0 2,95« 10" w7

Quite recently, work has been started on the numerical analysis of the spherical
implosion. The problem is essentially three-dimensional. The computational analysis con-

siclers the following phases;

1. Find the DC current distribution in the spherical ductor and the iv field
inside it. Since the conductor has several slots for guiding the current and reducing the eddy
current losses, it is not convenient 1o solve the problem analytically. And since ellipsoidal

geometries will be considercd in future, the finite element method will be adopted,

2. Find the equilibrium plasma configuration, if any, under MHD approximation. For this

purpose, either the existing 3D-finite differcnee schemes or a finite element scheme for the

whole system will be adopted. The density of finite elements in a given region will be dster-
mined by the complexity of the plasma in that region.

8. Study the dynamics of the plasma from the shock stage through the equilibrium configura-
tion. The plasma equilibrium reached is expected to be a dynamic one so that the plasma
oozing out from the regions of low magnetic field will be moved back over itself. This means
that the plasma will move from inside to out through the ends, but there it will experience

fields which will tend to fold it back over the outer region of the plasma ball and compress it

at the same time, If the dynamical caleulations eonfirm this premise, and if the instabilities

do nat develop toa rapidly, then it should be possible not only to generate a three-dimensionally
pinched plasma but also to confine it for a significant time.

4. Calculate the containment time of the plasma created in the spherical pinch. The various
cllipsoidal modifications of the spherical cond geometry under varying electrical energy
discharge conditions will then be studied in order to maximize the containment time and
minimize the losses,

Work is in progress on the computational analysis and will be reported at a later
time,

[1] E.P lla, Proc. 8th Euroy Confi on C lled Fusion and Plusma Physics,
Prague, Czechoslovakia, September 1977, (Vol. 1, p. 59).
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FIG. 1 - Evolution of the
spherical pinch concept.
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FIG. 4 - Hagnetic field lines distribution
and plasma shape in the polar plane of the
spherical pinch.

FIG. 2 - Spherical pinch.

FIG. 5 = Spherical pinch device
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INFLUENCE OF MICROINSTABILITIES ON THE MHD Table 1. Critical shear conditions for microstability.
STABILITY OF FIELD REVERSED PINCHES* Critical Shear Condition
Instability for Stability

5, Hamasaki, Science Applications, Inc., La Jolla, California 92037 L IL “

2. T i i Ly .

N. A. Krall and J. B. McBride, JAYCOR, Del Mar, California 92014 Lower Hybrid Drift = 4.43 s 5]

Reversed field pinches (RFP) are potentially attractive for fusion Ly m\ ' o\ % -
applications largely because MHD stable configurations have been predicted Drift Ion Cyclotran LN & m ) AL,
to exist at relatively high plasma beta with the possibility of purely Universal Drift |ls| o 2 16)
ohmic heating to ignition. The practical embodiment of the reversed

i i13 Shear Alfvén Il | <w ? 7
field scheme as a fusion reactor depends on whether a stable equilibrium s
can be established and maintained for sufficiently long times in the o LA ; ]] -
- i = —_—— >

presence of plasma transport from microinstability. Parvent:driven Dttt Ll <Vme ¥g ("d Cs

Christiansen and Roberts [1) showed that because of local ohmic lon Temperature Orift L, < 10 r . (n - g%:_{n) {9
heating and consequent rise of plasma B, the central region of low shear {1 - 0.95/n) i
can become Suydam-unstable, which results in local MHD turbulence, flat-
tening out the central density and temperature profiles and leading to a

References

quasi-steady state which evolves near Suydam marginal points. This paper
addresses the question of whether microinstabilities can occur driven by
the chmic current or by the radial plasma gradients in RFP and thus induce
sufficient radial transport to alter an initially MHD stable Z-pinch
configuration into an unstable one.

[1] J. P. Christiansen and K. V. Roberts, Nucl. Fusion 18, 181 (1978).

[2] D. A. Baker, R. C. Davidson, and J. N. Pimarco, Proc. of the High
Beta Workshop at LASL (ERDA-76/108) 528 (1975).

[3]1 J. P. Freidberg and R. A. Gerwin, Phys. Fluids 15, 657 (1972).

[4] R. C. Davidson et al., Phys. Fluids 20, 301 (1977) and also R. C.

As a starting point, the MHD stable initial profiles-of Ref. [2] are Davidson, N. T. Gladd, and Y. Goren, Phys. Fluids 21, 992 (1978).

chosen as typical RFP profiles and shown in Fig. 1. The maximum local g [5] J. B. McBride and N. A. Krall, Nucl. Fusion 18, 12 (1978).
is about 10%. The magnetic profiles satisfy radial pressure balance and [6] 0. W. Ross and S. M. Mahajan, Phys. Rev. Let: 40, 324 (1978), K. T.
have the fgmzli% B, & ByJ,(28 r/a), By ~BJ,(26 r/a), 8> 1.4, a = 16 cm, Tsang et al., Phys. Rev. lett., _, 327 (1978), and also T. M.
p= Pasech (r /ro - 1), r, = 6 cm, for r < 16 cm and are the vacuum pro- Antonsen, Jr., Phys. Rev. Lett. a1, 33 (1978).
files for r > 16 a}i For these given profiles the uens;tyzgradtent length [7] K. T. Tsang et al., Phys. Rev. Lett. 41, 557 (1978), Y. C. Lee

' o : - ke’ s Ts B 5 4 . 41 » Y. C.
L, = t3/ar(in n)I™", the magnetic shear length L. = [(B/B%)3/ar(B,/8B,)] and L. Chen, Phys. Rev. Lett. 42, 708 (1979).
and the ion gyroradius Py (assuming constant temperature profile) can be (8] S. Inoue et al., in Plasma Physics and Controlled Nuclear Fusion
calculated as shown in Fig. 2a. The crossfield drift speed v, in units of Research (Proc. Conf. Innsbruck, Austria, 1978) and also 5. M.
ion them.lal speed v; is ;.m:tted ﬁn‘Fig. 2b. Note Ifhe drift jon-cyclotron - Mahajan and D. W. Ross, Phys. Fluids 22, 669 (1979). =<
cuba Sl ey ute |k el YR Chene; 50 HOWEE DR Dain 4 6 i ";“f"- ion {9] B. B. Kadomtsev and 0. P. Pogutse, Rev. of Plasma Phys. 5, 303 (1970),
cyclotron instability. We see that low frequency drift instabilities may {10] S. M. Mahajan, D. W. Ross, Phys. Fluids 22, 669 (1879).

be possible in the inner radius region, while the lower hybrid drift or
ion cyclotron instability may occur in the outer regions of plasma where
L, is smaller. The actual occurrence of these microinstabilities, however, *The work was supported by the U.S. Department of Energy.

(11] S. P. Hirshman and K. Molvig, Phys. Rev. Lett, 42, 648 (1979).

depends on the magnetic shear stabilization conditions, which are listed 6 100.0
in Table 1 for various important microinstabilities. Table 1 gives the
critical shear length requirements for stability of all wave numbers for T
reasonable temperature ratios of 0.5 < Te”i £ 2. The ordinary universal Nl
drift or shear Alfvén mode is stabilized with any amount of shear, but @ ol
-
=
:m
“;N

may become unstable with trapped particles [10] or some nonlinear turbu-
lence [11). The effects of high magnetic shear (L5 = Ln) as in RFP are, \—
| N U U G
5 10 15 20

however, still unknown for these modes. Other low frequency instabilities
like the current driven drift mode which operates when Vg R Cg (sound )
speed) or the ion temperature gradient driven mode seem easily stabilized ricm) —=
in RFP devices which have L_= L . This leaves only lower hybrid drift Fig. 1. MHD stable initial
e s T L profiles. The profiles
and drift ion cyclotron instabilities. are chosen in accordance
- 1h . with Ref. [2].
The critical shear length Lg for both lower hybrid drift and drift 0. 1y 5 10 15 20
ion cyclotron instability is plotted in Fig. 3. The threshold shear . r{em) —
Tength is 1 than the actual shear length of RFP indicati let £10; 20, rofiles fon
q s larger than the actual shear length o ndicating complete the density gradient
stability, as shown in Fig. 3. Suydam's criterion can be written as a length L , the magnetic
shear 1eHgth Ls and the
ion gyroradius By

N
=
o

-

m
= w
p(10° Dyne/cn®) —

critical shear requirement

L3 - [raz,'aﬂ/[az/s_.: ‘2 \/Eig.fén(a/?)}] for ap/ar > 0 000

@ aP/ar < 0

L: is also plotted in Fig. 3. Except for a small, outer plasma edge
region, Suydam stability requires more shear than microstability. In
this outer region the shear is strongest and sufficient for microinsta-

" bility. Usually Suydam's criterion requires a Tow B{8 < 0.2) and for

low & systems, pressure balance can be written in terms of a shear length

0,100 z

vglv; —

. 0.010
= o 2, o6 15 =
Ly = | (B, rar)/By + BB,/ (ré?)| i
Fig. 3. The critical
shear length for the 0.001
For these typical field reversed profiles, the shear length becomes . lgue; l_uffbr:d drif% or 20
= . e drift ion clotron
Ls < a/f (8 > 1.2). Thus we conclude that for low 2, Suydam stable instability “_Eﬁ). 10 Fig: 2b. Profile for the
RFP systems, the magnetic shear is strong enough to stabilize almost for Suydam's criterion ratio of the cross-field
#ny d R iR (L2), and the actual RFP drift velocity v, to the
y dangerous microinstability. shear length (Ls]. jon thermal ve]ogity Yy
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B3.5

THETA-PINCH FUSION SYSTEM WITH LINER EXPLODED BY
THERMONUCLEAR NEUTRONS

E.A., Azizov, Ju.AKareev, L.K. Konkashbasev, L.B. Nikendrov
I1.V. Kurchatov Institute of Atomic Energy

loscow, USSR

Abstract. The possibility of increasing the inertial
confinement time of a pulsed fusion system is discussed. The

thermonuclear neutron flux is sufficient for explosion of inner
layers of the liner and heating these up to temperature 20 eV,
so that the pressure in the liner exceeds the plasme pressure if
the conditions hT 3-_10‘5 oD gec and H 31021 en™ are fulfilled.
Due to increasing the inertisl confinement tims and additional
compression of the burning plesma one can achieve much greater
burn-up ( § > 15%) then in the case of "olassicel theta-pinch
with liner". As an exemple of such exploding liner systems the
thete-pinch with closed enda compreased by the faat liner

(Ve = 10° cm/sec) is considered. The calculations using one-
~dimensional MHD-code for the plesma and liner ere presented.

Good knowledge of liner amcceleration and a compression process
of the theta-pinch with closed or open ends is the main mdventage
of the pulse thermonuclear system with inertial confinement.
However, the decreasing a large thermel energy of the plasma

c-uvl—g with liner velosity V‘E-.m5 cm/s requires
1) to compress magnetic trape [1,2] or
2) to increase liner velosity. The problem of increasing of Vl is
connected with &) complicated physics of liner acceleration (the
electric explosion of tubes [3] , magnetopressed discharge [4] ,
the liser or relativistic beeams) and b) the low efficiency of
energy convertion from energy source into the plasme - P .

For micro-implosion systems (liser, relativistic beam) with
Vl > 10? am/e the energy gein should be very large to close
energy cycle during inertiel confinement time in spite of low .
It is very hard to close energy cycle in traditional "thete-pinch
liner system" (if the of{=-partical self-heating takes plece
hurn-up E is equal %o 5% only [5] ). 5till, it is A safe
assumption that it is possible to preserve the simplisity end
technicel practicability of pulse liner system with Vl = 106cm/.\3,
QP = 109 I.

Phe idea is besed on the fect that if in the liper system
nt ;1015 em/a then thermonuclear flux is suffisient for fest
heating the inmner layers of the liner. As a result the liner
pressure exceeds plasma pressure, and hence the plasma confinement
time must increase, because of the caompression of the plasma by
exploding liner layers hard gaa.

In this exploding liner sysiem one can achieve lerge burn-up
E > 10%, and it is posaible to close energy cycle. The energy
gein may be equal to 10.

Three conditions must take place for plasma confinement
with help of liner exploded by thermonuclear neutrons:

1) The liner pressure Pl must exceed plasma pressure P during
inertial confinement time 't‘le R 'NC (after that 1’1> P in apite
of plasme self-heating by o{-particala):

Re v’
R =gén(¥-1) —7 > P=fl
¢ =4 (R+R,)P- R}
where En = 14.1 Wev + binding energy; X - ia the retio of
specific heate of liper material, RP is the plasme radiuvs,
is the liner density, RL is the absortion length of thermonuclear
neutron, is the intensity of thermonuclear reactions.
2) the inertial confinement time Ca
TS=RL/C‘5 Jwhere Tg - is the fell down time of liner pressure;
¢, - iz the speed of the exploded leyers (Cﬂm Vl).
3) the liner thickness AR >» &, .

Fig. 1. showa the region (II) of the existence of

must be less than

thermonuclear system with exploding liner. The curve AT = 'V;/’
limits this region from below, and curve ~T = Vg

from e bove. The minimum liner velosity ‘vl'mm-—- 5.105 cm/s. As
example of this exploding liner aystem we heve considered the
"theta-pinch with closed ends" [5] . The longitudinal energy losses
will be slight if ol >6.10%2 om™® [5] , the longitudinal magnetic
field H, decreases radial energy losses., The liner velosity
v < 10° cm/s can be achieved using cumulation of the thick cooper
liner with AR #» R, |

This liner obtaines kinetic energy after the collision

with an other liner called "pusher". The pusher velosity is

V, = 10° em/s. The mumerical hydrodyuanics celculations show that
the velosity of the immer surfuce V(2 =V (R, /g, ()"

[6,7] (aee fig. 2), and heating condition pdivy > W

is satisfied during compressivs

whare W is the energy losses

hHD-code. In the kiHD-code we take inio consideretion transverge
and longitidinel thermael conductivity, radiation losses, plasmg
heating by
thermonuclear neutrons in the inner layers of the liner, nonlingg,
diffussion of the magnetic field into the liner, real thermody
equation of state of the liner [8] . The parameters of a typical
gystem are: liner lenth L = 180 cm; the initiel energy of the
pusner is 50 MF/cm, R ,=8 om, R

Fig.3 illusirates the system parameters ms a function of time.
It is seen that maximum compression occurs at the moment t= 172 uge
and then weak expansion of the plasma followes (curve 1).

of the liner. From fig. 4 it is seen that the thermonuclear
burning tekea place in 60 percent of the plasma amount (where

g:

thermonuclear system, where plasma is confined by inner liner
layers exploded by neutrons. This "recursion" of thermonuclear
neutron energy back into the plasms gives considerable burn-up

therefore we can consider the liner system as a cleanly

thermonuclear system. Moreover, the using verious substances
ag the liner materiel (aspesially water) may promote energy
utilization, tritium reproduciion and defence of reactor structure
from neutrons.

1.  Spalding J. Cusp confinement. Advences in plasma Physics,
2 Boris J.P., et al,, Proc. of VI European Conf. on Contr.

3. Rioux C., Jasblon C., Nuclear Fusion, v. 15, n. 3, (1975), 425
4. Alikhenov 8.G., Glushkov.LDokl. Neuk SSSR, v. 242, n. §5,

S. Alikhenov 8.G., Konkashbaev I.K., Nuclear Fusion,
6. Zababekhin E.I. Nechaev M.N., JETP, v. 33, n. 2, (1957), 442,

7. Zeldovitch Ya.B., JETP, v, 33, n. 3, (1957), 700.
8. Zeldovitch Ya. B, end Raizer Yu.P., Physics of Shock Weaves,

cleanly inertial confinement; II - region of the reactors with
exploded liner; III - micro-imposion system.

of liner R,‘(t); V(Rm) = 0, Ry is the initial radius of liner,
Rz ig the external radius of the liner.

1 - Vy, 10° em/a; 2 -p4 3-m 1018 em™
temperature; 5 - P, lbar - pressure; 6 - E .

n, 1018 c.m_3: T, 100 eV J
coordinate.

F(r:"J = 5, the mean burn-up § = 15%,
T = 25 keV, the maximum liner temperature Tlmax= 25 ev,

The besic parsmeters of the fusion system are obtained \-la:tna

o - perticals and sc on; the absorption of

P pmin = 0,65 om, nma_x-B-mEccm'J,
5 (r=0) = 25%,

max

Rp << R << 4R +

|
31
The expansion is atabilized by thermonuclear neutrons heatipy
25%, T > 10 keV).

Conclusions. It is possible to creaste pulse liner

® = (15¢20)%. The burn-up compensates low » = (5+#10)%,
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Pig. 1. I = region of the existence of the reactors with

Pig. 2 Liner velosity \‘1 as & function of inner radius
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B3.6
SPECTROSCOPY OF TITANIUM IONS

INJECTED INTO A HOT PLASMA BY COZ-LASER—PJ\DIATIDN

p, Greve, J. Haumann, M. Kato, -J. Kunze and L. Ullrich
Ea: GLEVE
Institut fiir Experimentalphysik V, Ruhr-Universitdt

4630 Bochum, F. R. Germany

Abstract: Titanium ions are injected into the plasma of a
AQSEIEE=

large-bore theta-pinch by firing a Cogflaser onto a solid

target. fter compression and heating of the plasma, the time
histories of successive ionization stages are recorded and

analyzed.

At the Ruhr-University of Bochum we have started a program
to measure rate coefficients for excitation and icnization of
positive ions. Ve employ the plasma spectroscopy method1
atoms or ions of interest are introduced into a hot plasma,
which is well diagnosed, and excitation rates are deduced from
absolute intensities of properly selected emission lines,
ionization rates are obtained from the time histories of the
ions.

The plasma is produced in a large-bore theta-pinch, which
has been constructed specifically for such investigations. It
is easily accessible from all sides. The diameter of the
single-turn coil is 21 cm, its length is 60 cm. The main
capacitor bank stores 140 kJ at a charging voltage of 40 kV.
At the time of peak current (the guarter cycle rise time
being 5.75 ps), the discharge is crowbarred. The maximum
field inside the coil is 4 T. Bias field and preheater banks
are discharged through the same coil. For the investigatiens
being reported, the discharge tube was filled to an initial
pressure of 12 mTorr hydregen, and a reverse bias field of
0.06 T was applied.

