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PREFACE

This volume contains the Contributed Papers of the Eighth
European Conference on Controlled Fusion and Plasma Physics,
to be held in Prague, Czechoslovakia, 19-23 September, 1977.
Previous conferences in this series were held in Munich
(1965), Stockholm (1967), Utrecht (1969), Rome (1970),
Grenoble (1972), Moscow (1973) and Lausanne (1975).

The Conference is organized by the Institute of Plasma
Physics, Czechoslovak Academy of Sciences, the Czechoslovak
Scientific and Technical Society and the Czech Technical
University, under the auspices of the Plasma Physics
Division of the European Physical Society (EPS).

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

the authors. Some minor editorial work was carried out where

the presentation was really not adequate for the repro-

duction by photographic processes,

Invited and Supplementary Papers will be published after
the Conference, in Vol. II of the Proceedings.
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TOKAMAKS 1

CONFINEMENT OF HIGH ENERGY ELECTRONS IN T.F.R.
T.F.R. Group (Presented by M. Chatelier)

ASSOCIATION EURATOM-CEA SUR LA FUSION

Département de Physique-du Plasma et de la Fusion Contrilée
Centre d'Etudes Nucléaires

Boite Postale n® 6. 92260 FONTENAY-AUX-ROSES ( FRANCE )

Experiments done on the TFR device have shown that the behaviour

of runawvay electrons depends on the gross properties of the dicharge [T, 2/.
Depending on the density regime, the plasma can be

1) either highly unstable and runaways rapidly lost in the anti-loss conea
of the toroidal field Gg < 10? =3 type A and B discharges) ;

2) or wildly unstable (10" em™? ¢ Te £ 2 10'? em™? type C discharges)

3) or weakly unstable (W, > 2 10'* cw=3, type D discharges). We imvestigate
here the high density type D dischargeswhere high energy electrons (in the
10 MeV range) can be stably confined.

The main experimental features characterizing the discharge are che
following
(i) the hard X ray flux due to runaway electrons hitting the limiter is weak
throughout . the discharge and is concentrated at the end when the current
drops.
(ii) the spectrum emitted by the plasma around the electron cyclotron fre-
quency indicates that the gross distribution function of electrons is max-
wellian. In addition a peak at the central electron plasma frequency is ob-
served early in the discharge and decays away with a time constant ~ 100 ms,
the integrated power in the peak being correlated with the rumaway creation
rate cidlculated from the measured n, and T, [_57.
(iii) early measurements showed that the limiter is the main neutron source f}',f.
Neutron spectra were recdrded near the limiter by using a proton reccil pro-
portional counter [Q_l'. These measurements indicated that a photonuclear pro-
cess related to the hard X-rays shower in the molybdenum limiter, itself
created by the impact of runaway electrons, is respomsible for the neutron
production. As a fact the shape of the spectrum shown on figure 1 is typical
of photonuclear reactions induced by a bremsstrahlung distribution of photons
in a thick target, The maximum energy of the spectrum ~ 3 MeV indicates that
electrons with an energy > 10 MeV are present into the discharge (since the
minimum threshold of photoneutron reactions is close to 7MeV in molybdenum).

In order to make sure about the
pracess and also to gain more information e} meutron

1“"
on runaway dynamics, two further experi- IA"-T“
ments have been carried out .isj. LIS "

Taking advantage of the replacement

of the molybdenum limiter by a carbon limi- il

ter and of the subsequent reduction of the W[ o ]

hard X rays and photoneutrons fluxes, we ' .
successively inserted targets of different r * s

materials at the edge of the plasma. These
targets were located in the outer region of
the equatorial plane where runaways are ex-—
pected to be lost. Three targets have been v MaV M

used : carbon (z = 6, A = 12), molybdenum

(Z= 42, A = 96), and tungsten Fig.l

(Z= 74, A = 184). We checked that the NZ/A w®elationship between the target
composition and the reaction rate which is expected for photonuclear pro-
cesses /6/ holds in TFR as can be seen on figure 2. It must be noted that in
the case of carbon, 10 MeV

Normalisation
electrons or photons have a pene- | -4 Mo
L v 4 A point

tration depth which is larger than Byon s 50 KO

the actual target thickness, so o

. 12200 kA

that photoneutrons were probably 5 =130 kA

produced in the stainless steel —--NZ dependence
support. Figure 3 shows the thre— A
sholds for photoneutrom produc~
tion in the different targets

(stainless steel, molybdenum

Atomic Number
80
] i ]

and tungsten as a function of

the neutron flux starting time.
One can see that the heavier Fig.2 Verification of the Ni/A dependance
of the neutron fluz.

up of the neutron signal. On the same figure is plotted the straight line

the target, the earlier the start

corresponding to the free acceleration of electrons under the experimental
loop voltage ~ 2.76 volts/turn (free fall alope).‘ The free fall law corres=-
ponds to an increase of 13.5 MeV/ 100 ms while the actual increase is only
8.4 MeV/ 100 ms. This result is similar to Ormak /7/ and PLT results /87,

it seems to indicate that the confinement
of high energy electron is anomalous.