Titanium atoms and ions are injected into the discharge
vessel about 20 us prior to the preheating discharge by

firing a high-powar CO,-laser-beam of 200 MW peak power onto

2
a solid target. The titanium reod of 6 mm diameter protrudes
into the discharge tube through a sidearm at a distance of
about 6 cm from the end of the coil. The laser beam enters

through an opposite sidearm. A schematic of the setup and of

the diagnostic instrumentation is shown in Fig. 1.

a5 m
Monochromator

7 channel
system

5
Ejpm C%m
e
2.2m
Grazing Incidenca

VUV-Monschrometor
]
Pm

Pm: Photamultiplier

S : Scinlilicter

B : Beamsplitter

Pd : Photon Drag Detecrar
HF : HF - Preionisation

T ! Target

£ - Prism (removabie/

0.25m
tonochromelor

FIG. 1

For the analysis of the swpectr

oscopic observaticns, the

plasma conditions must be known. Electron density and tem-

perature are deduced as funetion of radius and time in the

midplane of the coil using Thomson scattaring of

light from

a ruby laser.

» laser beam is directed parallel to the axis

of the discharge tube and the scattered light is analyzed at

90° by a seven-channel system.l
Fig. 2 shows the electron den-
sity and temperature as func-—

tion of time averaged over the
diameter of the plasma column.

The time history of the C V

<]
line at 2271 A as well as the

I .
continuum emission at 5226 g, (0] 5]45
FIG.2
both observed side-on, are
used to monitor the discharge () 5
] ]
conditions. The length of the
plasma column is deduced from dIldt
abservations of the continuum MAIN BANK
emission through small holes
in the coil. It is obtained to
30 cm. The diameter of the confinuum
column from the light scatter-— _2;7“““ { v
1
ing measurements is about 3 cm. 252 2?5'&
Spectroscopic observations %5 AR
_ ] Ti VI
in the vacuum-uv are made end- °
258.6 A
on using a 0.2 m Seya-type and
a 2.2 m grazing-incidence monc-
chromator, both equipped with 278 7 f
K
a scintillator and & photomul-
tiplier. :
T X
Figure 3 shows experimental 289 58;\
results. The top trace displavs
the time derivative of the cur- T
I
rent of the main discharge FIG.3 LSU.EQ-A

through the coil, the second trace the continuum intensity

in the midplane of the coil. The sharp drep in the continuum
emission at the time of current maximum clearly reveals the
break-up of the plasma column caused by an instability. With-
out injection of titanium this instability does not occur:
the continuum emission indicates a stable plasma column last-
ing for about 10 ps. When the amount of injected titanium is
increased from very low levels, the plasma remains stable
initially. However, the break-up sets in as soon as the
amount of titanium atoms reaches a level, where spectreoscopic
observations become feasible. Details of the injection are
still being investigated.

The remaining traces of Fig. 3 show the time histories of
lines from various ionization stages. This time histories are
compared with calculated ones, which are obtained from numeri-
cal solutions of the coupled set of rate equations and assum-
ing, that the upper levels of the emission lines are popula-
ted according to the coronal model. The theorestical rate co-
efficients, finally, are varied till observed and computed
time histories match. The preliminary rate coefficient for

ionization of Ti XII thus deduced it

w

I (T, =180ev)=9x 1071 emdsTT,
This can be compared with the semiempirical value of Lthz,
which is I = 8 % 1071 em’s™'.
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*
General Theory of Kinetic Ballooning Modes

G. Rewoldt, E. A. Frieman, W. M. Tang, and A. H. Glasser
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08544 U. §. A.

The recent success in the analytic and numerical treatment
of high toroidal mode number ideal MHD stability points toward
the utility of similar technigues in the treatment of kinetic
stability problems. The general features of the "ballooning
representation,” which automatically satisfies the requirements
in tokamaks of poloidal periodicity and of small effective
wavenumber along the equilibrium magnetic field lines, in the
presence of finite magnetic shear, apply to the various types
of drift modes,in axisymmetric geometry in the kinetic regime.
The MHD theory reduces the general two-dimensional eigen-
function eguation to a one-dimensional differential equation
along the lines of force, using a WKB procedure for the radial
mode structure. These simplifying features are also present in
the kinetie problem, where a one-dimensional integral egquation
for the behavior of the eigenfunction along the lines of force
results, when the effects of trapped particles, magnetic
drifts, and finite ion gyroradius are included.

In the past, a general two-dimensional code” has been
used to generate numerical solutions in the low-f limit. This
procedure, while valid, leads to an impractically large
expenditure of computer time when all relevant physical
features (e.g., spatial variations in the eguilibrium gradients)
are included. However, a code implementing the one-dimensional
ballooning formulation produces results which are in good
agreement with those generated by a two-dimensional code con-
taining identical physical assumptions.

We consider here the usual low-B tokamak geometry with
circular concentric magnetic surfaces and large aspect ratio,

r being the minor radius, 8 the poloidal angle, ¢ the toroidal
angle, R the major radius of the magnetic axis, and q the
safety factor. We restrict ourselves for simplicity to the
low-f, electrostatic limit for the special case of closely
spaced turning points. Foi Ehis special case, the appropriate
expansion is in terms of & / , where & = o./r ¢ Py being the

ion gyroradius and . the density gradlent scale length. We
employ the halloonlng representation in the form

172 %

p=-w=
x exp({if2wpg) , (1)

¢ = expl-iwt + iL[z - g(8 - GD)]}n(e ¢(9 - 21p)

for the perturbed electrostatic potential. The function n
determines the slow radial dependence of the envelope for the
eigenfunction, andl Hg is a parameter to be determined. The
lowest order (in & /2 equilibrium distribution function rl(0)
is a Maxwellian with temperatu;e T. The nonadlapatlc Bart n(0)
of the ?H?S Tg?r perturbed distribution function £l

-(ed/T)F is decomposed as in Eg. (1) for ¢. After
transforming tc the guiding center coordinates r', 8', z', and
then to the banana-center radius r'', ﬁE? gyrokinetic equation

for h , obtained at second order in ¢ , is just
Viosh _ o0y 2 g Bl t Tt
qr 387" - ilw + iv - wd]h = =g F (w = w,)<p> , (2)
where we have used a Krook collision operator,
2
(uB + v q -
ug = L —r— 7 [cos6' + (g'r/qg) (0" - 0,) sinf'] , (3)

and the rest of the notation is standard.3
average <)> may be evaluated as

The gyrophase

<> = «,‘;u')au { (v, /0) (Bq/r)[1 + (q'r/@) (0" - ﬂc)zjuz] RENC )

Equation (2) may be solved by the method of characteristics, to
yield h in terms of integrals over #, which may be performed by
means of Fourier integral transforms for circulating particles
and Fourier series transforms for trapped particles. The
resulting expression for h is substituted into the guasi-
neutrality condition,

LG - I tneZ/m) s + 1
e,i e;i

0 = e]davl’:, (5)

to obtain the lowest order eigenmode equation. Here h must be
transformed bhack to the particle position, introducing a second
factor of J Equation (5) is a one-dimensional integral
equation Eor ‘(6), whose kernel contains secular functions of 6
on the domain -« (0? @, and which determines the local com-

plex eigenvalue u (

The next order (e / ) equation %?catcs a double turning
point [r ¥ nm) by the conditions 2wl /x| -, = 0 and
an /au \. _g = 0, with m(L/2) 0. For an equzllbrlum with
BT 2
up-down bymmctry, this yields o = 0. At order &, we obtain

a Weber equation for the radial cnvelcpe function n,

.2 (D) 2 3 2 .2 (0)
chH an 2Uiq')"(-u(” o &2 B u )F1 - s E
a6 5 4z ir oy

» Tm'm

with z = r —_r . The solution of interest of Eg. (6) is
n=c exp(-uzz)T where ¢ and a are constants, with the global
eigenvalue

W o= m(ol(rm,ﬁm) + m(l}
‘(cn .2 (o) \M/?
:mm}( ) 3 L (2w 2% ) ’ i
arz rm,ﬁm

for the present case of closely spaced turning points.
The one-dimensional integral equation (5) for h(B} is
solved by a Ritz method, as in Ref. 2, decompuslngNi(H) into a

truncated complete set of basis functions, ¢(8) = } (o).

n=0 B .

This converts the integral Equatlon into a matrix equation for
the y 's, which is solved as in Ref. 2, yielding $(0) and

(ﬂ)(r 8 ) Repeating the solution for several values of r
and B8 if order to cnmpute the necessary derivatives of wl0),
the qlobal eigenvalue w is determined by Eq. (7) in the case
of closely spaced turning points, as well as the constant o« in
the solution for n. Then Eq. (1) is used to construct the
complete perturbed potential.

This procedure has been carried out for a particular set
of equilibrium proflles for ni{r), T (r), and T_(r) where the
gradients are a maximum at r = T, and approach zero rapidly
as r moves away from Tq- This prngerty facilitates comparison
with a two-dimensional calculation4 which allows for varying
equilibrium gradients, but which can only cover a small range
of r, for realistic values of the toroidal mode number,
because of computer size limitations. For representative
parameters, 3 the eigenvalue Wy computed according to Eg. (7},
is w/wy E(rm) = 0.194 + 0.070 i. The corresponding eigenvalue

from the two-dimensional code is w/w, (r ) = 0.1865 + 0.077 i,

in acceptable agreement with the one-dimensional ballooning
formalism result._ Defining ¢(€, S) by & = ¢(8, 8) 0
expl—iwt +ifr - im 8), where § = fLq(r) -mY, and g(ry) = m /£,
the absolute magnitudes |d(6, S)| of the elgenfunctlons from
the two-dimensional (2-D) and one-dimensional (1-D) calcula-
tions are shown in the figure. They are in good agreement,
both as to the structure along the field line and the radial
envelope.

In conclusion, we find that the one-dimensional, "balloon-
ing formalism," calculations can adequately reproduce the
results of the earlier two-dimensional calculation, and can be
computationally more efficient.

* Work supported by U.S. DoE Contract No. EY-76-C-02-3073.
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New Theory of Wave Propagation in Nonuniform Vliasov Plasmas

T. Watanabe, H. Hojo, M. Watanabe*, H. Sanuki*¥,
T, Ohnuma*** and Kyoji Nishikawa

Institute for Fusion Theory, Hiroshima University,
Hiroshima, Japan

*

Faculty of Engineering, Kinki University, Kure, Hiroshima
*#%# Institute of Plasma Physics, Nagoya University, Nagoya

**% Faculty of Engineering, Tohoku University, Sendai, Japan

1. Introduction
In fusion research, electromagnetic wave is extensively used
for plasma production, plasma heating, rf plugging of open ends
of lines of force and plasma diagnostics. In these applications,
it is essential to know the wave intensity distribution in plasma.
To know the wave intensity distribution, it is important to study
the elementary processes such as mode conversicon, wave penetra-
tion, reflection, reflaction, absorption of the electromagnetic
wave in the nonuniform plasma.

In the high temperature plasma,

thermal motion of plasma particles plays crucial role on
these elementary processes through the finite larmor radius ef-
fect, cyclotron damping and Landau damping.

Traditional approach to study the wave propagation in the
nonuniform plasma is based on the geometrical optic approximation;
the wave intensity distribution in plasma is obtained by the ray

(1

trace equation and the wave energy conservation equation In

this approach, it is not clear how to derive the local ‘dis-
persion equation. Furthermore, the wave energy conservation
equation is not suitable for the numerical computation since the
conservation equation is the partial differential equation.

The present method is based on the linear integral eguation
in the wavenumber space which includes finite Larmor radius_efv
fect, cyclotron and Landau damping. We obtain the solution of
the integral equation by the systematic expansion in terms of

(k1) 7t

, whera k is the typical wavenumber and L, the scalelength
of the inhomogenuity of the plasma and the condition kL>>1 is

assumed. The wave intensity is then determined by the ordinary
differential equation which is suitable for the numerical compu-

tation.

II. Approximate Solution of Integral Eguation

We assume that the wave is described by the electrostatic
potential (%) for simplicity. The electrostatic potential y(X)

is expanded in terms of the plane waves as

-+

i
TR gty (1

VE) = ja%k e
The integral equation in the wave number space is derived

from the Vlasov and Poisson equations as follows:
K2e (k) = fx( K, k') e(kr)a k. (2)
The range of K' which contributes to the integral of R.H.S.

of Eg.(2) is limited to

[ ®- #r| <Y 3

When the typical wavenumber k satisfies the condition
kL >>1, (4)

The integral equation (2) can be solved systematically by intro-

ducing an eikonal function S( z)Z)

in the wavenumber space
$(K) = expl-is(k)]. (5)
The eikonal function S({k) is determined by

H{K,G) =0 (6)

> : a’s
% o . BH(K,G i 2 a’H 0
V.S ———+ 35 L == =0, (7)
k sia 75,10 96536, K K
where
o
H(E,E) = rx(E,Be K "KGqsg, _ g2 (8)
=+ o -2
S(k) = So(k) + 5,(k) + 0((kL) ™ ) (9)
Efﬁ; S 1K) . (10)

Substituting Eg.(5) into Eg.(l) and performing the integral
by the method of the steepest descent, the amplitude A(}) and the

phase 9 (%) of the wave in real space is found to be

w(x) = A P (11)
> I - -+ _-is, (F)
A(x) = (-2mi) [ﬂet(le)] e 1 (12)
8(X) = k% - 5,(K) (13)
k=2 (14)
B 3%s,
Pyp G T, (3,1 = 1,2,3) (15)

The quantity & (EﬁiSu(K)] corresponds to the observing point X
and k represents the local wavenumber of the wave at the point
*
=

Equation(8) can be regarded as the Hamilton-Jacobi equation
of the classical dynamics. Therefore, the quantities ¥ and @

are solved by a numerical integration of the"Hamiltonian system”

aK _
Er 116)
dé _
& HK (17)

where 1 is an artificially introduced "time".
The quantities ¢, §, and le can be obtained by the numer-

ical integration of the ordinary differential equations

CL -
== k_f*: (18)
ak
i
ds, i 4 3%
= 3 I s52—P. (19)
dt 241 36,36, 31
de. 2 3 2 2 ) 2
LS [ [ 2% 3’H ’H
— == P+ P . I =5—=—P P .
dt akjak1 mEl lakjac;m mBKGG mi| g 360G, nlmg

(20)
Thus we have shown that the distribution of the amplitude and
the phase of the wave can be determined by the local dispersion
equation H[ﬁ-a):ﬂ which is defined by Eg.(6). Numerical calcu-

lations for specific eXamples are now underway.
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SATURATION NF STIMULATED SCATTERING PROCESSES BY THE NOMLINEAR
DCCAY OF ELECTROSTATIC UAUGHTER WAVES

5.1, Karttunen and R.R.E. Salamaa
Technical Research Centre of Finland
NHuclear Engineering Laboratory

P.0. Box 169, 00181 Helsinki 18
Finland

Abstract: A model of a three-wave system which takes inte
account the parametric decay of the electrostatic daughter
wave predicts efficient saturation of anomalous laser reflecti-
vity, GStimulated Brillouin scattering remains small for n ¢
2.1 Neps Backscattering due to Raman pracess saturates to

a level propertional to lvB/c]’.

Several rzcent experiments with underdense plasma targets have
ravealed unexpectedly low reflectivity due to stimulated Raman
(SRS) or Brillouin scattering (SBS) [1]. The laser intensi-
ties have been well above the instability thresholds which
fact implies tha presence of some efficient saturation
machanism. Many alternative explanations have been suggestesd
and studisd. In this work wa investigalbe the effects intro-
duced by the nonlinear parametric decay of the electrostatic
daughter waves created by the external pump field. The
backscattered EM wave may act also as a secondary pump, but
its Further decay does not seem to account the low reflectivi-
ties observed [2). A stronger coupling ta the plasma is
provided by the ES5 waves because of the nearer coincidence
between the secondary ES pump and its decay products.

A thearetical model is derived from the familiar three-wave
gquations by introducing a nonlinear decay term into the E5 wave
equation and the two additional equations for the secondary
decay products [3,4]. For mathematical simplicity we have
neglected furthar cascading (five wave system) and assumed a
homogeneous plasma slab. Coupling between the secondary ES
waves and the £M waves is excluded by off resonance,

In SHS the primary ES wave is an ion acoustic wave (IA) which
can further decay into two new IA waves only. Phase matching
conditions in the process IA + IA' + IA® are satisfied in the
linear region of the dispersion relation (w s e k IF ki <<
il. In dimensionless form the steady state equations far the
slowly varying amplitudes read [for details s=s [3])

e) + aey - -ee, (1

e’ - og_ = -sue‘ 121
' Gl ¥ L g

a' + Be aget ) ke, e, (3

el + Biey = keeh t4)

ui - ﬂzﬂ? - KB:P. (5}

where L and &_ are tha EM pump and backscattered waves,
respactively, and e the primary £S wave, L and e, the ES decay
products. @ and B represents phenomennlopical damping. The
coupling cosfficient x is ziven by « - 4(#.1k2/k111/71nm_.’n =%
whera ti is the wave number correspanding to g It is

max fmum for k‘ k: = % k and for n << Nep We hava ¥ »*> 1 which
inuicates the strenpth of the secondary decay. The latter
funtiure becomen evident alse if we compare the linearised
growth rates of the ariginal SBS instability and the secondary

drcay.
et et ing damping and assuming resl amplitudes we can salve EAy=
[5, analytically ty making ugn of the consorvakion laws 62 = SE +
1
r= t;al =13 26 = p? = 0, 82 - g2, and (e, + a. la Te o
P g 17 2 q 218
(1 v ¢ 721 7% ghere r 1= a2l0)i is the reflectivity and ¢

dagerites L3 nolse. The solution r(LILL,tI whera L is the
plasma lengbh amd L. the critical length is shown in the Figure

k

le « 107 ). The breken line corresponds tn a Lhrees-wave
roflectivity [5,6]. A most remarkable feature is the low value
af the saturabtian level r_ at Jdensities n < 0.1 n_ . This can
- 5 g
Lo avaluabed fros the eguation
N L Laf 2+ /6) -
2
L LV -, 2]
whure we have assumsad k1 FZ = ; ko Note also that Lhe onset

of the sacondary decay requires a finite ES noise leval e.