Figure 3 shows that within the
400 ms of the discharge runaway electrons
could reach an energy as high as 35 MeV,
(The plasma current, 300 kA, allows the

confinement of such electrons).

As a matter of fact an
analysis of the radioisotopes created in the

nolybdenum limiter seems to indicate the pre-

time h_ill

sence of electrons with anenergy as high as
" 20 MeV, The activity was chiefly concen- Fig.3

trated just where the surface of the limiter melted that is in that part which
intersects the equatorial plane in the outer region of the plasma. The activi-
ty was 3 mr.'h’a few days after removal from the machine. A Y spectrum recor—
ded with a Ge (Li) diode showed 27 peaks belonging to 9 radionucleides.

488 BB. “N‘bgm' 92m, 95, 95m, 96' 99 9%m

39t » 407

M!h 'aIC

" 43

The different nuclear reactioms and decay schemes leading from the limiter
nuclei to the observed radionucleidesare shown on figure 4. Most of the obser-
ved radionucleides cannot be obtained but through photo nuclear processss (y,m),
(Y, p)and (y, a). It must be also noticed that the presence of “Hbgh seems
to indicate that electrons of emergy larger than the corresponding (y, pn)
threshold (17.3 MeV) are present.

We conclude that in the high density discharges in TFR, the neutron
production arising in the limiter is due to ph.otouuclen reactions induced by
the hard X ray shower caused by the impact of high energy runaway electrons.
As a consequence incident electrons must have energies at least in the 10 MeV
range. Thereis an indication that some electrons reach an energy as high as
17.3 MeV. Finally, the rate at which electrons gain energy is significantly
lower than the free fall rate.

REFERENCES .~
[17 TFR Group, Nucl. Fus. 16, (1976) u/3.

27 P. BROSSIER, A.E. COSTLEY, D.S. KOMM, G. RAMPONI, S. TAMOR, in 6tD
Int. Conf. on Plasma Phys. and Cont. Nuc. Fus. Research,
Berchtesgaden FRG, Oct. 1976 IAEA-CN-35/A13-2

13/ TFR Group, Lausanne, Vol. 1, p. 2

[_E? E. Korthaus, Report KFK 1994 (1974) Kegxnforschungszentrum, Karlsruhe

/5] TFR Group Phys. Letters 60 A, 1977 (219).

/8]  W.C. BARBER and W.D. GEORGE, Phys. Rev. 116 (1959) 1551.

il H. KNOEPFEL, D.A, SPONG, S.J. ZWEBEN, in "7th Eur. Conf. on Comtrolled
Fus, and Plasma Phys.” Vol. 1, p. 3, (1975).

187 J.D. STRACHAN, E.B. MESERVEY, W. STODIEK, R.A, NAUMANN, F. GIRSHICK,
Nuclear Fusion 17, (1977),140.

;:;Tl::u :ﬂ';: radioactive decay schemes n:a::rl‘:tlu
hreshold
ot 20 EC, 0 EC gt
T Rl L
1 im, o1 "
I‘_Iz'::fg;@.n) ‘;:'l’::_ll.u““-si—u"' —E-\ o
| A= 3
L75M {r.p) ":;lm Ec
we® | o) [w2™ ec B |
1‘;3Mev(” )|
r ‘lmllm
e (1)
;,ZJMeV (m‘) Q“»l-“._..__.- k™
U]
s3]0 oy ———— [ "
‘Z&“ (”Iﬂ Fam ] (1]
8.3MeV:(1,n) n[“:)’”_f.uﬁj_n,q"_ﬂ; Lo
@ L_(y,p) in"""

Fig.4 Decay schemes observed by means of gamma spectrometry.
m:metastable; (Y )gamma emission observed;ECielectron
capture;IT:isomeric transitionjunderlined elements are

stable.