For heavy LA damping the primary ES wave intensity will level
off at thes threshold of the secondery decay l(e? = Bwﬂzlrzl.

1f the IA waves ars Landau damped we find for the time-dependent
backscattered intensity at the entrance plane

/2
. ck-L zJLK t:l.'L)l',z b (EL-L)l ] (¥
I_(t) lnlt)[Et.L Lanh {Zc[(ETTt sl

1
where K = (7/1B6) fzfm /un)mpi and Iu[t) is the incoming intensi-
ty. Backscattering begins at t = L/r which is the time the

pump wave neads to propagate through the plasma slab.

In SRS the ES daughter wave is & Langmuir wave, which can
Further decay parametrically into another Langmuir wave and an

IA wave |phase mismatch prevents the process L - L' + L"), In
the long wave length region CFiﬁu << 1) the Langmuir wave i
number is kg (umE/QmiJ|/,lD" =2 kﬁ (typically k1< 0, note

k = Zkg) and for the IA wave we have k, & dkg - (Bmulgmifkg"

2
(kz > 0)]. Tha set of equations for the five wave system is very
similar to (1]-[5] oxcept for some sign changes and that now

the coupling coefficient k eguals k = l|k2|/3]k1|llf’

L (c/vE)z
lv, electron thermal velocity). Even in the keV-region ¢ is
very large which implies a strong effect of the secondary decay
on the SRS saturation. In the weak damping limit we find for

the maximum reflectivity
;A tanh?(®/2x) (a)

This depends nainly on the plasma temperature and is very small
far ¥ >> 1 {a weak dependence an density is caused hy k1 and
k,). In the solution (see [4]) we can put phenomenological
noise sources equal ta 2ero which indicates thal the process

is an absaluLe instabillty. For heavily damped 1A and Langmuir

waves the sleady state roflectivity is given by
i 2 172
(8) r© = tanh?(IL /LSLDI /x}

where L_ and L5 arz the absorption lengths. We have also
studied the effects of a nonlinear damping of the (secondary)
1A wave on the SRS saturation lef. SBS). It turns put that
anly minar cerractions enter the dominant role being played by

Ehe Langmuir wave decay.

The simplified mode! celeulation sugpests that the secondary
decay processes provide a very efficient saturation of SBS and
SRS in underdense plasma., This is in good gualitative agree-
ment with experiments. Near the critical density anomalous
reflectivity remains large. There, however, additional preces-
ses are nperaltional which are nob included inta our maidcl,
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HONLINEAR THEORY OF THE ROTATION INSTABILITY IN A COLLISIONLESS
F.L.R. PLASYA

Peter AEM. Janssen, DEPARTMENT OF ELECTRICAL ENGINEERING, EINDHOVEN
UNIVERSITY OF TecHNOLOGY, EINDHOVEN, THE NETHERLANDS.

|. Introduction

For some fifteen years now there has been interest in low-frequency oscil-
lations which arise in a cylindrical plasma confined by an axial magnetic
field. The presence of a radial electric field gives rise to an E x B-drift
and a centrifugal force on the ions which drives these azimuthally propa-
gating waves unstable (rotation instability). Recently, the interest in
this Instability has increased because large electric fields are expected
in tandem mirror systems [1].

A theory which describes low-frequency waves is given by Rosenbluth and
Simon [2] in which they assume that the electric force is of the same order
of magnitude as the pressure gradient (Finite Larmor Radius Ordering). Many
papers were devoted to the linear stability of a rotating plasma, and as a
result, F.L.R. effects were found to give rise to a threshold for
instability [2]-[6]. Mear this threshold two time scales can be distin-
guished, and we therefore determine the nonlinear evolution in time of the
rotation instability by means of the multiple time scale Formalism. Here,
we consider the special case of an isothermal, uniformly rotating plasma
with a weakly-varying density profile.

Il. Linear Theory

Rosenbluth and Simon [2] have obtained a closed set of macroscopic equa-
tions for low-freguency, azimuthally propagating waves in a collisionless
F.L.R. plasma in the so called flute approximation. The flute approximation
assumes a) a low-B plasma, so that the magnetic field i‘ is constant in time
and b) a two-dimensional problem; the magnetic field is also a constant in
space and points in the third direction.

Because of a) the ExBdrift ¥ is divergence free. Only wave propagation
perpendicular to the magnetic field is considered and the waves are elec-
trostatic.

From the closed set of equatinns, found in Ref. 2, we obtain for a quasi-
neutral, isothermal plasma the following coupled set of equations for the
density n and the electric potential ¢:

D

= n=0,

bt (1)
D e= 2 D

Vg E v ™ =0

where 0= 24 Vw, V=Bl T v ang Vi, = kTm,
All the symbols have their usual meaning.
The set of equations (1) is the starting point of the linear and nonlinear
stability analysis of a cylindrical plasma with a gaussian density profile
and an uniform rotation profile. Linearizing Eg. (1) around this cylindri-
cal equilibrium we obtain for normal modes % exp i(wt+mp) (where m is the
mode number and w its frequency) an eigenvalue equation for the perturbed
electric field E,,

1 d 3 d ’ 2 3 Wy

T -d«F(nur Wi e E¢) + [(I-m )nnww-rrm F] E’ﬁ =0, (2)

dn

o
= Ea/rB. w, = lp‘rnnmc and W,

where W = wimw_, W= m*’"’(“g*‘" (] wih dr

3 o)
is the ion cyclotron frequency.
The boundary conditions read

E¢€r=n) is finite , EQ(r-a) =0, (3)

since at the wall (r=a) the plasma displacement is assumed to vanish. For
our special case the sigenvalue problem (2)-(3) can be solved in terms of
Whittaker functions ([4],[6]). A relatively simple solution can be found,

however, for slowly-varying density profiles,

o 2
n, = n, exp =6r", (%)
where § is small in some sense, Then, the eigenvalue Jm and the unknown E'b
can be expanded in powers of & and the lowest order result reads [7]
ix 2 mn
=g $0r Jm(‘{mnr)' Yon = 3 ¢ (s

where Y is the Besselfunction of the first kind and uth order, while o

is its ntM zero. The amplitude # is still undetermined. The dispersion

relation is then given by mz : A
woe -mw + ﬂJ-] ey (p-1) |p D _ (w+ :IQ)Z] (6)
E 2 P =P e E 2 ’
where p = -1 + ‘;E—Iy’fm+ o(6).
The solution (5)-(6) can be shown to be valid for
2.1 a% 1
Tl 753 R, (7)
T |+___Z§m =1)
J

mn

To proceed, we label a particular mode with the numbers (m,n-1), where m is
the mode number and n-1 the number of nodes in the interval (o,a). A parti-
cular (m,n=1) mode is stable if

lug/wy + ] <475, (8

i.e. F.L.R. effects give rise to a threshold for instability. The stability
criterion (B) shows that the first mode to become unstable is the (1,0)
mode since then p is minimal, Hence, there is a critical diamagnetic drift
frequency wye for which all modes are still stable. Consider now a plasma

with a diamagnetic frequency which is a Fractional amount below Uper

- AL
wp = wpe (1-8%), A <<l (9)
then all modes remain stable, except the (1,0) mode. The dispersion relation
For this mode is given by

we B g+ G + o) (o)
()

thus, two time scales can be distinguished in the problem of the nonlinear
evolution in time of the slightly unstable (1,0) mode. This is therefore an
appropriate opportunity to apply the multiple time scale method in solving
this problem.

111, Nonlinear Theory
In this section we discuss the results of the multiple time scale method
applied to the slightly unstable (1,0) mode of the rotation instabillity. We
have seen in sec. |l that the (1,0) mode is slightly unstable if the plasma
has a diamagnetic drift frequency given by Eq. (9). Inserting the expansion
%ﬂ[ blgT;n=):Alnl; Q-l‘Alﬁl (n)
=0 : =0 =0
in the basicset (1) we get the following hierarchy of equations

2t g, =, 1 I T (12)
vihere ‘Ilfz - ¢2 and L is the linear matrix operator occuring in linear
theory. '-r.he saﬁrcz term FS“,L contains only lower crder.ﬁ: with p £ &-1.
Usually 5, generates higher harmonics, but may also have terms which ascil=
late with the eigenfrequency in the T scale of L\Tijz = 0, giving secular
terms in I Since many time scales are introduced sufficient freedom Is
introduced to prevent this secular behaviour.
In the limit p << 1 (i.e. & << 1) we have solved the hierarchy (12) order
by order [7]. Here, only the results are briefly discussed.
In first order we obtain the linear result, as found in sec. 11, but now the
amplitude ® is still a function of TyaTguees Growth and saturation of the
(1,0) mode occurs on the T, scale, so that to this order there is no radial
plasma transport. ‘
In second order higher harmonics are generated; In addition, a phase diffe-
rence between density and potential Fluctuation is found giving a third
order radial transport,

A%n!
o 3 2
e s & ol L O 1
M e T L

in third order we obtain from the condition that secularities are absent
equations for the modification of the equilibrium: e.g. the density on the
axis starts to decrease due to the radial transport given by Eq. (13). In
addition, an equation for the T]-dgpenden:e of the amplitude & is found,
.
B'rf

where ¥ is the growth rate of the (1,0) mode and g? - I.Sy%llazﬂz. In the
limit u << 1 the instability is quenched due to modification of the equi-

o - y%0 + g%0fel? =0, (1)

librium. Clearly, the rotation instabfity in a collisionless F.L.R. plasma
does not exhibit limit cycle behaviour, but in stead a modulation in the
amplitude is found. For this reason, the time-asymptotic method of Simon
[B8] does not provide a proper salution of the problem under consideration,
because in this method the amplitude is assumed to be independent of time
for large t.
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P.K. Shukla®, #.¥. yu®, A. Hasegawa®, and K.H. Spatschek*™
*  Institut Eiir Theoretische Physik 1, Ruhr-Universitdt Bochum
4630 Boechum, F.R. Germany
* Bell Laboratories, Murray Hill, New Jersey 07974, U.S.A.

x* Pachbereich Physik, Univ. Essen, 4300 Essen, F.R. Germany

In the presence of the baroclinic vector, Vn % Vp, where n
and p are the number density and pressure of the plasma, mega-
GauB magnetic fields have been observed [1,2]. Such magnetic
fields are considered to play an important role in the electron
transport properties in laser-pellet interactions. The aim of
this paper is to show [3] that the baroclinic vector simultane-
ously creates an ion vortex, and that the formation of a sta-
tionary vortex is essential to the creation of the magnetic
fields.

By taking the curl of the equations of motion of a plasma
in a magnetic field, and assuming two-dimensional incompressi-
ble flow {(V - v = 0O) in the plane perpendicular to the magnetic
field B and the vorticity vector V *;, one can derive for each
plasma species the equation for vorticity,

a(v =V +u_)/dt = (1/mn?)¥n x¥p , m

where ﬁn t=qi§/m) is the cyclotron frequency and m is the mass
of the species. If we ignore electron inertia, we obtain for
electrons dB/dt = -(1/en)Vn xVT_, which was obtained by Tidman
and used to discuss magnetic field production. On the other
hand, the inertia of ions cannot be ignored. Hence, we see from
(1) that vorticity is generated simultaneously. This is true
even if the ion baroclinic vector is zero, for in this case
a7 =V +d_,)/at = 0.

We consider a stationary vortex solution under these cir-
cumstances. We assume that the baroclinic vector has existed
for a definite period of time and disappeared at t =0 as the
plasma gets heated and becomes collisionless. Thus the plasma
has a certain initial total vorticity V =v+ zi.’:ci. We take as
an example a cylindrically symmetric vortex with only radial
variation. We treat the plasma as collisionless. First, we con-
sider the ion dynamics. The constants of ion motion are the
Hamiltonian, H = ey + [(p0 /R= en)? +p;1/2m1, and the canonical
angular momentum, pg = m, R? & + eRA, where P, = m R, A is the
@ component of the vector potential, ¢ 1s the electrostatic
potential, and R and @ are the radial and azimuthal coordinat-
es. We choose the lon distribution function £, (py,py.0/R) =
£, (H,p,) tobe £ = (n_/2wm T) exp[-(H+ap}/2m)/T,],
where TJl is the ion temperature and o« is a constant. Thus, the
ion density n&(R) and the 9 component of the current density
J,(R) are ng Z_ffi dp, dpy /R, b d, = uDeIRé £, dpg dpg /R,
respectively. Here, Hy is the vacuum permeability.

For electrons, we assume the Larmor radius to be much smal-
ler than the scale size, and use the guiding-center Hamiltonian,
H = M, e, where ul= m_ vi/EmcE) is the magnetic moment. The
canonical variables are then u, 6 = Imca dt, R, and O, Note
that for electrons, R and O correspond to the guiding-center
coordinates. The constants of motion are H and R. Hence, we
choose the electron distribution function fE(u,e.R,GJ =fe(H,RJ
tobe £, = (0w /27T) exp[-[UTEJ thw
the function g(R) will be determined later. This gives the

-eq) +q(R)], where

electron number density, o - f fE dy do , and the electron cur=

rent density .J‘E is the sum of the g.c. tuD Jq: -a “nJ-Réfe dude),
and the magnetization (uD J!= = fu fE dp da) éu.rrents, where RO =
- (3H/3R) /eB.

The necessary field equations are the guasineutrality con-

dition, ng=n_,, and Ampére's law for the 0 component of the
vector potential,

i 4 da A _

Eiﬁ(“ ﬁ)-ir_ IJD(J1+JE). (2)

The magnetic field is then given by (1/R) (d/dR) (RA) = B. When
a vortex is set up, the centrifugal force of ions should be

balanced by the pressure gradient. The self-generated magnetic
field should vanish at R-w=, The density at the core of vortex
is hence reduced and n should approach n (#0) at R+=. If B+0
as R-=, A should be bounded there, Hence, in n, we must have
§ v =T, /2e)in(1 +uR?) as R+=, The quasineutrality condition

then gives g(R) = -} in(1+aR?), where n = TL /Ta. The density
and potential are now given by

=]
e

222
aelR’A )’ 3)

= = |
LS “ue“p( T+7 2m T (1+ar?)

2pia2

;—:=-%ln(1+un’l Aﬁ?m%*j' (4)
Substituting the above results into Eq.(2) we have the equa-
tion for the vector potential A. Equation (2) can he simpli-
fied by using the variables: u = eRA/m, lc_, £ = RZ/A%, @ = aA?,
where 1 = ¢/u_, is the linear spatial scale, and c_ = fr.
T;”“‘L]ﬁ is the sound speed. Then Eq.(2) becomes

d*u _ & [ n (du)_,] ( au? )
4 = — u- 55 expl-——— - (5)
LS Z(v+n) \az P\ 20+ am)

The asymptotic value of its vortex sclution, which is obtained
by neglecting the left hand side, is u-u[n £/ +nl]"t‘, Thus, at
large R, the vector potential becomes constant, while the den-
sity becomes n_ = nDexp[-n/2(1 +n)]. Using the asymptotic so-
lution for u,we have integrated Eq.(4) radially inwards from
R/) = BO. A typical vortex result is shown in Fig. 1. Note
that in general the electron and ion currents do not vanish
outside.

Next, we discuss the effect of collisions. The electron-
ion collision time for T, =10 kev, n = 10 cm ', is approxi-
mately 1 ns. Hence in the absence of the baroclinic vector
(driving force), the current and the magnetic field will die
off rather quickly. However, the lon vorticity which can be
dissipated only by the ion viscosity remains for a much longer
period. The viscous damping rate for k191 >1 (kI‘ is the typi-
cal scale size) is given by vii(klnl)", where p, = vy, /u_
is the ion gyroradius. Hence for T, = 10 keV, n=10" em™?
B = 1 MG, we obtain the lifetime of the vorticity to be 102 ns.

1.

Vortex formation in the laser-pellet interaction has seve-
ral important implications: (1) If the vorticity is made large,
light leading tn the enhanced transparency.

* Supported by SFB "Plasmaphysik Bochum/J{ilich".
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Fig. 1. 2An example of a stationary vortex solution. The den-
sity n has been renormalized to 1 at R+=, and the
radius R is normalized by A; o = 1, n = .5,
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ABSTRACT

In both the reverse field pinch and spheromak the most dan-—
gerous instability is the resistive 'g' mode. If the pressure
gradient is much smaller than the value given by the Suydam
criterion then the parallel viscosity is found to reduce the
growth rate significantly so that configurations with Bv10% can
be obtained with the maximum growth rate less than the field
diffusion rate for specific pressure profiles. :
INTRODUCTION Tearing mode stable distributions of the current
exist for both the reverse field pinch [1] and the spheromak
with a small vacuum region between the plasma and the conducting
wall. Fig. 1 shows such a configuration with zero 8. Previous

work [2] has

shown that & T
resistive =] far tearing mode stadility
interchanges Vacuum

edge

or "g' modes

=

grow rapidly

in such high § 2
g, high shear = ;
configurations. 2
The modes

dominate % i 7 3 S
unstable

Suydam modes[3] Fig. 1 Tearing mode stable field eonfiguration.

at realistic

values of the magnetic Reynolds number, S, and are not stabilised
by viscosity or finite Larmor radius effects [4]. Non-linear
calculations [5] show that such modes in these configurations
do not readily saturate. The influence of the parallel viscosity
on the resistive tearing mode has been investigated [6,7].
CALCULATIONS The code GNSTAB is used to solve the generalised
resistive equations of motion which include a full stress tensor
in cylindrical geometry. Fig.2 shows the growth rate p (norm-
alised to the field diffusion rate) of pressure driven resistive
modes with m=1 and 0 as a function of the ion Larmor radius, i
(the incompressible inviscid value is indicated). Perpendicular

and parallel viscosities
incompressible, _inviscid

are included in this cal-
culation but not the
finite Larmor radius
terms, the m=0 results
show that the perpend-
icular viscosity plays

no role. The modes are
essentially stable for
r;;/a%0.1 for this value

of S or when 1, becomes

Li
comparable with the : i
resistive layer thick- oot rfa o

ness (this condition —_— mal, K1, S=2.10° Ba=N%, v, v
_____ m=0, k=04, Plo)=56%, b . v

can be written as
SPEE/rLi)’B%), however Fig.? Growth rate as a funciion of the ratto of
the equations are of :‘;:l::mbglgfsz:gi'\u:;;g&m plasma radius for two

doubtful validity in

" :ﬂ: ]u:;uz'. this domain. In addition
f .y the drift to sound speed
%g 4 ratio is greater than
3 unity which will pre-
2 sumably lead to other
instabilities. At lower
| values of B the m=1 mode
% - 2 4 > is found to be stable if

8, <0 Radws rLi/agO.D3(and the equa-
Fig.s 'Stable’ pressure profile indicating the tions ‘are'applitatile)
Flattening required where R =0,
length m=0 mode is much more difficult to stabilise and demands

a8 low pressure gradient in the region of field reversal. We can

however the long wave-

construct pressure profiles which are grossly 'stable' in the
sense that p<l for all modes for a given value of 5. Such a pro-
file is shown in Fig.3 which has a central g value of 5% and an
average value of 108. Inclusion of all the finite Larmor radius terms leads

61

to a broadening of the resis- &, oo s
a

tive layer thickness and S . 27400 K a0t

increased growth. The equa- .8

tions used in these calcul- s

ations do not reduce simply

to those of slab geometry 4

and field curvature effects

are dominant. In these cal-

culations we have assumad o "

that the pressure gradient h Bl

o

is associated with a density Pig.4 Growth rate as a funetion of eentral

B value for the r=0 mode tncluding

gradient to avoid producing
all terms.

rippling modes associated

with the resistivity gradient. Though the finite Larmor radius
terms tend to cancel the stabilising effect of the parallel
viscosity, if the value of B is decreased further, stabilisation
is achieved. Fig.4 shows the growth rate p, as a function of
central B value for a caleculation including all terms. Stability
is possible for B(0)<4%. ¢ values for the 'cylindrical' spheromak
are about a factor of two lower than for the reverse field pinch.
ANALYTIC CALCULATIONS The ion parallel viscosity enters the

slow interchange ordering resistive equations as a cylindrical
curvature effect which is zero in slab geometry and small in
tokamak ordering. The equations for the radial displacement £,
and perturbed parallel field component v, can after fourier
transforming be reduced in the limit that y (the ratlio of spec-
ific heats) +0 to

(& cnr 5By JE 58 wn

az 207) 2%
2 % : H
CREOTLCEHIPR W 0Y 2% 0 0 ST
subject to £{(0) = =, v(0) = wD and §{, v+0 as z+=. 2 and Q are
the length and frequency normalised to the slow interchange
scaling parameters. V is related to the parallel viscosity
(VWrLlrLe/LR’, Lp is the resistive scale length), D the Suydam
parameter and H is related to the shear and field curvature. (We
have chosen the limit y+0 as this gives the most pegsimistic
results). In the limit V=0 (and A4*0) we obtain Q=D % as the
maximum growth rate for the slow interchange mode. If we
expand in V in the electrostatig limit (i.e br*DI then we obtain

e=p%0 - v )

180
—z? ! 1
and £ =ne & /2[1+2'V/D A}. The coefficient V(1 + H)/D 4 can
-
1g 3 - "=
be expressed as (l+dk Bg') T iTre where F = mED/r + sz, Ly
1pra 2
r*f LR
Tie is the electron Larmor radius and k is the axial
wavenumber. The stabilising effect indicated by this

coefficient is not as strong as that shown in Fig.2. However in
the calculations y=5/3 and the more complete form of equations{l)
with 7#0 indicates the stabilising nature of non zero y which
may explain the discrepancy. No general solution has been
obtained.

CONCLUSIONS The presence of parallel ion viscosity is found to
reduce the growth rate of the slow interchange or resistive 'g'
mode significantly so that reverse field pinch configurations
with Bv10% can be obtained with the maximum growth rate less
than the field diffusion rate for specific pressure and current
profiles. A similar stabilisation is indicated by analytic
calculations.
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Abstract: A necessary stability criterion is derived for axial-
ly symmetric stationary equilibria with a purely toroidal rigid
plasma rotation, a purely poloidal magnetic field, and constant
entropy along the field lines. The criterion imposes a complex
requirement upon the field line curvature and the mass distri-
bution. If it is violated, unstable eigenvalues accumulate at
the harmonics of the rotation frequency; the eigenfunctions are
flute-like, and have many radial nodes.

Since significant plasma flow perpendicular to the magnetic
field appears in a number of laboratory experiments (e.g. plasma
centrifuges, homopolars, Astron, rotating multipoles, linked
mirrors, or reversed field theta pinches) as well as in cosmical
objects (e.g. the earth's magnetosphere, rotating stars), a
stability theory for rotating plasmas offers a wide variety of
interesting applications. In the present contribution we con-
sider axially symmetric equilibria with a purely poloidal mag-
netic field and a purely toroidal flow. While the energy prin-
ciple has been applied to this geometry to give a complete so-
lution of the stability problem in the absence of flow [1], it
can give only a sufficient stability criterion in the presence
of flow [2]. Here, we perform a normal mode analysis which gives
a relatively simple necessary criterion if the rotation is rigid
and if the entropy is constant along the field lines.

To describe an equilibrium, we put B = 9¢xV{ and ¥ = rznmm
for the magnetic field and the flow velocity, where (r, ¢, 2)
are cylindrical coordinates. The rotation frequency 7 must then
be a function of the flux ¢, and

2 2 .

7y .13, 39, 23P0T) 4 (1
arz r ar az2 L
- anr + il:g_:l_r) - 0, (2)

where N and P are the mass density and the plasma pressure. As=-
suming that 3S(¢, r)/sr = 0, where S = PN ' (this implies that

the continuous spectrum is stable) [3]), we can solve Eq. (2) to

cbtain

P=E (1 + J;—lm WL, W A % —Eimlh_l. (3)

where Po and No are arbitrary functions of ¥, and AﬂNDner/Z Pu
is the ratio of kinetic energy and thermal energy. An equili-
brium is now determined if one prescribes the functions HIMJD(M
and Nocw) (along with a boundary condition upon &), because

Eq. (1) then is elliptic.

The MHD equations, when linearised about such an eqguillbrium,
and when Fourier decomposed by putting the perturbations propor-
tional to exp i(- wt + m¢), can be written as

Py + 20my + Qv = 0, (4)
where ¢ = « -mi, L and Q are the self-adjoint operators given by
Ly = iNavzxy, (5)
Qv = 7(y-VP + yP div v) - B x curl curl (y x B) (6)

- curl é x curl (v % B) - (v-7N + N d4iv g)u2rvr,

and v is the perturbing velocity. If 2 is constant (rigid rota-
tion), o is a constant, too, and can be viewed as an eigenvalue
parameter replacing the frequency w. Being quadratic in =, the

eigenvalue problem (4) - (6) is not self-adjoint, and investi-

gating stability (Imn ¢ 0) requires a normal mode analysis.

The necessary stability criterion whose derivation we sketch
here arises from putting o = 0(¢) and a/3d = 0(1/¢), and expand-
ing Eq. (4) in powers of c. To lowest order we find, among other
relations, that the quantity X = v.9¢y is an arbitrary function

of ¢ alone. In the next order a solubility condition appears,
imposing a constraint upon X which can be written as

o? QE% + K(9)X = 0, ' (7

dw

where K is an equilibrium guantity. The eigenvalues of Eq. (7)
are real, and they accumulate at the origin from the positive,
the negative, or both sides depending on whether K is positive,
negative, or takes both signs. Hence K > 0 is a necessary cri-
terion for stability. When written out, this criterion is

2
<Fseg> - L 48 [<H> MYV, Lp cprZi-cFrlscs) | 50, (8)
¥§ av 52 2

where <...»> = q'lédl.../h is the usual field line average
(with q = §dl/B),

2
N No“x
F e ——qy *(-2
22 b2 04 - vr), (9)
2 2
N Na“r, B +yP
G = T (=2 k- —tvr + =Tloyp) (10)
r2B2 ~ yP PBZ L
22
=X B;P' (113
¥PB

and g, is the curvature vector of a field line. The calcula-
tions leading to Egs. (7) - (11) are formidable, and will be
given elsewhere.

The criterion (8) is rather unintuitive. To provide some in-
sight, we consider two special cases: (1) If n = 0, the cri-
terion reduces to

2
ST (2 ELE - B B, o, (12)

B rz Bér? v YEB
thus requiring that the curvature vector,on the average, is
opposite to the pressure gradient. The criterion (12) is the
closed-line counterpart [4] of Mercier's criterion; it reduces
to the well-known interchange condition d({Pq')/dq » 0 in the
low beta limit, and then also becomes sufficient for stability.
(2) If the curvature vanishes (rotating theta pinch), the cri-
Lerion reduces to the well known [5] condition
ay, wa’ an
% >3 s

B +yP
thus requiring that the density gradient points away from the
rotation axis.
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Abstract: The stability of a toroidal magnetohydrostatic equilibrium
Abstract:

configuratien surrounded by vacuum is re-investigated. An improved form
of the peeling criterion together with the ballooning mode equation is

evaluated for certain classes of axisymmetric equilibria.

1f a toroidal MHD equilibrium configuration with a continuous pressure
profile is separated from a perfectly conducting wall by a vacuum regionm,
then a disturbance of the peeling type can be found which is localized
near the free boundary. The system is unstable unless near the free
boundary (for notation see [Ij};

(eviPAY =lev ™ 1+i¢5—éj£> =20, )

A 1Ivvf'6(§.‘xvv)n(ﬁ-v)vvj

(o =[§8 el g8 ae.

The criterion (1), the proof of which will be published elsewhere, is more

stringent than the form in [1_]. For axisymmetric equilibria described by

the equation
3'1" _ 1Y ’J‘f’ 'F 10£P %0

ATt 7 ’;)-'r EES

we have in dimensionless form

iT+'+L;"[.fZ'1£+(|+x)1P']=-o @

where ?1 | 5 '31 ; d ( )
J= g B e - we T(o0)=0
L= 567 Tax x T30 't )

2T7(0,0)=2(€+27), ¥=-L (,RB T £0)=1,
F=BR{E, P=BP, x=(r-R)/R, 4 =2/R,

and Vo BD. e are the rotational transform, field strength, and half-axis

ratio on the magneric axis with radius R. Here, the peeling condition is
of the form

<]vv.l"‘ S+E¢-FE = cuT [pTW, ¢+
P2 PRV VL,"?LDHI{,—TLDPU,’FO ®

m
Up= 7 58,8 (14x)oY, W= 5

1.-..7_

m
302, p2yl Y

SR8 ax) el ¥,

X=Fwy 5:5’%&0‘

For a convex contour U > 0, W > 0, and in the neighbourhood of a separa-

By Ty

U]. (Ts T)

trix at T = ‘l‘s we have U Since p = 0, p'< O on the free

Ly
surface, it is found from the criterion (3) that the paramagnetic case

f'f < 0 is always peeling unstable. Specializing the profiles to

Fi=tardiT, ple-PetPT, @
°_“_L [-A@](e+€ Vo, Pam IGP(D)(ac-v)/z) [ I-Tp/3F% |
we can solve eq. (2) in the form T = v(x) + w(x) cos ky and obtain
Py e QP Yot YU (14x)E (Pt RV ] = O
e (1K) v B+ 4 ar + (14307, ] } G
The expansion to 4th order in p yields
T=got[e vy el amt+5( T, w0y 4T, w3y A ¥ )

)]+ 06%)

! gl[a€+f"+{c—,e")m1*r’] +93(53, torp + Syy WI3Y)

wh

+ 8 (Typloa®y + T, w0 A 4T, 4

#89 (Suo+ Sy wI2¥ + Suy wiwy)+0(s°)

If the shear is defined by S(V) = - 27R31/1, then the quantities e, 1 _,

o
i (l)), 533' s S5L0), pl can be prescribed and it is found that

Fe-Plerg)-2 8, ,
-z¢+1[3rro}((+if)+e o,

4L
d il i
=3 (¢+3z )=
‘i—aor 'e(’—%d) y Tf:.'
- -1
12T, + 17‘11”%1‘ (Y,+p)) = 3Ty 2€ +40 Po
1T, +11T=¢+4L:1(r.+?’r)f"= T2 )
-1 2 D -1 -2, 2 1)
3T, 4Ty, #3467 Ty = ¢ £ (SE g t2 T Tt € T ) ©)
+3673T, 4+ T + 227 Hy, ~150)
T“‘Tu +Toy = 8 Sw )

T
A=—12£T, .

The initial conditions for the equations (5) are
-l g=2 1 -1
W (0)= -2 €K, aolp) =2 7T,

For the case of the simplest geometry (e =1, §,5=8

33 7 Sgg — O) ets. (8

reduce to .
. 2 2 3 _

L (6 p) ==+ 29 B H(CH S/ Pf) 4 5 3,00 = S).

For this case the evaluation of the criterion (3) is represented in Fig. 1

for 2 I and py = 50 ﬂp(ﬂ).

\\

“B.0)

S(0)
30N 40 50

The dotted line has p'(Ts) = 0 such that in the region left of the dotted

Fig. |

line we can choose the T-value Th of the free boundary with p'(Tb) =0
It is then found that outside the coarsely hatched region the system is
completely ballooning stable, while inside the coarsely hatched repion it
is ballooning unstable on the magnetic axis according to the results in
[3]. However, there is peeling instability everywhere except in the
Finely hatched region, leading to a value B 37 (8 = 2 [ padc/[82d%).
If one drops the condition p'(Th) = 0, higher 5': - values can be reached.
An example with ﬂp(O) above the ballooning unstable band [3] 1gs @]y

= 0, ﬂp([!) =5, S(0) =0, v = 50. Here, the system is bal-

S33 = Sy
looning stable everywhere between the magnetic axis and the separatrix, is
peeling stable near the separatrix, and has & = 8.5%. This case, however,
ie unstable with respect to external global modes with n = | according to
the numerical code ERATO [4 |.
Finally, if one relaxes the profile conditiens (4) ta

PRVt (T4 0T, Pl —Pot P TP T?
such that eq. (2) becomes nonlinear, the results are more encouraging.
Magnetic surfaces of the example
Pebl= % Lo=1, £=1 8 =0, P=i0, =15, [3=3%
are shown in Fig. 2. This configuration is peeling stable and everywhere

ballooning stable.

"‘-——-2

Fig. 2
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ABSTRACT : Current-driven ion-acoustic turbulence is investigated numeri-
cally within the context of a quasilinear model. It is found that the tur-
bulent wave energy and the plasma heating exhibit features similar to those
observed in particle simulation.

1. Introduction

Experiments on relativistic electron beam heating of plasmas in controlled
fusion devices indicate that the return current of drifring plasma elec-
trons gives rise to ion~acoustic turbulence which enhances the dissipation
of the beam energy (1,2). An objective of the present paper is to investi-
gate the evolution of this turbulence and the associated heating of the
plasma within the context of a quasilinear model that includes nonresonant
ion diffusion. This type of interaction was neglected in previous theories
of ion-acoustic turbulence [3} although it is a simple one, and the results
of computer simulation {4) indicate that the interaction is essential for
the determination of quasi-saturacion mechanisms.

2. Model

The plasma under consideration is assumed to be collisionless, uniform and
nunmngnetjzad. THE electrons are hot (Tg>>Tj) and drift with a constant
velocity vg = vdgex relative te a cold ion background which results in the
generation of an ion-acoustic turbulence in the system. Since the problem
exhibits axial symmetry with respect to the current axis we confine oursel-
ves, for convenience, to a two-dimensional model. As ome can see below,

the structure of the ion nonresonant diffusion term is rather formidable.
In order to make it amenable to a numerical procedure we take the motion of
ions as one-dimensional. However, in their resonant terms, where 2-D beha-
viour is important, we replace the 1-D &-function obtained by averaging the
2-D S-function over the angles assuming that the ion distribution is iso-
tropic. With this stipulation, the quasilinear equations describing the
problem can be given in the form {5,6]}

Dfe
¢ 1)
v
o, af, ot k2 it Y af,
'Tll: =B Bv1 =i ai J(:n;{z = Iﬁ (kkv 2 * . ) .B\Tl’ 2
% x k? xxV(kv) E 20w - kv ) Vs
KK k i
31+
1 Lk = 1 f g+ e + =
e tr a7k —2 Blgk. %)
k k a:!aui: v N
af
o 1 }
% zﬂuildvx v_ v

ak? kv a1 ik
e T T ke *)
i L ket Zo 1242 (12 ¥
g ' QLT kvl / (5T )

where f; and £ are the electron and ion distribution functions, respecti-
vely, Ij is the spectral distribution of the Fluctuating electrostatic
field, E is the electric field associated with the current, and & = m./m;
is the electron-to-ion mass ratio. Equations (1)=(4) are in dimensionless
units; the units of time, space, distribution function, electric field and
1
o "B' man,f'l'ea, (4 m Tlm)l’ and Ten'
Here n and Teq are the electron density and initial temperature, respecti-
vely, and Ap is the Debye length. Equations (1)=(4) are solved numerically
using the finite-element method {7). The initial conditions are

temperature are, respectively, m;

. 1 v 1 26v2)}
fE(t—D] 77 exp { 3 ((vx vd) nry)
1 v
fi(tﬂo) = axp { - | Ii(t=n) = const.
(2T, )% 2aT,
10 10

3. Computational results and conclusion

We have performed a series of computations with different values of the
parameters o, vy and T;,. In general, all runs gave a similar overall pic-
ture. In the accompanying figures we show the results of the run with

w = ,0l, vg = .75 and Tj, = .02, which are values used in particle simula-
tion by Dum et al. (4. Figure | shows the time evolution of the electro-
static wave energy W, the electron and ion temperatures, and the electric
field. We observe that the electric field, which is a measure of the turbu—
lent resistivity, begins to saturate as soon as the wave energy reaches
upproximately 1 Z. Sinece the resistivity is proportional to afg/sv, this
implies that the electron distribution function begins to flatten as a re-
sult of diffusion. At about this time (t*10%) the heating of the electrons
and ions sets in. The latter is connected with the fact that a significant

fraction of suprathermal ions is produced due to a combined dynamical ef-
fect of the quasilinear nonresonant and resonant diffusions. The formation
of the high-energy ion tail is clearly demonstrated im Fig. 2, which shows
the ion distribution function at three instants in time. As the wave ener-
gy grows further, the ion tail starts extending to larger velocities and
the number of particles in the tail increases. At the same time the elec-
tron distribution function flattens more and more as is evidenced by the
decrease of the elecrric field, This leads to a further reduction af the
wave growth rate. Finally, when the number of high-energy ions reaches
about 27 of the total population, the growth of the wave energy is quenched
by Landau damping in the iom tail (tv4.10%). From this woment on the wave
energy decreases, the electrons and ions being further heated. The spectral
discribution of the Fluctuations at the saturation time is displayed in
Fig. 3. One can see that the spectrum peaks roughly around k.4 with an
angular width greater than 45 . With such a bread spectrum ome may expect
that the electron distribution function remains quite isotropic. Fig. 4,
which shows the electron distribution function at several times, indicates
that this is the case except for a small runaway tail along the current di=
rection.