2 TOKAMAKS

DENSITY FLUCTUATIONS IN THE T.F.R. TOKAMAK PLASMA

T.F.R. Group ( presented by F,Koechlin )

ASSOCIATION EURATOM-CEA SUR LA FUSION
Département de Physique du Plasma et de ln Fusion Controlée
Centre d'Etudes Nucléaires

Boite Postale n® 6. 92260 FONTENAY-AUX-ROSES (FRANCE)
ABSTRACT : Low frequency (wq:wc;) density fluctuations have been measured
in the T.F.R. tokamak plasma by microwave scattering techniques. The frequen-
cy and wave vector spectra are compared with those predicted by the theory for
drift waves. An estimation of the turbulence=induced electron heat transfer is
given; using the measured fluctuation level and the model of dissipative trapped
electron drift modes.

An ancmalous electron heat transfer, transverse to thé magnetic confine-
ment field,is indicated by energy balance considerations in tokamak devices
(Ka experimental 250 -100 Ka neoclassical ) /1,2,3/. Turbulent diffusion sche-
mes based on electrostatic drift modes, energized by circulating or by trapped
electrons have been proposed /4,5 ./ . In order to investigate these modes,
electron density fluctuations in the T.F.R. tokamak plasma have been measured
with @ 2mm microwave scattering system (fig.1) /6/. Their azimuthal and radial

wave vector spectra can be measured from 5 to 15cm-lr

with a zero toroidal component of k. Calculations of i
the microwave beam propagation in a refractive plas-
ma have been performed, giving the effective scatte-
ring angles and scattering volume for any plasma den=
sity (.0.15<mP2/a)2<0.40 at the plasma center). A

heterodyne receiver,frequency locked to the emitter,

allows measurement of the fluctuations frequency spec—
tra (20 kHz to 300 MHz). In the microwave scattering

technique, the scattered power is proportional to the

Fourier transform S (‘I:,w) of the space and time auto-

correlation function of the fluctuating density 7,i.e.

Fig.1-Apparatus for
Pscatt ﬂf(ﬁ')z . i
microwave scattering
T T T T Figure 2 shows the frequency spectrum
Shad of the power scattered by the density
- o

fluctuations, in the region r/a~0.7,
during the quasi=stationnary state of a
i ¢ ' 1 300 kA, 50 kG, T.F.R. discharge. The
L 4 spectrum is independent of the toroidal

magnetic field; its width and level in-

L
ol

crease marginally with the discharge

current (i.e, the energy content of the

Fig.2- Fraquency spectrum of the plasma) . Its strong dissymmetry with res-

. =1
denslty fluctuations ( kp £1.5wem, pect to the source frequency reveals

=1 =

kg =2 10.am ‘krﬂ-‘3 £m kel emy that most of the density fluctuations pro-

Fo = #ource froquency). pagate in a well defined sense with
g

respect to the wave vector ky ~ ky. ;

this has been verified to be the electron diamagnetic drift direction. On the

contrary, when lﬁ:_ NE:, the spectrum is symmetrical, showing that no prefe-

rential radial direction of propagation exists. Figure 3 shows the main data of o

200 kA, 40 kG deuterium plasma and the

7 ;
radial variation of the amplitude of the T e iSlK.I-\]] Tl.lxl:lngf:’l
fluctuatiens at constant wave vector . A T s
and frequency. As the radial resolution

was ~a/3, this indicates that the am= o

plitude is @ maximum in the region W 14
r/a®0.7. Figure 4 shows the azimu- T

thal and radial wave vector spectra sl 12
measured in the plasma of fig.3 ,

with a resolution Ak~3cm”™ . The

kg -spectra were measured close to 0 3 i &Rl

the vertical of the magnetic axis, kee=- Fig.3 - Denslty ("e)r . T (Te’

ping r/a 0.7, and the kr- spenird;meas and ion {TI.) temperatures profiles.

surad inithe mquaterial plans, olose to Radial distribution of fluctuations at
@® £=0.3 MHz (@) =0.6 MHz,

signal x 3

the plasma center.

At the center of the frequency spectrum (f =300 kHz), the maximum of the
kg spectrum occurs at ky = 8 cm-], krg"l 5 cm-T and r ~15cm. Comparing the
5 transverse wave vector of the fluctua-
tions k, with the ion gyroradius
£=(T, M)'/2/B gives k, € 0.6
(at f = 600 kHz, ky ci~0.7 ). Such a
value of k“'ti is expected to give an
appreciable growth rate to drift waves.