In general, all these features compare favourably with theose observed in
particle simulation [4]. However, the time scales for the evolution of the
macroscopic quantities and their values are somewhat different. In our
opinion, this discrepancy is due to particle disereteness effects which,
of course, are not included in our treatment.

In conclusion, we have found that the evolution of the ion-acoustic turbu-
lence excited by a constant current may be satisfactorily described within
the frame of the quasilinear approximation that includes nonresonant ion
diffusion.

This work was supported by the Swiss National Science Foundationm.
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ON THE TRANSPORT THEORY OF ELECTROSTATIC MICROINSTABILITIES
J. J. Sanderson
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Scot lund)
and
5. P. Gary
(Los Alamos Scientific Laboratory, University of California, Los Alamos,
N.M., U.S.A)

A gencral second order perturbation theory for electrostatic micro-
instabilities in an infinite, Vlasov plasma is applied to the case of density
and temperature gradients perpendicular to a uniform magnetic field. The
momentum and energy exchange rates are expressed in terms of integrals over
wave vector space, cach integrand being a product of the fluctuation energy
density and another factor involving the contribution of the relevant species
to the linear dielectric function. These exchange rates and the heat flux
are then derived by the same two-step process used in earlier papers [1,2],
pamely, a perturbation expansion followed by a velocity integration of the
ensemble-averaged second order Vlasov equation. If the results are used
with estimates of the maximum fluctuation level, wave-particle transport
coefficients may casily be determined.

The perturbation expansion is valid only if the fluctuation energy
density is much less than the thermal energy density and is really useful
only if the linear Vlasov equation correctly describes the species response
to the fluctuating fields through all phases of the instability (growth,
saturation, and post-saturation). The integration over velocity space
requires thut the wave-particle interaction be either broadly rescnant or
else nonresonant .

Results are presented for the application of the theory to the tempera-
ture gradient driven ion acoustic instability [3,4,5] of relevance to laser
produced plasmas. The theory has also been applied to other instabilities
driven by diamagnetic drifts [6,7,8] which may be due to a density gradient
(9] or both density and temperature gradients [10].

GENERAL _THEORY
The distribution function satisfies the Vlasov equation

af of. e vxB af
il iy —i[E{x,t] + _x_:|.-—j =0
lllj — 2

at ="ax c

and the fluctunting electric field is determined by Poisson's equation
9.E(x,t) = 4n] ps(x,1).
2]

We carry out a perturbation expansion using the ratio of the magnitude of the

fluctuating fields to the mean kinetic energy ss the small parameter
w6 = £y » e + P wam ¢ o

E(x,1) . Emli-ﬂ " Ete)(l-” 2

and with the usual definitions of density n., charge densil_\'n], particle flux

density r|. momentum density Pj ] erJ. current density .!J 5 n]l‘j. drift
velocity vy j g jfn , energy density temsor
my m,
!".jE“led]"ilfj- st-zl-ldivvzrj
pressure tensor
I'lj = my J d’w(!—!d Yy - vy )f
scalar p'reﬁsuic
n = —g-J ddv(y - v‘;1 12f
tnnpcratumTj = EJan, kmetl: energy flux density
m;
4; = - J d3vgv2€J

and heat flux density

m,.
Q=4 I dviv- vy )- vy )3,
# i i

=j i
one obtains the following set of second order equations:
mm,
(B
e el
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|

(2) 3 (2)
+ 2[f_lj=!dj)-('ﬂj ) + ilgj * Ny :(n )-!dj['.'_! "d )
30, e.
= 52 (1, gl (0,
L i =2

o

2y (3

- s EX0.rzlny + 1)
T L
=R = qugj

where we have omitted the superscript D on steady state quantities,
gj =e.B/m.c, and ( ) denotes an average over an ensemble of waves with

random phases,
1t then follows from the usual linear theory applied to a slab model

with ¥ = (d/dx,0,0) and B = (0,0,B) that the wave- part]clc exchange
frequencies defined by the second order equations are given by:
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v, o= = k lmll- (k,u)] (1
Pj vd] Kk ¥ nTJ
&(k,t)
U, * E Inf(w-k.v ]K (k,w) ] )
] .3
By, B { e(k,t) ln[L n (k,u) + 21n :. (kW] (3)
i j

where v% H Tj,’mj. &(k,t) = |E[”[£.t]!2.{8w, and K
three moments of the dielectric function:

y L, and Mj are the first

i

% iu? lF‘ [ [ asl®
e i ' 1] £ i [ - v_
hj Zn [ v dvl de’ k. Tl expli[k.(x"-x) - w(t’'-t)]
M. ] l_v1 S )
L
2

2
= dmn.e"/m,
e
the time integration being the usual integration over unperturbed orbits.

STEADY STATE DISTRIBUTION FUNCTION

Assuming gradient scale lengths much greater than an ion gyroradius an
appropriate zeroth order distribution function is [3]

2
15 [,.Lt}” [x«vl](v -3 |exp-v¥r2v?)
w Ay Tj nj w2 2 |

i

0
B

an}[x.y,) =
! (z“]?]

from which it follows that
nj (x) = uo(l * cnx)

L’ SR R 8
i b i
T.(x) =T {l+e. x)
i ] TJ-
= 5
9;‘ “uliv

so that £ and €y, may be identified as the inverse scale lengths for the
r . 2 2
density and temperature gradients and v, = e vi/R. and v, = g, v./R. are
Y P & nj n 3’5 Ti Tj !t
the diamagnetic drift velocities.

Note that the distribution Functiun may be written as

(o)
f

(x,v) = [1 e T = 0)

T, ;ar i, ]f Yy
i j

T
]
where the operator in the square brackets commutes with the velocity and time
integrations of equation (4). This reduces substantially the algebra
involved in calculacring the wave-purlicle eachange frequencics.

RESULTS

We present here the results of this theory applied to the electron
temperature gradient driven ion acoustic instability; results for other
instahilities driven by diamagnetic drifts are presented elsewhere [9,10],
together with a full description of the derivations.

On evaluating k,, L, and M, from equation (4) for the ion acoustic
instahility and inscrting the results in equations (1) to (3) we obtain
for the wave-electron exchange frequencies:

/Ank? |k -3 -

""kn F f:(_k_,t]\:" ir{vdc 2an‘ w
momentum: v, = . -
S Pe r"f.'"u\'..la k K3 Ve J

2/33k2 Euu_;.t) i
heating: v, = = (w -k _ vy J{w -k [v; -sve ))
—_—= T K k]vc I “La s Al S i

P ) k. fv, =3v.) - w
./:Tmc &(k, t]kL v, r

heat flux: v = ———o
S Q 5m nv. 3 "
e e 0T, k k Ye
whore k: = Jnnﬂezf’Tc. The first two results are appropriate modifications

of earlier results [2] for the ifon acoustic instability accounting for the
fact that the instability is here driven by the electron temperaturc
gradient rather than a current parallel to the magnetic field.
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Abstract : A self-consistent solution of the inverse nonlinear Grad-Shafra-
nov equation describing magnetohydrodynamic equilibria in toroidal geometry
is obtained, This equation is solved iteratively by a finite hybrid element

expansion scheme of the weak form of the linearized equation.

1. Introduction

An important problem in the pursuit of controlled thermonuclear fusion is
the fast calculation of M.H.D. equilibria. Not only is knowledge of M.H.D.
equilibria important for determining the position of the poloidal field
coils and the currents flowing in them, but it is also an essential part of
M.H.D. stability calculations and 2-D transport codes. The overall accuracy
of the stability calculation is usually limited by the accuracy of the equi-
librium calculation itself. In this paper we only consider the fixed boun=-

dary case.

2. Model
Conventional codes for M.H.D. equilibrium calculations are based on solving
the Grad-Shafranov equation (equation 1.) in an r,z coordinate system

{1,2}.

2 2
PR Ll L ()
ax? 22

where x = 2 and p and T are the plasma pressure and toroidal field func-
tion, respectively. They are both functions of the poloidal flux Eunction
. The prime denotes differentiation with respect to .

As a solution we obtain \lﬂ(rz,z) or V(r?,z%) when up-down symmetry is inclu—
ded. However, stability calculations are carried out by choosing § as an
independent variable. The purpose of this paper is to invert equation (1)
and calculate the polar variable p(¥,8), (8 is the polar angle), at the gi-
ven (¥,8) mesh points (see Fig. 1). Introducing the geometrical variable

s (y = i‘sz. b, = at the plasma surface and 0 € s ¢ 1), multiplying eq. 1

through by %:—: we obtain the quasi-linear differential equation :
s
i)

i .8 .o 3.2 a Jee,
- § i ] ‘(30) b} T (—p )

et

as
2 (s cos 0 + 22 4in gy + 220 (r2p'+1T') = 0 . (2)
r a8 Zul5 as

3. Numerical Approach and Results

Equation (2) is solved iteratively by writing at each step

AEH) L HR) Ly &)

(K)

assuming A << p . After substitution the resulting equation is solved by

a finite hybrid element approach {3} on its weak form sL(p)/24= 0 (4},

where
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The "variation" over all the unknows Aij then gives a system of linear al-
gebraic equations to be solved. Numerically, there are two problems to be
overcome. The first consists of the determination of the magnetic axis

(r = R) which has to remain at the centre of the inner-most s surface. The
second problem consists of the determination of d’g which plays the role of
the eigenvalue of the original problem (eq., 1). vy is determined iterative-
ly by fixing the ellipticity c around the magnetical axis such that

% = 0. A study of the influence of ¥y on the ellipticity around the axis
has been performed on the analytic Solov'ev equilibrium {5). We have chosen
as a test case, ellipticity e = 2, aspect ratio 3 and - 2/9. Using these
values and a mesh size N ox N o= 20 x 40 we converge to the solution in a
few steps. By increasing (decreasing) Ve the ellipticity around the axis
decreases (increases). After 20 interation steps and a change of 101 in ""g
we cbtain the results shown in Fig. 2. As an example of a more difficult

equilibrium caleulation the following forms for p' and TT' are used

2
' ma(e - 29 ) 5 Tr' = ape? 4 agt

where @) =~0.701, a, = -17.89, a3 = -17.51. This particular case has been
found to be very difficult to compute by the standard procedure {6}, how-
ever, our method is extremely efficient in computing this case. The numeri-

cally computed flux surfaces are shown in fig. 3.
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ABSTRACT .

Tt is shown that finite Larmor radius effects affect the absorp-
tion of electromagnetic waves at the electron cyclotron frequency.
Moreover, the role of polarization in reducing the absorption of
the extraordinary mode at finite plasma densities is displayed
on the basis of the energy conservation law.

INTRODUCTION
For plasma densities and magnetic fields such that whp=wg, u)
and wg being respectively the plasma and the cyclotron frequgncy
of the electrons, the absorption of electromagnetic waves a¥nund
we is strongly affected by the plasma dielectric properties”’. In
particular the absorption of the extraordinary (X) mode has been
found to scale as (wg/w )2 in the limit in which finite Larmor
radius (FLR) effects arg neglected. Here, we discuss how FLR ef-
fects affect the absorption coefficient of the ordinary (O) and
the X mode in a way that clarifies the physics of the absorption,
namely, we evaluate the absorption coefficient on the basis of the
energy conservation law (an evaluation of the absorption by solv-
ing the dispersion relation has been given in?), but in this ap-
proach the reason for the reduced abscrption of the X mode remains
obscure and, in particular, a cancellation of terms appearing can
not be interpreted physically}. This allows also to understand the
way in which the electromagnetic and reactive kinetic ("sloshing")
energy of the wave enter into the absorption process. Moreover,
for the X mode the role of FLR effects in both the wave polariza-
tion and absorption is exhibited.

Under steady-state conditions the conservatign law of electro-
magnetic energy (Poynting theorem) has the form

' (1)
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if the (slow) spatial variations associated with the energy ab-
sorption are dominant with respect to the variations due to the
plasma inhomogeneities. In (1), k"=Imk and k' =Rek denote respec-
tively the imaginary and real part of the wave vector; w is the
(real) wave frequency; E and B are the Fourier components of the
wave electric and magnetic field (the asterisk denotes the com-
plex conjugate); £=gh+ica is the dielectric tensor, gp and iga
being the Hermitian and anti-Hermitian part of g, respectively. A
further condition for the validity of (1) is |k¥| < |k'|, but no
smallness assumption is required for g or g5- For the high fre-
quencies considered here, it is only the electron dynamics that
matters, so that g is to be taken as the dielectric tensor of the
electrons. We will make use of (1) to evaluate the absorption co--
efficient of both the 0 and X mode around w. for propagation per-
pendicular to B én a weakly relativistic (vi €c?) Maxwellian
plasma (Vt= (T7ﬁ) is the thermal velocity of the electrons].

0 MODE
For perpendicular propagation, E=2E, and the wave propagation
and absorption are described by the zz-element of g,
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N = —= being the refractivg)index. The term proportional to F7,
it (2)¥is due to FLR effects and contributes to the electromag-

netic energy balance equation (1) both via the flux of sloshing
energy
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and the power absorption f% E*-ga-E = "% T fo@%‘“ Aﬁﬁ?Aq (Fé =
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equation (1) yields the absorption coefiicient of the O mode,
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in agreement with the result obtained by solving the dispersion
relation!! for |kj| < |k/|. Note that for w} = w% and near the
resonance, i.e., #ﬁ | = i, one has ki = ki, so that (1) and, as
a conseguencer (5) réﬁch their validity limit.

X MODE

For perpendicular propagation, the X mode is elliptically polar-
ized in a plane perpendicular to By, i.e., E=XE, +yE,. By making
use of the explicit expressions for eyy, £,y and ey with correc-
tions of order vi/c? included, i.e., ?king both FL{ effects and

relativistic corrections into account”’, one gets for the power
absorpticn
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It appears that the absorption mechanism has to do with both the
deviation from circular of the polarization of the mode and the
finiteness of the electron Larmcr radius. In fact, the first and
second term on the right-hand side of (6) are zero in the limit
of circular polarization, whereas the second and the third vanish

; g sve ampilikn E = -(g 3 E,
for zero Larmor radius. For the wave amplitudes, E, (nyftxx) y

#) On leave of absence from the University of Pavia, Italy.

holds, so that the mode polarization is given by
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for |e, |®1, which is the case close to resonance for plasma den-
sitigs%%nd magnetic fields of practical interest, i.e., wl/uwl >
VE/C‘.[A noticeable exception to the condition g, |21 apgears
for the runaway electrons of a togkamak for which ﬁ:; 1<€1 so that
the tenucus-plasma approximaticn3? is appropriate). From (7) it
appears that the mode polarization deviates from circular by
terms of order v{/c?, FLR effects, proportional to Fy, contribut-
ing as well as the term, proportional to mzfmﬁ, that’4eads to th%
ancmalous scaling of the wave absorption with respect to density
It is in fact the value of wi/wi which weighs the importance of
FLR effects, and neglecting Phese effects, as usually done, is in-
correct for wd = wi. It is interesting to note that (By = 1B ) /By =
(e4)7!, with £y, (¥&,) the anti-lermitian part of the dielectrir
terisor to lowest obder in vi/c?. It is just the fact that |ed, | =1
wnich makes the polarization of the X mode almost circular (in the
direction opposite to the gyration of the electrons) and hence the
resulting absorption much weaker than that corresponding to the
tenuous-plasma limit. This almost circular polarization is also
the physical reason for the cancellations found when solving the
dispersion relation?). Wote also that all terms on the right-hand
side of (6) are of the same order, viz. D(v%/cz), and, hence, the
FLR terms must be consistently retained. Inserting (7) into (6)

yields 3 () |E, |
= Ba'”’ (N c) —QYH— y (8)

with
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Noting that to lowest order in v2/c? the flux of electromagnetic
energy of the X mode is simply the Poynting vector (N c)|E/[*/47w,
(the flux of slosbin? energy is associated with FLR effects

and is of order v{/c?), (1) combined with (8) yields the absorp-

tion coefficient

i = gl
2k} = Ba'®? (11)

in agreeg?nt with the result obtained by solving the dispersion
relation In the limit of zero Larmor radius, which according
to (9) is appropriate for wzimé‘zl, B=1 and the absorption co-
efficient reduces to al®) as given by (10), the result deduced
earlier (cf. Ref. 1). The function B has been studied in detail
in Ref. 2. Since B=1, FLR effects, although modifying the scal-
ing of absorption with plasma density and magnetic field as well
as the line profile for w, =W, do not change the order of mag-
nitud?u?f the absorption coefficient. Finally, let us note that
k=g ~{egy)”Y i.e., the larger is the anti-Hermitian part of
the dielectrit tensor the smaller is the absorption coefficient
and, consequently, |k"|<|k'| for ef > 1.
- - 2
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Abstract

The spatial structure of modes with high toroidal mode numbers is investigat
ed. Exploiting the radial translational invariance and the poloidal perieodicity
of the gyro-kinetic and Maxwell equations, the two dimensional mode structure is
expressed in terms of a single extended poloidal variable. The dispersion egua-
tions for modes with phase velocities larger than the ion thermal velocity are
given for a general toroidal geometry. Compressional effects are retained. A new
form of the nonadiabatic electron is di d in ion with elec
trostatic drift waves and an asymptotic limit of electromagnetic modes is analyz
ed.

We consider an axisymmetric toroidal equilibrium configuration described by

B = VpxV+I(P)VL. We use the orthogonal coordinates (p,9,) with Jacobian J,
where | is the poloidal flux function, @ the poloidal angle-like variable, and
C the toroidal angle. Refering to any perturbed ‘;Immtit.y E s we write
E=E5,m Exp-i(utﬂn‘,;‘}L 99"y , oY)
where nD is the toroidal mode number, 5 = n"(-}—ﬁo} the short scale radial varia-
ble, g = (2u) '§qad, q = J'B:IR and Eo labels a reference mode rational surface.
The mode form (1) is valid in the large n” limit where the equilibrium scale

length is long compared to the distance between adjacent mode-rational surfaces.

Although £ is periodic in ¢, the amplitude E(S,¥) is not and must satisfy the con-

straint £(s,0+2m) = E(5,9) exp(i2nS). The components of the wave vector correspond-

ing to the mode form (1) are given to leadinq order in 1/n° by kx = =n B/(R:BJ),

XS
where kx is the component in the magnetic surface and perpendicular to the ma-

Ky = k k. =k & [ﬂual.nr,/aa +{dq/dp) 'a/aqu ab* (q—&)] and ky = 1/@3) “'atng/ad,

gnetic field lines and s = (mBg)® B 'a3/ap. Thus i /k, . = 011/n°q) so that

el
these modes have long parallel wavelengths and vary rapidly perpendicularly to
the field lines. We consider modes with freguencies below the ion gyrofrequency
and obtain the perturbed particle and current densities from the gyro-kinetic
equations (GKE).To leading order in l/\’noq) the GKE and Maxwell's equations
are a system of coupled differential equations for the perturbed electric po-
tential #(S,?] and the vector potential E‘S"ﬂ' of first order in # through !:"
and of infinite order in § through the operator k_, which enters the GKE to 3
first order through the magnetic drift freguency and to infinite order through
the finite ion gyroradius effects. The coefficients in these eguations are either
pericdic in ¥ or depend on the combination ¥+i3/3S and do not depend on S expli-
citly. Hence, the equations are invariant under continuous translations of S.
The poloidal periodicity constraint restricts this invariance to the discrete
translations § = S+m, with m integer. Then, the amplitude E(S,J) can be expand-

ed 1 on a basis of radially periodic amplitudes Enls,t?) y =FeQsm,

+T
£(s,0) = J da/(2mc k60 explisa) , 2)

where Euls,ﬂ} is periodic in § with period one. Expanding E,“(S,t’) in a Fourier
series and exploiting the poloidal constraint we can write

Euta,ﬂl - f_.::Euwmm: exp (-i2mmsS) . % 3
With the expansions (2) and (3) k, becomes ::S = ;[13-.;: + (d&/ﬂw"J tqilda'].
where 5 = J+ 2wm is the extended poloidal variable, so that the Lnfi.nita order
differential operators in 5 are converted into algebraic expressions in 3-‘1.
The GKE and Maxwell equations become a set of ordinary differential equations
in the single variable 3 on the domain (-=,+). All coefficients are either pe-
riodle in 8 or degend on Beg theough ;s :

The dispersion equations for modes with phase velocities larger than the
ion thermal velocity are a system of two coupled second order differential egua-
tions for the electric potential ;utl;) and the potential ;u(S) defined by
©98)"'3¥/30 = -ilw/c)dy, and are valid for arbitrary ratios of the thermal ion

ygyroradius to the perpendicular wavelength. For simplicity we consider the li-

mit of small ion gyroradii (b<l} and take equal temperatures, and obtain 5

2
O N O I B m gt o

Q= |1- —+— 1- 14m 2) 4 =2 = . a
- ( 7( m?) T T ,.}(@uwu}-m[bﬂ T }¢u+lia, ()
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=h(l+k: o T/m , = eb/m,c, B =Brp/a%, etd)=-1 B zﬂsq,"kss)‘?"?(aham

ii'

represents the curvature of the magnetic field lines and N, =N N: +¥ mET &

non-adiabatic response of trapped and circulating electrons. The term pxm%
to B in Eq.(4) represents compressional effects due to the perturbed P“rll-h]_-j‘
gnetic field and the non-curvature part of the magnetic drift frequency, M'll-
dratic forms are obtained by subtracting q’ or ;‘ times Eq.(5) from (¢+' , %
M +\r )* times Eq.(4), respectively and by integrating over 0 The first 15 ae
riational but generally complex. The second is related to the usual .L“w
tic Lagrangian and is variational for real frequencies.

The dispersion equations are invariant under the transformation ES,uH(.&;n
which in terms of the amwplitudes Ea(s,ﬂ.‘» is (?,5,a) + (-2,-5,-a) and impliey [
W_, - No symmetry relation invelving only ¥ or only S exists. This invariance
derives from the general properties of equilibria that are even in & and from th,
additional symmetry in the gyro-kinetic ordering.

The plane slab model is obtained in the limit of zero curvature, keeping the
connection length finite and neglecting trapped particles., In this model the g-
mades are degenerate. In this limit, except for the compressional and n terms,
Egs. (4) and (5) are equivalent to the Fourier transform of the equation given {y

-
Ref, (3). For modes that are localized on a poloidal length scale AD < ‘T’:J"“ =

v he/(qm), taking n = 0, N can be approximated by

ok w1 f
ns 5 [1-_] Jaato @f_@ )][—!n[:—'ﬂ-ﬂ ] 3ynl ] ©

ow w4 ia

The T/2 arises from non resonant electrons,whereas Euler's constant Y and the
logarithm originate from resonant ones. The contribution of the latter is very
sensitive to the structure of the mode around 3 =0, To illustrate this we con-
sider electrostatic drift waves in the limit B -+ 0 . The complex variational
quadratic form, using Eq.(6) and the trial function ;a = exp i0 ts-mll'! with
Imd > 0 for the lowest order even eigenmode, yields A+(i/2) [u’u"m]uc(—m‘l

=2y +in/2+ lncrﬁie n?“a)] = 0. Here, A = 2@2/5;1 [h+ tl.-m‘/m]ﬂl] with @ =

Vepg/aRe W= (u/ﬁﬂ);(Z;J! and C = Zm’/(fu:eﬁ:im [:- m,/«l] * Except for a
small contribution, this form is equivalent to the one given im Ref.(4). In the
same way, with the trial function ;u - tSku) exp J.u(s—ullﬂ’, we obtain A +
(31/2) tnta Yoy + 21.&:':~.m:|)'i = D for the lowest order odd mode. The guadratic
forms for even and odd modes given above can be used to determine 0 and the fre-
quency variationally 4.

The asymptotic solutions of Egs.(4) and (5) with ky *+ 0 for |3| + m correspos
to drift-Alvén waves with frequencies such that [ [—u*lmlc;;l;z[s-ﬂ)l. Disregard-
ing ;'n for 1< S<ﬁte/m as a first approximation, the asymptotic solutions are
¥ B0 ana b v (902, where p = 167 @/ (-g/u) £ = SL /R,
and compressional effects have been neglected. The amplitude ‘I"uts,ﬂ) together
with al\u' and the perturbed fields and current Bﬂm = 1kxn“u and J“u= (e/4m)
k;(Hk:)A“a, are then calculated from Eq.(3)., For p = 1, odd modes have current
sheaths on mode rational surfaces while J"u for even modes has simple poles.
This behaviour is a consequence of the contribution of the higher m-terms in
the series (3). However, the approximation breaks down because ky ™ 37! so that

for higher m-mumbers the phase velocity approaches the electron thermal velocitf

and Nn must be retained in the evaluation of the asymptotic limit,
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Abstract.

Abstract

with the aid of the reductive perturbation (RPT) methods, the
nonlinear propagation of warm ion-acoustic waves is analysed in
the case of a small temperature gradient. When the temperature
profile is linearly space-dependent or arbitrarily time-depen-

dent we are able to find again KdV-like equations.

The nonlinear propagation of an ion acoustic wave in a collision-
less plasma with a temperature gradient is investigated.
Then, in one dimension, the normalized set of equations can be

written as

an 3 _
g rIzruc=o (continuity eq. for the ions} (1)
b
3u du _ dp _ 1 an _ 3o
U T m % i (2l
(eq. of motion for the ions)
T
with o = Eé ’
e
2
B ¥ (Poisson's eq.). (3)
ax?

It seems appropriate to start first with the case of a fixed ion

temperature.

T g = = ¢ = constant. (4)
°

Then the last term on the r.h.s. of eqg. (2) disappears. If we

introduce new space-time variables
1 3
E=c /2(x-2 ) and 1t =¢ 724 (5)
with Alo =1+ 0.7 (6)

and if we moreover expand the relevant physical guantities:

n=1+¢en + Eznz + oaee (7a)
¢ = ev, + Elwz + aaa (7b)
eu + efu ¥ ... (7e)

1 z

we arrive in first-order at the relations .= n and A n =u,

1
and in second-order at the KAV equation

oy g 3ty
1 ) 1 1
=7 F A, T ., e =0 i (8)

This analysis is known as the RPT—methodl).

solutions of eg. (8) reads like

The one-soliton

3c 2 (L ¥ ]
4y = h? |5 /e ((2x i . 9
oy ke [2 T ((20)7* E-c1) (9)
If we should increase the ion temperature o, for instance

o=o0_+8 (0<8 «1), (10)
we obtain the following result for the one-soliton solution:

4
40 an

sechz[% ()7 ek e (-8 52

= m)]

Hence, a higher ion temperature reveals the following properties:
it lowers the amplitude of the corresponding soliton and it moves

e = 3c
) 2
2 L9 (1+§ éb)

¥
where b b Xl 2

an

manifestly faster than the colder one.

I g = =g +e* for o< x<a. (12)

[CAES

In this case we have to take into account the last term of eq.
(2). 1I1f we use again the RPT-method, we get the following KdV

equation with a correction term.

e 3¢ 3% 1

1 1 1 ! e Y1

e Fopy =-¢ = (13)
9T o1 act 23, EE‘] ZalD

Y 1 AT AT N
with E! = E = T% e 72 <% and - Aiﬁ <E< - ; I {14)

A solution of this equation can be found with the aid of Miura's

transformatioan. The result is

4 1 3
v ,= zv]—lcwsachi [E S ) 71e + AT+ A e ) - cr):[

= 2Ct-c, (15)
1 3 5
E/zYi & /zYi 5/2Y1
where C = , ¢ =———=¢fand ¢ = ——=E? ,
4.3 L 2ax,? 2a),?

The constants ¢, and ¢, are determined by the condition that for
x =0 (or £ = - i:i) the solution (15) reduces to the soliton
(9) . We remark that the argument of the sech? term consists of
a nonlinear combination of £ and 1 variables.

Further, the term -2(t-c, (proportional to x) causes an unstable

1
situation and, if the temperature would have no upper limit, our
perturbation analysis would break down.

At x = a, the solution is related to that one of the region

x > a where o = g_ + e’ (i.e. the eg. (11) with § = ¢’).

III o = g

== 0, +ef(t), (16

For this case, the last term in eq. (2) cancels. By changing
the variable £ into

¥
£, =€ - 0% 5t £ art, (7
s

We arrive again at a KdV equation with £, and 7 as the indepen-

dent variables.

Clearly, if £ > o (f <o) the corresponding soliton moves faster

(slower), but with the same amplitude as in the case where f=o.

We remark alsc that this analysis can be formalised by an exten-
sion of the RPT method, if we introduce the following variables

1
E=e /% (x -1 (88 (1Ba)
W
and gEe vy, {18b)
where A= AD + e}, (x,t) + EZAZ S (18c)
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CASCADE SATURATION OF PARAMETRIC INSTABILITIES IN PLASMA
INDUCED BY FINITE-BANDWIDTH DRIVER PUMP
V. STEFAR
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The nonlinear saturation of parametrically turbulent
plasma state, initiated by nonmonochromatic driver pump, is
considered,Parametrically excited electron Langmuir wave is
gaturated by secondary decays to mew electron Langmuir wave
and lon-sound wave, transfering, in that way, energy from
the domain of primary excitation to the domain with lower
frequencies, It is shown that the excistence of a finite-
bandwidth pump leads in nonlinear phase of evolution of para-
metric instabilities, to decreasing of electron Langmuir and
ion-gound ogcillation energy and also of effective collision
frequency (turbulent dissipation frequency).

The excitation of parametrically unstable plasma oscila-
tions by intense electromagnetic radiation 7 leads to variety
of nonlinear phenomena, observed experimentally. Linear

2-i

theory of parametric decay instability in plasma in-

E®) =

with descrete freguency spectrum

teracting with the nonmonochromatic pump wave

ERexplivet) +e.c.
E"Q“"E*’“Z”‘Ev@"t’@m) | Eoo=maxEol)

shows the possibility for excitatlons of electron Langmuir
and lon-sound waves with the frequencies Wie and Wy and
decrements ’X’ and 'r's » Tespectively, in the case when
modulation frequency satisfies 5205‘05. Let us consider

(L — e..' 3 )

cade transfer of Langmuir wave emergy from the domain of

secondary decays leading to the cas=-
primary excitations to the domain where frequencies decrease,
and restrict ourselves to the domain of high enough modula-
tion frequency S (S-l >'h“) where X\’ is parametric incre-
ment in the case of monochromatic driver pump, In the opposite
cape instabilities reach nonlinear phase of eveolution during
one modulation period, making possible use of monochromatic
driver pump parameteric theory. This mechanism was firsi used
in [5] for consideration of isotermal plasma,

For the description of plasma upon the sction of the ex-
ternel finite—bandwidth driver pump E(’c) s & system of hyd-
rodinamical equation averaged over the frequency UJL& (aee

for example 5 )

28 (it TE e Jie Sl B+, enpiaot)] -
TN,

it L g&m—,@ [lePe e oepfiatyeeopiiaod)
is used, Here V_-, is iom-sound speed, ’f‘ne -electron Debye ra-
dius, M; -mass of ions and Yl, nonperturbed plasma density.For
the effective collision frequency in the casge of weakﬂlinear
YRR S

and for large enough spectral width ( 8w>fs,

damping rate of electron Langmuir waves
s> "IL
S-l, ) of driver pump

\/ek@ %@éﬁ; ‘g‘,&"u&u .

is obtained. Factor (T%—w) in the right~hand eide of (3) shows

significant decreasing of nonlinear dissipation rate for a

finite-bandwidth ariver pump, In the case when SL>>0%
is velid for

_ W A :Z:;‘an{u\k ()
Tel{ - et Tode & e

W=-t2

is obtained.If modulstion frequency S% ig small compared to
the linear damping rate of lon-sound wave Tb (S?_ %'Tg)
spectral diatribution of driver pump could be considered as

continuous, For the effective colusion frequency in this case,

i
e o Vieds | E

6dw fewele (5)

is obtained. The effective collision frequency given in (5)
1s of the order of parametric increment in the case of non-
monochromatic driver pump 2 .

If the intemsity of dr_&ver pump is assumed to be sirong
encugh so that > Yo >
electron Languuir wave has finite speotral width and every

is valid, every sattelite of

line from spectral expansion (1) could be considered as se-
parate driver pump, In this case for

WY
is obtained, Here U and | are retenguler pulse duration
and repati‘tion period, respectively, On the upper limit
(3 ~LWJ) of the applicability of (6), defined ty the
stabllity of Langmuire sattelites with respect to the
aperiodic excitations, QQ{{ exceeds electron-ion collision

. w,
frequency Vei 5 ){i;_ times, the same as in the case of mono-

chromatic pump wave.
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REDUCTION AND TNVERSION OF PARTICLE TRANSPORT DUE TO PLASMA ROTATION AND
[ON-NEUTRAL FRICTION
——

p.¢. Schram, B.F.M. Pots,

physics Department, Eindhoven University of Techmology, The Netherlands
and P.A.E.M. Janssen,

pepartment of Electrical Engineering, Eindhoven University of Technology,
The Netherlands.

|. Introduction. In the past several studies have been devoted to the
measurement and calculation of pressure enhancement in magnetized arcs with
Hall parameter 2.7 >>1. In several of these studies the measured pressure
enhancement was partially ascribed to the Nernst-effect. Originally, the
affects of ion rotation and friction on the momentum balance, particle
cransport and pressure enhancement wer:ignored. Kliber [1] in his study on
the potential distribution in symmetrical arcs and later Schiiller [2] in
his study on toroidal arcs did include these effects. This paper concerns
an analysis of the momentum equations of electrons and ions in a rotating
plasma volume, including ion viscesity and ion-neutral friction. Moreover,
anomalous diffusion due to unstable flute waves is considered. Results are

compared with experiments.

2, Theory. In magnetized arcs the radially directed electric field can
be of the order Er=lﬂ'e.ﬂ'e!t, where A is the radial scale length. This field
may result in large rotational velocities of the ions and electrons,
approaching the ion thermal velocity vthinv’ﬁ'_[-i-fﬁ\i. Then, the effect of
rotation in the contributions from inertia, ion viscosity, ion-neutral
friecion and finite source term to the ion momentum balance cannot be
neglected. A systematic ordering of the momentum equations with small

parameters (nere)- ,» ML (L is the axial scale length), and aiiM yields

for ni‘i“ the following expression for the diffusion Flux :

an 1
“e"ri"'“mml 70 % an, b (ow )).[
ee =z nir ar :}
alp+pg) w .t kT
e i Hi = 3 e
e e L T

BTz + By )y + (80, 1)

.

In the experimental case considered we may neglect the pinch term and ion

terms in the first part of the right hand-side of equation (l). Since also

i BT << Lﬂﬁa’ the first term between square brackets leads to the

ZTE ar ng 3ar

the classical contribution -

class . I kTe
Qate @B,

an,
Ur'ld“ E—’. where the classical diffusion co-

efficient is D

The second term of o, which we call "rotational" diffusion, may be
important as it is mulciplied by Qe‘e‘ 1t contains contributions from ion
viscosity (v-;i)a, ion neutral friction (Eia)e and momentum loss due to a
finite source term (8;)g-

The direction of the "rotational part, depends on the sign of w_.; if it
is positive (Er<D) it is directed inward and extra confinement occurs; if
it is negative extra diFfusion results.

The pressure enhancement can be calculated from equation (1). We can

deduce that i-a friction is more important than the Nernst effect if :

—4 |
i {evib A

We note, that for | torr pressure arcs this is usually the case.

3. Experiment procedure and results. We investigated the transport in the

argon plasma of a hollow cathode discharge in an axially directed magnetic
field Bz; n. and T, were measured by Thomson scattering, the neutral density
from Arl and ArII lines and Collisional Radiative Models and subsequent
calibration by the relation p meonstant for low electron density conditions
[31; this neutral density is consistent with the classical ion energy
balance.