This result, together with the frequen-

cy range of the fluctuations
( r¢w=i/2u: = 30 MHz), suggests that

these are indeed drift waves. We can

h 0 C— R
Fig.4- Transverse wave number spectra
of density fluctuatiens. (D kg spectrum .
k &kp ,res15em, £=0.3 MHz . |
g % ity of the detected

Grtme w3 e ot S
trum kg & k, O<rgSem, £=0.3 Mhz, 0% - P %
@ f=0.6 MHz, signal x 3.

alse compare the mean azimuthel phase

deduced from the dispersion relation
(O.Sx]ﬂscm/s), taking into account
finite Larmor radli and temperature gradient effects (fig.3). This large difference
can be explained by an ExB plasma rotation due to a negative electrostatic plas-
ma potential, as was indeed measured in the 5.T. tokamak /7/ . The required
rotationnal velocity (at r/an0.7) is of the order of the ion diamagnetic velocity
(vdi o215 x ]05=m/5) and would cancel the plasma angular momentum around

axis.

Using the value of the fluctuating electrostatic potential ‘F deduced from
the measurements, the turbulent heat transfer coefficient can be calculated,
assuming the dissipative trapped electron drift wave model (D.T.E.M.) to be
valid, The spectral density S (T:,w] is first deduced from the microwave scatte-
ring measurements ; then, the RMS fluctuating density is obtained by
(lﬁ'( r,r)j§ =nefdw a3 s (¥, w) integrated over the measured spectra.
This yields [#|23-7 x10°" em™® at t/a~s0.7 = 0.8 in the 200 kA plasma
(12 % 1072 a1 300 kA ), 50 that 7/ n_~3-4 x 1073ve /1. The momentum
exchange between the waves and the trapped electrons can be calculated by
simple quasi-linear theory of the D.T.E.M., giv'lnlg the radial heat diffusion
by these particles =T<‘a‘: A (e ?/Te)z (kg eE)Z vez ‘pgﬂ'—] 2 r/ll)l/2 where
Ansb, This yields typical values of R;JESD em”/s - at r/a~0.7 and a maximum
~ 500 cmZ/s at r/ans0.5, due to the strong temperature dependence of R‘e'
The question of why these heat conduction coefficients (measured at the vertical
of the magnetic axis ) are lower than those required for the electron power ba~
lance, (3000 cmz/s at r/a = 0.5 and 4000 cm2/s at r/a =0.7) /2/ still remains
to be answered. A strong ballooning of the D.T.E.M. in the weak field region

could reduce this difference; this will be studied in the future.
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TOKAMAKS

INFLUENCE OF A RESONANT HELICAL OCTOPOLE FIELD ON THE PULSATOR
TOKAMAK PLASMA

F. Karger, W. Feneberg, D. Meisel, H. Murmann,J. Gernhardt,

0. Klilber, K. Lackner

Abstract: A plateau in the temperature profile on the q = 2 sur-
face and a damping of the m = 2 mode is observed when a helical
m =4, n = 2 ocotopole field is applied. In addition, a corre-
lation is found between the threshold values for the induced

disruption and the argodizuu‘on of magnetic field lines.

Experimental setup: In Pulsator
the helical windings which are re-

sonant to the q = 2 surface can

generate an m = 2, n = 1 helical
quadrupole field /1/ or they can
be connected so that the currents

in all helical windings flow in

the same sense, thus producing

. HELICAL WINDINGS
anm =4, n = 2 octopole field. 4 COPPER SHELL ILASER
won coe._I

(Fig.1)
Fig.1 Experimental setup

Islands on the g = 2 surface: The m = 4, n = 2 field in con-
junction with the plasma current forms four islands on the gq =2
surface, the opposite ones being connected in pairs (Fig.2a).
The octopole field decreases faster towards the centre than the
quadrupole field. In addition, since the return conductors are
not helical they do not contribute to island formation as they
do in the quadrupole case. Hence, a much stronger current is re-
quired in the helical conductors for the case m=4, n=2 (Fig.2a)
in order to achieve the same island width as in the case m=2,
n=1 (Fig. 2b). In the case m=4, n=2 with the same island width
roughly one half of the number of trips around the major circum-
ference are required to get from the inner to the outer side of
the island on one field line. The enhanced transport along these
field lines should therefore result in a pronounced temperature
plateau across the island.

This prediction about the temperature profile in Pulsator
was tested by means of Thomson scattering, the test points being
located across an island (Fig.1). The result is shown in Fig.3a.
The step in the profile can clearly be discerned. This plateau
is located around the g=2 surface as can be seen from Fig.3b
which was calculated from Figda assuming jos'l‘°3,¢'2. Such a cur-
rent profile should have a stabilizing effect on the m=2, n=1
tearing mode /2//3/. Strong damping of the m=2 MHD mode is in
fact observed experimentally when the m = 4, n=2 field is
switched on (Fig.4). The damping is generally stronger than that
observed for the m=2, n=1 field /1//4/.

Even without the helical field switched on, it is possible to
observe flattening of the temperature profile at the g=2 surface,
this apparently being due to the strong m=2 MHD mode (see /5/).

Ergodization of fleld lines: Besides the islands on the g=2
surface, islands of higher mode numbers are also formed on the
corresponding surfaces owing to the toroidal curvature /1/. In
the case of the octopole field m=4, n=2, the higher harmonics
are particularly well represented since the field increases
strongly towards the outside /6/. If the current in the helical
windings is strong enocugh, the g=2, g=2.5 and g=3 islands may
overlap, i.e. the field lines are ergodized and transport may

be brought about along field lines from the inner side of the
g=2 island to the limiter. Magnetic limiting of the plasma is
thus possible /6/. The remaining plasma, however, has too low a
g value at the boundary to be stable.

Experimentally, one does in fact observe the upsat of disrup-
tion at a certain critical current in the helical windings, this
threshold being about one order of magnitude higher than in the
quadrupole case because of the island width. For the octopole
field one can distinguish two cases: For the case when the heli-
cal currents flow parallel to the plasma current the critical
current threshold is higher than in the anti-parallel case. The
same trend appears in the calculations of the ergodization /6/.
In the parallel case the ergodization appears at higher helical
current than in the anti-parallel case since the relative posi-
tions of the primary islands and the harmonics are different .in
the two cases. The windings available in Pulsator thus seem to
allow indirect demonstration of plasma limitation by ergodizatio..
With m=3, n=1 or m=4, n=1 windings, however, it ought to be poss-
ible to demonstrate directly stable magnetic limiting and diver=-
ting of the plasma /7/.
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Fig.2: Production of islands with comparable width on the q=2
surface by an a) m=4, n=2 octopole field, b) m=2, n=1 quadrw
pole field (calculations without toroidal curvature)
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mode by the m=4,n=2 field
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Fig.3: a) Temperature and density profiles with externally
applied m=4, n=2 field measured at 80 ms ts'-z'l kG, J,= 60 kA).
b) Derived current and q profiles
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THE USE OF EXTERNAL HELICAL WINDINGS FOR THE PRODUCTION OF A
SCREENIEG - LAYER IN ASDEX AND A TOKAMAK WITH MATERIAL LIMITER.
W. Feneberg

Max-Planck-Institut f{ir Plasmaphysik

D-8046 Garching, Fed.Rep.of Germany
Abstract: The paper presents a solution of the Amgn-tic dif-
ferential equation for investigating the coupling between an
external resonant helical field and the toroidal curvature.
Tha properties of a boundary layer created by ergocdization of

the magnetic surfaces are discussed.

It is known that a purely helical perturbation (m, n) exter-
nally superposed on an axisymmetric tokamak equilibrium pro-
duces on all magnetic surfaces primary islands whose rotatio-
nal transform agrees with the harmonics (m X N, n; N=1, 2,

«ss 8tec.)  of the basic mode (where m denotes the meridional

and n the azimuthal mode ber) . The tic surfaces of the

primary islands are thereby destroyed by dary r

starting from the separatrix, and a more or less large part of
the volume is ergodically filled with field lines. This effect
was investigated in /1/ and /2/ and applied to the tearing
mode (m=2, n=1), only the first harmonic (m ¥ 1, n=1) being
taken into account.

This destruction of the magnetic surfaces can be used for
producing a magnetic limiter: an external helical field with
high mode number m, n generates a magnetic fi-ldSB ~ =1
concentrated on the boundary region, while the interior is
only perturbed by small islands.

To calculate the size of the primary islands, the magnetic
differential equation ﬁw- O.Yn const are the magnetic sur-
faces) was solved by expanding in terms of the aspect ratio. A
helical perturbation (m, n) was thereby superposed on an un-
perturbed magnetic field with circular magnetic surfaces which
is free of divergence and whose shear can be freely chosen.
The result for the diameter S of the islands in the individual
orders of the aspact ratio is as follows:

(R = major radius, r = distance from torus axis,
B = main magnetic field, dB_ = radial component

of the perturbing magnetic field)

= A *&A= y V%
dozin =A(‘£ (o2 f)) ”
’“'AGR ((me)' +(-..2)))

A 5 -0

In ABIIE! ergodization 1. dun to overlapping of an infinite
succession of islands between the excited basic mnde#-%
and the separatrix 1.- ®2), while in the limiter tokamak the
magnetic surfaces break up because the resonant surfaces lo-
cated inside the limiter overlap with those located outside the
limiter.