The particle flux was determined from the continuity equation for ions

1 r 5 o an

BVl T Ty OV T AT 2D ar

In figure | the measured diffraction coefficient is compared with the
classical diffusion coefficient. For low values of Q.7 we observe indeed
a larpge reduction of cransport compared to classical diffusion. This reduc-
tion can be explained by the rotational confinement, which for low values
of T is mainly due to the i-a friction and for somewhat larger values
due to fon viscosity. This is equivalent to the conclusion that these
effects contribute to the pressure enhancement, more than the Nernst effect.

The effect of i-a friction may be even larger for higher pressure arcs.

preas ',Dclasa

For larger values of 2,7 the rotational part is expected to become so
strong that even an inward flux is expected; however, the experiment

"85 In reference [4] this was ascribed to drift

shows an increase of the D
waves, the levels of which are in the order of maximal a few Z. Besides
drift waves alsorotational instabilities are present in all but four
conditions, the level is abour 15Z. In the next section we indicate which

anomalous diffusion contribution follows from these instabilities.

4. Anomalous diffusion. In combination with a radial density gradient,
the ExB drife drives flute waves unstable, giving large amplitude, low
frequency oscillations in a rotating plasma column. In the presence of these
low frequency oscillations enhanced transport is possible. The dominant
contribution to this "turbulent" transport stems From the average of the
ExB drift.

In a hollow cathode discharge the most unstable low frequency wave has
mode number m=1, and if this mode is only taken into account the following
expression for the total radial plasma transport results :

an, 't'\'e 2
nv.,; = ‘“wl'i)Eq - D" -l D“ = uT(ﬁl (3)
where y is the growth rate, I;be is a measure for the amplitude of the den-
sity oscillation, andaa geometrical factor. The radial transport in
equilibrium, given by A has been discussed in the previous section.
The saturation value of the m=| mode in a collisionless plasma is
given in Ref. [5], and according to Ref. [6], for flute waves the satura-
tion is not affected by collisions. Inserting this in eq. (3} we obtain for
D on the axis
w
2 kT,
5/2 a i
SEE AV (D) —
D= R o )
where A is the ratio cf growthrate y to the oscillation frequency w and
a is the plasma radius. To appreciate the effect of the enhanced diffusion

we added in Fig. | a plot of leDcla"

versus the Hall parameter. For the
unknown parameter A we have taken A=0,20, resulting in a relarive fluctuation
level of about 20%, hence a reasonable agreement between theory and

experiment is obtained.

5. Conclusions and implications. We have shown tlat for low values of

!1‘_1'. rotational confinement is important. For larger values of L1, we
find an anomalous diffusion which can be explained in terms of transport
due to the rotational instability.
Though in Tokamaks the plasmz is much more collisionless still in the
outer layers the rotational contribution may be significant. Since here
niri»l. ion viscosity is unimportant; the dominant contribution comes from
the source term [7]:

n.m

2 W
Tot _ 2 i1 Bl
" (1+29%) eBZ

(5)

The potential is again of the order TEIA and negative in the centre,
though slightly positive in the limirer shadow. This may lead to rotational
veloeities in the outer layer of a few times IO" m/s, in the order of the
local ion thermal velocity. For neutral densities larger than In”n_:‘, we
get an inwardly directed radial velocity of about 10 m/s, which is of the

same order as the ohserved inward velocities.
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POTENTIAL SMALL-SCALE INSTABILITIES OF INHOMOGENEOUS FPLASMA
IN CROSSED ELECTRIC AND MAGNETIC FIELDS.

Yu,.A.Kirochkin, A.G.Pokroyev,K.V.S5tepanov.

Phyaical-Technical Institute of the Ukrainian
Academy of Sciences, Kharkov, USSR.

Abstract. The effect of inhomogeneity of particle drift velo=-
¢ity in crossed fields and of finiteness of their Larmor ra-
dius on inhomogeneous plasme instabillties is considered.

Introduction. Crossed electric and magnetic fields are inhe -
rent to many thermonuclear devices : surface magnetic confi-
nement systems, in periticuler, electromagnetic trap, thets-
pinches, adiabatic traps with radial electric field, etc.

Transverse current which is due to the electric drift
is the cause of a series of small-scale plaema instabilities
in such systems [1-4] . The present paper shows that the in-
homogeneity of the electric drift velocity Vo=-c (E/B)
espentially influences the cyclotiron and ion=-sound plasma
inatabilities.

Steady state. Consider flat-layer plasma in weakly inhomoge-
néous E and fields. In such fields a charged particle
describes an ellipse with the modified cyclotron frequency
Q=wp[1+(1/)(cVeMdX)].” The allipse has Px = VJ/l_Qj and =
=|wp/@| p, half-axes end it drifts crose to E and B
with & velocity being the sum of the velocities of electric
V, and modified magnetic V), drifts, where V = (&e/225V =
2= =dinAMx, V, is oscillating velocity emplitude, (Nota that

VH # 0 even for a homogeneous magnetic field if dE/dx 40,
This fact for a weak E case is noted in papers [5,6].)

The distribution over V, and V, is considered locally

Maxwellian with the temperature © .

Dispersion eguation. For perturbations «» exp(ifuw,dx+ ey
cexpiot)in the local approximation the dispersion equation
i 1 8¢ +3€, =0 whera

Seo= gu,,/u,v,) [1+uF Lr(c.; ML k) Z ?. 1. (1)
w'= @-wVe 5 “‘ =K 4("’5/2) ¥ ot K‘B’,(U“/_Q)(al -0-1‘9
In the short wavelength limit (K = WVT/I‘%J 1) 1t l:le/dx|«|c.:°|

ve have D=1 L LY TR r(mi ) (2
n=s-

where P
E= YL z’blré Yoy ‘; & (05+25/§-) L] 15= (L-:-S{.:m\/ff ".11:1',

2
ag=(g¥, LS , Ws= (o) dVe/dy) + sy 5

Jﬂ(n) is the Bessel function, (n+3,%) is the incomplete
gamma function. The validity conditions of the local appro-
ximation have the form

2
|l sdn] << wo , Ikl v |3, ,%rﬁdw\/dﬂ < {. (3)

»
If (Ky/op)(dVe/dx) » § 2 5 17:/B1¢<4 and |ag|=lal<< 1, then retai-
ning in the sum (1) only resonant ierm with s=n gives as
a result . ——
e, = (@pi) {1+ L -T2 KJVJK,'\_/M (-ne-29] (D)
where " = Wyt v (%) v|~|: Vfrz'rb/amﬂ: ’
9% = (i 2y o) (Ve /dx)”

The feeture of this paper in contirast to papers {1-4.
'.’-EI] is the presence in resonant denominators of the expre-
spion for the perturbed distribution function, (o=-Copaq s
the terms which are due to the Doppler shift because of par=
ticle drift velocities V. end V,, as well as the terms which
are due to V. and ©, inhomogenelties: W ., = WyVe+ nwp+
T V- Vi S ((w:,/m,.,')(dvgfdx}—& na,)Vy. These terms lead to
appearance of the frequency " in eqf(4).

Results. In highly inhomogeneous plasmas ("L‘. 5y LA » e 5
L= 1/1=41)  the growth rate y=Jmcw >> oy . In this
case the ions may be conﬂidered unmagnetized and for them
we may put S€, (t.JP;/rU'."\ [ 1+ T2, W] whare
2, = WA v A W(I) is the Kramp function whereas for
é€. we may use expressions (1),(2) and (4).

To evaluate the growth rate of the electron cyclotron
oscillations of e plasma with P’\- 1 under the resonant con-
ditlon Vg & - NWge Wwe use eq.(4). Then we have

3~ (rLe/L')a’lan (E/KJ,UH; < i) " (5)

It is mssumed that |=p|~|%nl~IRel ~ /b , Ve~

~ Vo~ e (e /L) .The inetability discussed is due to
the resonant interaction between cyclotron waves and the par.
ticles having the veloclties V, ~ Are (/L) .

The expression (4) corresponds to one found in paper [g]
where only the magnetic drift was involved. Note that in the
case considered |o.| ~ 1 and the formule (4) and therefore
the estimate (5) are valid only to the order of magnitude,
Itis necessary to say that the eventual brealdng of the reso-
nence KyVg = - Npe in an inhomogeneous plasma leads to
the violation of the local approximation criterion r:,_]d\c_/d,‘lg
<¢1 too. It means that the electron cycloiron instabilities
of a plesma with (>~ 1 necessitate a non-local approach,

To describe the ion acoustic oscillations of the inhomo-
geneous plasma with f>~ 1 we retain in eq.(1) only the term
with S =0. Then wa obtain thet Recd =G = ko (14 Wiy 72
and

4 (‘m"‘"s/a l.f-‘l “:IVH ) (6)

The growth rate approaches its maximum at |WVu|~ |eopel
Y3

Smax ~ (mg/rn;) ¢ ledgel. n

This growth rate exceeds that found in [2] . In contrast to
the electron cyclotron oscillations all of the validity con-
ditions (3) of the local aepproach hold for the ion acoustic
ogeillations.

Conclusions. The investigation performed shows that the inho-
mogénéities of the drift velocity V; and the frequency Wpge
effects essontially the development of electron cyclotron
instability and it may change the resonant conditions of ion
sound excitation.

Acknowledgements. The authors are very grateful to V.D.Yego-
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Experinentals on the High Pressure Plasma in a Helical
gsrellarator (Asperator NP-3)

Y.Goto, T.Asaishi, Y, Funato, K.Harafuji, S.Kitajima,
J.Neyatani, N.Sasakl, K.Sugita, I.Sakamoto, F.Tozuka,
H.Watanabe and S5.Nagao.

Faculty of Engineering, Tohoku University, Sendal, Japan.

Abstract:

region” of toroidal discharge in a stellarator with a closed

It was found that there is a distinct "forbidden

helical magnetic axis(Asperator NP-3).This phenomenon is there-
fore tentatively explained by the assumption of 1/2 resonance
of the magnetic field lines near the axis. The measurements of
the plasma column resistance suggest that in the allowed region
put the vicinity of bhoundary of both reglons the plasma is

stabilized by the formaction of magneric well.

Asperator NP-3[1] is a toroidal device with a helical mag-
netic axis of which the major radius is BOcm, the aperture
radius of plasma limiter 3cm, radius of axial helix 5cw and
period number N=16(Fig.1). The important differences between
Asperator NP-3 and other high beta | =1 stellarators or Figure
8 stellarator are in such points that the pitch angle of the
helix of magnetic axis 1s about 45°, which is much larger than
those of other stellarators and the period number N=16 is much
larger than 2 of Figure B. These characteristic features in
our device are intently in order to guarantee a helical
symmetry of the field configuration as good as possible.

In Fig.2, the time variations of the plasma current J, its
time derivative dJ/dt and the one turn voltage V of the dis-
charge are shown. Each phase corresponds to each Region of the

stabilicy criterion, given by Safranov[2].

Region 1 0»1/q unstable
Region 1 12 1/q9>0 unstable
Region I 1.84> 1/q > 1 stable a)
Region W 1/q» 1.84 unstable

where q-B!kiuuju and Bg, jo and k are the axial magnetic field,
the plasma current density near the axis and the curvature of
the axis respectively.

The peak currents and the column resistances Iin the Regionl
and I , both measured in the second half-eycle of the discharge
are compered in Fig.3 as function of the condenser voltage ol
§=1 helical windings. Then it was eventually found that the
discharge currents increase slightly as the increase of [ =1
helical winding current I,;, which may shifr the location of
discharge current axis. Above 2 certain value of I} however
there is a distinct reglion where the toroidal discharge does
not occur at all, which will be called hereafrer as "the for-
bidden reglon" of toroidal discharge against the allowed region.

It is to be noted that the boundary of both regions cam be
defined and reproduced experimentally very well and that the
resistances of plasma column decrease in the vicinity of the
boundary in the allowed region.

Then the shifts of the plasma current axis 4§ were roughly
estimated by two magnetic probes, which were set outside che
vacuum chamber. The results of measuremeants are shown in Fig.4,
where the positive of I denctes that the helicalwinding cur-
rent in the direction of the principal normal is parallel to
the longitudinal main field and vice versa. When I, is negative,
the inward shift in the direction of the principal normal of
the axis A)0 was observed. It is very obvious in this case
that the radius of axlal helix decreases as the Iincrease of the
absolute value of il and so the current path around the torus
will become shorter to give a smaller resistance of the plasma
column than otherwise and the discharge will be finally for-
bidden above a certain eritical value of Ip.

In the case of positive I; however, which is expected to
shift the plasma current axis outward in the opposite directlon
to the principal normal, apparent shifts of the plasma current
axis were not observed and nevertheless there exists the
current forbldden region of toroidal discharge with a small
value of negative [j.

In order to clarify these phenomena above described. the
boundary between the allowed and forbidden regions(in Region I
discharge) was measured next in the plane of I) versus Iz.
where 1, is the current of helical winding { =2 to give the
elliptical deformation of the magnetie surfaces. The results
are shown in Fig.5. However it has been known by the numerical
calculations of magnetic surfaces for given I1 and l2 [3] that
the Il current has some component to give the elliptical de-
formation of magnetic surfaces besides the shift of magnetic

axis, while the 12 current has some component to give the shift
of magnetic axis as well as the elliptical deformations of the
magnetic surfaces. These are of course due to the fact that the
currents in the direction of the principal normal are less
effective to produce the helical field near the axis than the
currents in the opposite direction, by the curvature effect of
the helical axis. By means of the results of numerical calcu-
lations above mentioned, Fig.5 was transformed onto the A and
€ plane, as shown in Fig.6, where A and € denote the shift of
magnetic axis and ellipticity of magnetic surfaces respectively.
It was also measured that the plasma column resistance
obtained by the current decay of L/R type varies as functions
of pure A and pure € , as shown in Fig.7.

To explain the existance of the forbidden region of toroidal
discharge, it may be assumed here that the vacuum magnetic
surfaces are disrupted at the boundary of both reglons by the
1/2 resonance of field lines by the toroidal effect. which
corresponds to the resonance of the safety factor q=2 in tokamak.

The discharge allowed region is approximated by

1 -¢? 3a 1
70500 3 (2)
where 4 , ro and € are the shift of the magnetic axis, the
radius of the axial helix and the ellipticity of the magnetic

surfaces respectively.

Thus it is remarkable that the decrease of plasma column
resistance in the vicinity of the boundary of both regions
also agrees well with the plasma stability near the field line
resonance, as predicted theoretically by C.Mercier[4].

The definite conclusion on the mechanism of current
forbidden phenomena and well formation near the boundary ghould
be postphoned till father experiments with reinforced ohmic

heating are excuted in near future.
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A LARGE STELLARATOR BASFD ON MODULAR COILS
S.M.Hamberger, L.E.Sharp, and L.F.Peterson
Plasma Research Laboratory,
The Australian National University, Canberra.

Although stellarators offer some considerable ad .5 over tokamak
{e.g. in continuous operation, better confinement properties, ab initio
equilibrium, freedom from disruptions) difficulties arise in designing large
devices due, for instance, to poor plasma access as well as to construction—
al, electramechanical and maintenance problems associated with contimus
helical windings. This paper describes a design for a fairly large device
(major radius 2.1 m), based on a set of discrete coil modules arranged in a
toroidal configuration to provide the required closed magnetic surfaces,
having gaps for uncbstructed access to the plasma for diagnostics, etc, and
allowing for easy removal for maintenance.

The provisional design parameters, which have been obtained as part of
a detailed computational study aimed at optimisation of this type of config-
uration!), are as follows: B <4 T, R=2.1m, & =3, 8 field pericds
(each consisting of two modules) , tm = 0.59, mean helical winding radius
0.33 m, separatrix radius a = 0.25 m. The equivalent current I_ =t a’B/2R
= 0.35 MA. Itisintadaitnuseol‘michmtimgmmbIHso.Zm. The
arrangement. is shown in Figs. 1 and 2: the helical conductors within each
module are to be connected in series with each other and with the toroidal
coils, the links between helical conductors contributing to the toroidal
field. Mechanical strength is cbtained by using large cross-section,
single-turn conductors (hard Cu or Cu-Cr alloy), and by fixing the helical
windings to the toroidal coils to form a rigid assembly. No azimuthally
encirecling conductors are used: the transverse field components required to
centre the magnetic surfaces, including the separatrix, within the vacuum
chamber will be obtained by using a different pitch angle modulation
(0 =mp + %2 sind, oy # 2) for each polarity of helical conductor. Fig. 3
shows the separatrix computed for the above arrangement, l:utwithul:uz
= #0.05.

The low impedance electrical characteristics of the assembly form a
suitable load to the Canberra Homopolar Generator (stored energy 0.5 GJ,

400 V). With the windings all in series, this will produce B~ 3 T for a
2 sec. 'flat-top' (Iw %= 0.3 MA) and with half the windings in parallel
BmdT for 1 sec. (IW-DAMA).

Fram extrapolation of the results fram existing ohmically heated
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Fig.l. Schematic layout of Canberra Modular Stellarator windings. The
'diagnostic gaps' are 13 om wide at the mean major radius and offer
access to the plasma fram all four directions.

Fig.2. Arrangement of windings in cne module (connections now shown) .
Two modules (of different type) form each field period. The conductor
cross-sections and mean minor vadii are: A - 17 x 6 am, 33 am;
B-20x7.5cm 48 an; C - 3 x 20 cm, 48 cm.

stellarators, which suggest 1p a I;q + we expect T ~ 100 ms, while experi-
ence, e.g. on CL-ED(z). suggests that optimum confinement will be obtained at
low ohmic current density such that the drift paramster £ = vy/v, < 107,
From simple power balance, taking n = 5100 m3, 2 =3, r,=0.2Lm an
ohmic heated current of 200 kA should produce temperatures ToRTy = 1.3 kev,
(€ » 107%) with a loop voltage = 1 V. Generous space exists (see Fig. 1) for
the use of a sufficiently large iron core (say, 5 Vs) with the primary wind-
ings close~wourd on the central limb to allow long pulse operation (> 1 s)
without introducing stray fields due to core saturation.
An engineering design study of this device, supported by the National
Energy Development and Demonstration Camission, is under way.
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Fig.3. Caomputed separatrix cross-sections at four positions in one
field periocd. Each conductor is approximated by 3 filaments. There
are 4 x 4.5° diagnostic gaps with 19 gaps between each module.