Figure 1 shows a case in which the topology of a perturbad
ASDEX equilibrijum is investigated by means of the Gourdon pro-
gram. Here the thickness of the ergodized layer is about
A =5 cm.

Like the scrape-off layer of an axisymmetric divertor, the

line density of the plasma in the boundary layer can be esti-

mated by means of the confinement timeT = —‘I,'— in the layer to
be nA- 'T. (L = mean length of the ﬂ.-ld lines to the
limiter of divertor, U, = ion sound velocity, fi = mean par-
ticle density, a = plasma radius, ‘Cp = particle confinement
time) .

The ionization of neutral hydrogen in the boundary layer is
thereby neglected. The strength of the external helical field

can be chosen such that the b dary layer absorbs the heavy
impurities.A shielding effect occurs if the impurity ions from
the ergodic layer that impinge on the wall stick there /3/.

As the temperature in the layer is reduced by heat conduction
along the field lines, it can be assumed that secondary sput-
tering can be neglected. The impurity density is then n,~T
and hence is small.

In Pulsator it was attempted to investigate a magnetic limi-
ter by means of an m=4, n=2 configuration /4/. In Fig.2 it
is shown that in the anti-parallel case (direction of helical
current epposite to that of plasma current) the magnetic sur-
faces for the same current in the helix are much more strongly
ergodized than in the parallel case (Fig.3). It might be con-
cluded from this that the earlier onset of disruptive in-
stability experimentally cbserved in the anti-parallel case
repr 8 the d of a magnetic limiter which

PP

limits the plasma at gq= 2.
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/l/ J.M.Finn, MATT-1137, 1975

/2/ J.A.B.Rechester and H.Stix, MATT-1168, 1976

/5/ H.Vernickel, B.Scherzer, J.Bohdanski, R.Behrisch, Int.
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TOKAMAKS

MODELS FOR THE INFLUENCE OF RESONANT HELICAL WINDINGS ON
TOKAMAK DISCHARGES AND FOR THE CURRENT DECAY FOLLOWING THE
DISRUPTIVE INSTABILITY

K.Lackner,and F.Karger, Max-Planck-Institut fiir Plasmaphysik,

D-8046 Garching, Federal Republic of Germany

1. Stabilization of disruptive instability by resonant helical windings

Application of external rescnant 1 = 2 windings has been shown experi-
mtauytoleadﬁwacertam:egimnfmle:ﬂrqmmulhﬂlm
a quenching of tho m = 2 cscillations and a retardation in the onset of the
disruptive instability /1/,/2/. We suggest that this effect is due to the
local enhancement of radial heat conduction due to the magnetic islands pro—
duced by the resonant helical windings. The increased heat conduction leads
to a flattening of the temperature and current profile around the g = 2 sur—
face with a stabilizing effect on the m = 2, n = 1 mode /3/.

Quantitative examinations are carried out by first fitting a heat conduc—
tion coefficient profile B(r) to the measured unperturbed temperature distri-
butions. This coefficient is then enhanced over a region corresponding to the
size of the magnetic islands by

D(x) = Blx) (1+aexp - ((alx)- 2/ 819

and used to compute a modified temperature profile. The resulting current dis—
tribution, cbtained by assuming i~T/2 is then tested for stability against
the m = 2/n = 1 tearing mode, using the familiar model of Glasser et al. /3/.

Typical unperturbed temperature distributions in Pulsator can be described
by T, =1 (1 - (/)% (2 being the Limtter radius), corresponiing to &
current distribution as shown in Fig. 1 (dashed line). For this current distri-
bution and an assumed g, = 3.65, the m =2/n = 1 mode is tearing unstable:

a very smll platesu in the current distribution is, however, sufficient for
its stabilization. The solid line shows the current distribution correspon-
ding to the marginally stable state, which according to the above model can
be produced by a= 5, 8= 0,12, Stabilization of the m = 2/n =1 mode becames

more difficult if one tries to similate the action of the sawtooth oscilla-
tions by a central flattening of the T, profile, eliminating the q¢1 region
in Fig.1. For a =5 one then requires § = .22 to result in marginal stabili-
ty (Fig. 2).

Far both cases, however, the required island sizes (also for amaller
values of a) are well within the range that can be produced by helical cur-
mmlmmﬂmmsnbﬂulmmm.mvﬂuasoflmlmm
of a critical value, the region of increased heat conduction will extend out
to the limiter (either by direct contact with them = 2/n = 1 islands, or be-
cause of overlapping of the secondary resonances and ergodization of field
lines), leading not any more to a local plateau, but to the shrinking of the
discharge and an induced dismiption.

The crucial point of this model is that it interprets the chserved influ-
ence of applied m = 2/n = 1 fields on the m = 2/n=1 tearing mode not by same
form of direct rescnant interaction, but by the modification of the m = 0/

n =0 temperature and current distribution. Further support for this explana-
tion is given by recent experiments using m = 4/n = 2 helical windings (also
in resonance with the unperturbed field at the g = 2 surface), which were
shown to have a qualitatively similar effect on the m = 2/n = 1 modes at the
m= 2/n = 1 windings /4/.

2. Current decay following disruptive instability

The characteristic time for the cwrrent decay v , following the nega-
tive voltage spike in Pulsator has been found consistent with the assump-
tion of a resistive decay following the cbserved loss of thermal energy /2/.

Comparison between published current decay times for other copper-shell
tokamaks also shows a surprisingly clear dependence rc_d_’vaz, in spite of
the uncertainties in the value of <o) after the voltage spike.

Recent results of tokamaks without a copper shell (PLT, Wega) have
shown, however, a much faster current decay, with rc_d‘upmafmmr
20 smaller than expected fram the above scaling.

Our model for the current decay phase starts from the fact that the ob~
deammmmMumwdwimwaaml
decay resulting in a loss of eguilibrium. In a copper-shell tokamak the
plasma immediately finds a secondary equilibrium position in which it then
decays resistively. In the absence of a copper shell, such a secondary equi-
librium position exists only far the penetration time of vertical fields
through the vacuum vessel (unless one has a sufficiently fast feedback sys-
tem) : with this characteristic time the plasma will drift imward and decay.
This qualitative model explaining the observed differences in rc.d_usup-
parted by calculations cambining the equations governing the drift of a plas-
ma in a thin casing /5/ with the circult equations for the plasma loop - OH
system.

/1/ F. Karger et al., 5th Conf.on Plasma Phys. and Contr.Nucl. Fusion Re—
search, Tokyo, IAEA-CN-33/PD2

/2/ F. Karger et al., 6th Conf.on Plasma Phys. and Contr.Nucl. Fusion Re-
search, Berchtesgaden 1976, IAEA-CN-35/A-7

/3/ A.H.Glasser, H.P. Furth and P.H.Rutherford, Phys.Rev. Letters 38 (1977)

234
/4/ F. Karger et al., this conference
/5/ V.S.Mukhovatov, V.D.Shafranov, Nucl. Fusion 11 (1971) 605

FIG.1

Stabilization of m = 2/'n =1 tearing mode by current
plateau formation for AR {a=5,8=0.12,q, = 3.65)

Stabilization of m = 2/n = 1 tearing mode by current
plateau fom_tion for qu).l (a=5,8=0.22, qy = 3.65)
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TOKAMAK EXPERIMENTS ON JIPP T-II DEVICE
J. Fujita, Y. Hmda: S. Itoh, K. Kadota, K. Kawahata, Y. Kawasumi,
T. Kuroda, K. Matsuoka, K. Matsuura, A. Miyahara, K. Miyamoto,
N. Noda, K. Ohkubo, S. Tanahashi, Y. Terashima and K. Toi
Institute of Plasma Physics, Magoya University, Nagoya 464, JAPAN

Abstract A Tow Z . (= ESp{tzerIEexp = 2.5 - 3.2) tokamak plasma of T, =
1.1 kev, Tiu = 570 eV and lpm = 160 kA is obtained in JIPP T-II by the feed-
back control of plasma position and clean vacuum system. The optimization
of feedback control also allows tokamak discharge at low safety fuu‘:tur

without abrupt current disruption.

Device and Diagnostics JIPP T-1I is a hybrid device of tokamak and stel-
larator with resistive shell [1].

The diagnostic instruments are: Thomson scattering, fast neutral atom
energy analyzer, 4mm microwave interferometer, visible light spectrometer,
hard X-ray detector and magnetic probes. The image of H, Tight at Timiter
section is always monitored by high speed scanning TV camera through the
tangential port. The internal structure of MHD oscillations are examined
by an array of five PIN diodes.