1. - main gap. 2 - 4, quarter, half, three quarter period.
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OPTIMIZATION OF A STELLARATOR DESIGN INCLUDING
MODULATION OF THE HELICAL WINDING GECMETRY

L.E.Sharp, L.F.Peterson and J.W.Blamey
Plasma Research Laboratory,
The Australian National University, Canberra

The optimization of the helical winding geametry of the next generation
of high performance stellarators is of critical importance as the current in
the helical conductors must be kept to a minimum to reduce the very large
electromechanical forces on the conductors.
General imization

Using a modified version of the Culham computer code MacEaT (V) we have
calculated the separatrix Ty as a fraction of the helical winding radius a
and the parameter, £_(a/R) calculated at the separatrix, as functions of the
helical winding pitch angle % = tan~" (m a/R), for £ = 3 stellarators with
aspect ratios 4 < a/R = 16, The results are plotted in Figs. 1 and 2 re-
spectively for different values of the ratio I/Ba, where I is the helical
conductor current and B is the toroidal magnetic field. The width of the
helical conductors has been approximated by 3 current filaments each carry-
ing 1/3 ard spaced poloidally 10° apart. The graphs show an optimm y for a
given value of I/Ba which increases with increasing I/Ba. Examination of the
poloidal rotation of field lines (e.g. see Fig. 3) shows that surfaces will
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Fig. 3. The rate of rotation of a magnetic field line starting at
8 =0, r = 26 an for modulated stellarator with « = 0.05 and un-
modulated stellarator £ =3, m=7/3, R=2,15m, a = .34,

B = 40 kG, I = 330 kA.

open when the local pitch of the field line (corresponding to 2 to 3 times
the average value) approaches y. Thus as the winding pitch is decreased
below the optimm value the separatrix shrinks and as a consequence 2 a/R
falls. Nevertheless, as the electramechanical forces on the helical conduct-
ar increase with § it is advisable to choose the lowest acceptable winding
pitch angle.

Taking the set of curves for which I/Ba = 0.25 as an example, the
effect of toroidicity can be seen to be important for small aspect ratios
R/a = 4 and to become negligible when R/a ~ 12. It is thus important when
comparing the curves of Figs. 1 and 2 to use the actual value of R/a if < 12,

The influence of toroidicity can be reduced if the helical winding
pitch is modulated according to the equation

mp = B - using
where a is a constant found by camputer iteration. The effect of o on the
helical winding geametry is to make the winding on the outer circumference
steeper, and shallower on the inner circumference, thus causing the field
line to rotate more uniformly with poloidal angle. This is illustrated in
Fig. 3, where the case of constant pitch winding is shown for comparison
with the parameters £ = 3, m=7/3, R = 2.15m, a = 0.34, B = 40 kG,
I =330 kA. For these calculations the conductors were approximated by
single filaments. The effect of modulation is to increase the rotational
transform by ~ 20%.

It should be noted from Fig. 2, that little improvement can be expected
using modulation when R/a > 12. By using different values of a for the
forward and return helical conductors, a local vertical field which is modu-
lated in phase with the winding is introduced. This produces both a finite
rotational transform on the magnetic axis (Fig. 4) and its displacement in
major radius without causing break-up of the outer surfaces. This is in
contrast to the distortion of the surfaces and serration near the separatrix
found by Gibson?) when a uniform vertical field was added to a constant
pitch stellarator.

Modular Configuration

Fig. 5 compares magnetic surfaces of a continuously wound stellarator
with that in which a number of azimuthal gaps (4 diagnostic gaps of 4.5° and
12 gaps of 1° for finite conductors and insulation) have been introduced,
and shows little effect on the gross features of the magnetic surfaces. The
helical winding modules are oriented so that the end points of the conduct-
ors are rotated in azimuth with the same poloidal coordinates across the gap.

The case chosen is that of the Canberra Modular Etﬂllmboru}. Fig. 6
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shows the effect of varying
the total gap width up to
2 varying the ratio of

the above two types of gaps.

The main effect is a de-
crease in the rotational
transform with the outer
surfaces themselves remain-
ing intact. This appears
to hold provided the
individual gap width is not
large campared with the

winding-separatrix distance.
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ON TOROIDAL VACUUM FIELDS AND PARTICLE ORBITS IN MODIFIED
STELLARATORS AND TORSATRONS

W VII-A Team+) and W. Lotz, presented by F. Rau
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D-8046 Garching, Federal Republic of Germany

Abstract: Superimposing magnetic fields on the vacuum fields of
stellarators or torsatrons can reduce, usually at the expense
of aperture, the poloidal variation of q = édl/B which is a
measure of the diamagnetic current parallel to B, L being the
length of a field period.So far, large reduction factors have
been obtained only for 2=2 torsatrons with V" > O. In certain
regions of such a configuration drift orbits of charged parti-
cles are closed within one field period.

Introduction: In non-axisymmetric configurations trapped parti-
cles (collisionless plasma without electric fields) perform
complicated spatial drifts (superbananas) which induce addition-
al losses when touching the limiter or the wall. The drift ve-
locity out of the surface is correlated with the variation of
|B| on the surface. Instead of minimizing this variation, the
poloidal variation of g is minimized. Therefore, a drift-opti-
mized magnetic surface s is characterized [1] bv a minimum of
_ilg-g 2 Rp
9, = —3 —EE. The sum I is taken over one poloidal
transit of the field line (major radius Rp of its axis, toroi-
dal flux #p, q = $d1/B normalized to one field period). At a
minimum of Qg simultaneously the secondary currents are mini-
mized [1]. The rotational transform t enters implicitly in the
sum; large t causing I to consist of a few terms only. The
cquality factor Q of nested surfaces is taken to be the linear
average of their values Qs. Since a large aperture A is useful
for confinement we consider a configuration as drift-optimized

at minimuam Q/A.

Configuration Studies: Vacuum fields of stellarators (&= 2,3)

and torsatrons (£=2) with m=2- 20 field periods are modified
by homogeneous, axisymmetric (dipole to octopole) or m—fold
symmetric magnetic fields. It is aimed to maintain compati-
bility with structure and toroidal field of the W VII-A
stellarator [21. Depending on the topology and the magnitude of
the superimposed field,the values of Q and Q/A are obtained,
along with the radial dependence of t and q, as well as the
position and helicity of the magnetic axis.

Stellarators: Modified 2=2 m=5 stellarator configurations are
shown for two azimuthal positions in Fig.1 (quadrupole field)
and Fig.2 (m=5 field).As given in the table below, Q is moder-
ately reduced,but Q/A stays constant to within 10% and V" <O,

S .
Configuration | 0 Q/A axis edge axisqedqe Dipole fields [3]
=2 m=5 stell. [ 5.3 31 0.210:92 | 4.3 3.8 -Dave aisinllacief
Fig.1 2.9 32 0.25 0.28 | 4.5 4.3 fect, but octopole
Fig.2 3.9 35 0.31 0.31 | 4.7 4.4 fields introduce
=1 -1 =2 =1
T .Tm LI smaller changes in

Q0 than quadrupoles;vertical fields shifting the surfaces out-
wards improve Q via an increase in t; low m provides large €
(low Q) at small A (separatrix limit);large m requires large
helix current for reasonable + and Q.

Quadrupole fields at 1=3 stellarators cause an internal se-
paratrix (Fig.3),similar to the "double star"[4]. The X-point
is situated between the gquadrupole stagnation point and the
axis of the =3 system. At large quadrupole current the in-
ternal separatrix would touch the limiter. No particular im-

provement in Q has been seen.

2=2 Torsatrons, m=10-20: Even in the case of a relatively

large external toroidal field -1/Radded to the torsatron con-
figuration a reduction of Q by factors 2100 is obtained by
shifting the magnetic surfaces radially inward by a strong B,.
The minima of Q and Q/A nearly coincide (Fig.4a); A and V" > O
are reduced but t is increased (Fig.4b) due to a strong in-
crease of the poloidal field when periodically approaching the
helix.The “reduced Q"configuration of Fig.4a is shown in Fig.5
The aperture A is about three times that of the W VII-A stella-
rator. Tn an effort to keep B, within technical limits the he-
lix is modulated in the polnidal(e)direction,ds/dp ~(1-0.3 cos 8).
Helical mirrors are large but toroidal mirrors are nearly absent.

The "min Q" configuration of Fig. 4a has a very small A and
no shear and appears to be less interesting.

Particle Orbits: Drift orbits of charged particles (mass M,

energy W) are calculated in the absence of electric fields

and collisions using the adiabatic constants u= %ﬁ (= g* at
m

a mirror point with B = Bm), and J = dv,dl = %1 6JE;:W§ dal.
In a space grid covering one field period numerical values of
B and of J*=é/§;:ﬁ dl are computed. Intersecting the surfaces
B = const. and J° = const. and integrating the spatial line
of intersection yields the spatial curve of one of the mirror
points. The analysis is faster in computation compared to an

explicit calculation of the complete guiding center trajectory,

In the W VII-A stellarator and the centered torsatron case, the
particles are azimuthally untrapped or drift out of the con-
finement region., In contrast to this result drift orbits of
the "reduced Q" torsatron are closed for certain mirror points
in the configuration. An example of a closed superbanana is
shown in Fig. 6 (10 keV deuteron starting at y=v/10). The
dashed contours in the figure are obtained by the analysis
described above. This example demonstrates a correlation be-
tween a reduction of Q and an optimization of drift orbits.
Particles starting in a mirror point at y = O perform several
bananas and eventually leave the considered field period in
the azimuthal direction.

The "min Q configuration" yields particle orbits similar to
those at reduced Q.
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DEPENDENCE OF THE (2,1) TEARING MODE ON THE
STELLARATOR FIELD IN WENDELSTEIN VII-A

)

W VII-A Team' + presented by R. Jaenicke

Max-Planck-Institut fiir Plasmaphysik
Association EURATOM-TPP
D-8046 Garching, F.R. Germany

abstract: In the W VII-A stellarator it has been found experi-
mentally that the m=2, n=1 or (2,1) tearing mode is stabilized
by increasing the external rotational transform bevond to =0.1%
Numerical calculations confirm that this stabilization is
mainly due to the radial shift of the resonant g=2 surface
with respect to the current density profile by the stella-
rator field. The width of the (2,1) islands is calculated
following the theory of P.H.Rutherford. The resulting magnetic
field perturbations outside the plasma agree quite well with
the measurements from Mirnov coils.

Introduction: The ¢=2, m=5 helical windings of the W VII-A

stellarator produce an external rotational transform to with
negligible shear [1]. Operated with ohmic heating the radial
profiles of the current density j(r) and the safety factor
gi{r) = 1/&b(r)+tniare similar to those of tokamaks (tp(r) is
the transform produced by the plasma current Ip).

In a previous paper [2] experimental results on the dependence
of the (2,1) mode on the parameters tu' I_, electron density
Ngr and working gas have been presented. The main result was
that the (2,1) mode is no longer observed provided the stella-
rator field is strong enough (tD = 0317)%

In the following, experimental results are compared with nu-
merical calculations based on a paper of A.H. Glasser et al.
[3]. The only stellarator effect included in this cylindrical
approximation is the additional to in the safety factor alr)

which shifts the resonant surface outwards. The current pro-

file j(r) - Te3’f2 is calculated from the temperature profile
T_(r) =T _(0) ——
e e 1+(£“,2u
Eo,
with Zopf= const. r, defines the width of the Te(r) and there-

fore j(r) profiles and increases mainly with Ip. a indicates
the steepness of j(r) and increases mainly with ng. The width
w of the tearing mode islands is approximately determined by
dw/dt = A'(w) + O [4,5]. From the radial field perturbation
Bl_‘w2
Gﬁe/Ba of the poloidal field fluctuations at the Mirnov coils

is calculated (Be is the poloidal field of the plasma current).

on the resonant surface [6] the relative amplitude

Dependence on Electron Density: In Fig. 1 the measured GBe/BB

of the (2,1) mode is given as a function of the central den-
sity fao (derived from the microwave line density by assuming
a parabolic profile). The theoretical curve is shown as a
function of a (upper scale). n is taken from profile measure-
ments for four different Dog by fitting the data from Thomson
scattering. The second parameter in j({r), ru,is always de-
termined by q(r=o) = 1 resulting from sawtooth oscillations.
The experimental values of I, from the Ty profiles are unre-
liable because of the elliptic cross-section of the current

channel.

The theoretical values of ﬁﬁa/Ba agree quite well with the ex-
perimental results. Thus, the strong increase of the (2,1)
mode amplitude with n_, can be understood by the cooling of the
outer plasma region and the resulting steepening of the
current profile inside the g=2 surface [compare]gig.g, profile
> 8,510 @

(5) characterizes the situation of Tag m with no

(2,1) mode).

Dependence on External Rotational Transform:

shifts
the q=2 surface towards the outside, where j(r) and j'(r) are
smaller. The solid lines in Fig. 3 show the theoretical 6&3/55
as a function of to with o as parameter. For W VII-A o varies

(1) At constant current Ip a superposition of ¢, on ¢

approximately between 1.5 and 4. In fact, the experimental
values taken at tc = cunEt: and Ip = 20 kA lie quite well in-
side this shaded region. $B_/B_ again increases with a cor-

responding to increasing electron density and/or impurity con-

tent for to < 0.14.

(2) At constant g(a) (a plasma radius) the position of the

g=2 surface remains nearly fixed. With increasing t_, the plas-
ma current has to decrease from 46 kA to 16.4 kA (t,= 0 + Q.17
which again results in a smaller j(r) and j'(r) around the re-
sonant surface. Fig. 4 shows theoretical and experimental
values of 6%6/35 for gf{a) = 2.9. Again the experimental data lie
quite well inside the shaded area given by the numerical
calculation.

Conclusions: Numerical calculations to compute the width of
tearing mode islands from 4'(w) = O are in good agreement with
experimental observations on the (2,1) mode in the W VII-A
stellarator. This suggests that the increase of the (2,1) mode
amplitude with electron density (or impurity content) is due
to the resulting modification of the current profile. The
stabilization of the (2,1) mode for ty > 0.14 %s sufficientlv
well explained by the shift of the g=2 surface with respect to
the current density profile by the stellarator field. The is-
land width ranges between 1 - 4 cm for a = 11 cm, Under cer-
tain conditions (tc < 0.05, large IP and n,, see Fig. 4) the
islands extend up to the limiter. Whether islands of that size
affect the plasma loss will be discussed in another paper [ 71.

Acknowledgements: The authors wish to thank K. Lackner for the
modifications of his numerical code and D. Biskamp for
valuable discussions.
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Introduction: Three neutral injectors (30 kv, 30 A) [1] have
been installed on the W VII-A stellarator (major radius
R =2.0m, plasma radius a = 0.1 m; helical windings: &=2, m=5
shearless; main field BD < 4 T)., A neutral beam power of
Py < 600 kW is available for hydrogen, this exceeds the ohmic W VI A
power of POH < 400 kW. The beam is injected radially into the B, = 35T
plasma 6° from the perpendicular direction to the magnetic £, =04
field. Therefore, the fast injected particles are mainly -— jndl= 14:10"m?
captured in the toroidal and helical mirrors and this affects Hx
the heating efficiency appreciablv [2].
The interaction length with the plasma is very short (L = 0.2m),
therefore a high density plasma (n > 5-101‘3 m_s} with kTe <
400 eV is necessary for sufficient absorption.

HE

,_
=
=

o

Hydrogen Injection Into a Helium Plasma: As shown at the Inns-

bruck conference [3] He discharges are more suitable for pro-

ducing high density discharges for the following reasons:

1) The capture efficiency for fast hydrogen atoms (for a
given electron density) is nearly the same in He++ plasma as {J]

in a H+ plasma.
15004 L

2) The release of oxygen from water absorbed at the wall is
very small in helium discharges. Oxygen, even in low concen-
tration, deteriorates the confinement and reproducibility of
high density discharges.

3) During the interaction of the hydrogen beam with He zeff w

remains practically constant in spite of the unavoidable in- 1 neural injection A

flux of impurities during injection. 1000 }s P 7 A 25kV

o 200 ot [ms] 260
Mode of operation: The high density plasma as discussed in [2]
could not be reproduced after the installation of injectors Fig.: 1 Energy content W (diamagnetic coil) and ohmic

power during injection (25 kV, 26 A; 75 ms).
since the Mo calorimeters, which measure the power of the neu- Plasma current 35 kA at By = 3.5 T, €5 = 0.14,

tral beam, introduce an additional impurity influx in spite /ndl = 1.4 +1019 m"2,
their position 2 cm behind the limiter radius.

With the use of Ti gettering the following target plasma could

be achieved: fngdl = 1.5 *10'° a™2, &, = 7 -10"% 0”3, T (0) =

260 eV, B, = 3.5 T, Ip = 35 kA, ts = 0.14, POH = 350 kW, ’

q(a) = 2. These parameters are only possible because the ex- L W VA

ternal transform to > 0.14 prevents the disruptive instability. power
density

—_—
- ohmic
With the dansity feedback system it is possible to keep the [Wn'rn’] heating

density constant during the injection phase. So far only one

injector has been used, the two others are in the condition- 110®
ing phase at present.

First Results with Injection: An injection pulse of 25 kv/26 A

and 75 ms duration is applied during the stationary plateau

of the ohmic discharge (Fig. 1). Following the Lister code [2] o
only 40 % of the neutral power of 200 kW at the port may be

fed to the plasma. An increase of the energy content is

v [

measured by means of the diamagnetic loop. This energy in-

crease is mainly due to a heating of the electrons and was integral
confirmed by laser scattering data and soft X-ray measure- paver ———»_;M"“
ments. The ohmic power slightly decreases at the beginning of e " = Vi
the injection pulse, but later on it increases above the nre- [”N] with injection A
injection level indicating some accumulation of impurities
during the pulse. The oxygen emission does not increase during 00
the injection pulse, but radially resolved energy flux measure
ments with a holometer exhibit an additional radiated power
of P__ 3 -~ 100 kW. (Fig.2). Lo
Further results will be given at the time of the conference.
0
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