Feedback Control Experiment of Plasma Position In tokamak without conduct-
ing shell, the feedback control of plasma position is required to reduce
the plasma-limiter interaction and to improve the MHD stability which is
regarded to have connection with disruptive instabilities. The feedback
system has been analyzed and the optimum gain is fixed for the discharge of
Ipm = 90 kA and B, = 21.7 k6. With this loop gain, good tokamak plasmas

are obtained for different discharges. As for the plasma position, however,
a considerable deviation has been found depending on the time-varying plasma
current. This shift is explained by the existence of the effective refer-
ence fnput of feedback control system being used [2]. This is due to the
difference between stationary vertical field (B\ru) and the one required for
equilibration without shell (B;u)‘

Figure 1 shows the time behavior of typical plasma parameters for the
following three cases. When the plasma position is maintained around the
optimum position (case 1), the plasma current and loop voltage varies smooth-
1y with time and the MHD oscillation of m = 2 and n = 1 is suppressed. HNo
oscillation is observed on the signals of PIN diodes. When the plasma is
shifted outward (case II) by about 3 cm from the optimum position at time of
current peak, the safety factor q(a) decreases due to a scraping of plasma
minor radius and the oscillation of large amplitude withm =2 and n = 1
appears from t = 50 to 110 ms. If the plasma is still shifted outward till
q(a) becomes less than 2, the discharge tends to be disruptive accompanied
with negative voltage spikes (Fig.2). The signals of PIN diodes of chord
radii 0, B and 15 cm show remarkable relaxation oscillations. In the dis-
charge of inward shift (case 1I1), the oscillation of large amplitude with
m=2and n = 1 grows up because of significant narrowing of current chaqnﬂ
(11 > 1.B)rather than the decrease of q(a). In contrast to case II, weak
relaxation oscillations are observed in the signal of PIN diodes.

The device has been constructed carefully to realize a good vacuum
condition; Base pressure of 1.2 x 107° Torr. The mean effective ionic
charge (feff) derived from the ratio of the Spitzer's conductivity to the
measured one remains at about 2 throughout the discharge in the optimum
case. For case II, feff increases from 2 to 4 and Ieff = 3.5 for case III.

The time variation of plasma parameters are shown in Fig.3. In Fig.4
the peak electron temperature is plotted as a function of peak plasma
current. The scaling of fon temperature is also shown together with data

of the T-4 tokamak.

Conclusion A realization of good vacuum condition and an optimization of
feedback control of plasma position are found to be important to obtain a
“low T, and disruption-free tokamak plasma at Tow q-value.
Acknowledgements Technical assistance by 5. Kato and T. Tabata is grate-
fully acknowledged.
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SKIN HEATING AND CONFINEMENT IN A TOKAMAK PLASMA

H. de Kluiver, C.J. Barth, H.J.B.M. Brocken, J.J.L. Caarls,
B. de Groot, H.W. Kalfsbeek, H.W. Piekaar, W.R. Rutgers,
B. de Stigter, H.W.H. Van Andel® and H.W. van der Ven

Association Euratom-FOM, FOM-Instituut voor Plasmafysica,

Rijnhuizen, Jutphaas, The Netherlands

(* On leave from Dépt. de Physique, Université@ de Montréal, Montréal, Canada)

Abstract. Results on plasma confinement, heating and suprather-
mal radiation during current=-driven turbulence in the toroidal
device "TORTUR" are reported.

Introduction. TORTUR has been built to investigate turbulent

skin heating of a tokamak. The description of the experiment is

given in Ref.l. During the turbulent skin heating toroidal elec~-

tric fields of up to 7 kV/m are generated in the plasma for a

few microseconds. Most of the data are obtained for the follow-
ing conditions: plasma

i " ] current I_ =100 -180 kA,
75.0L = a4 i3 - toroidal magnetic field
0.8-1,6 T, plasma density
3oL 1 1 PR . Y
'/\_/-\/X—' =~ 1020 n”3, Figure 1 shows
gol o+ 4 M ) the time development of

the radial current profile.
The skin character is still
identifiable at some 5 us
after the start of the

— t (us)

— J; (MAM?)

heating current, changing
into a nearly uniform cur-
rent profile after the
heating period is ended by
crowbarring (see also

Fig. 5.B).

]

s
wm
i
O wo w0 WO VO YO VO VO WO Vo O

0B -6 -4 2 0 2 4 6 B0
— (cm)

Heating, Due to the anoma-
lous dissipation in the
Fig. 1. Toroidal current density as a skin the energy density in-

function of radius and time. creases in a few micro-

seconds from typically 0.6 kJ m™3 up to at least 8 kJ m™ 3. Com-
parison with [i2Rdt indicates no appreciable loss of energy
during turbulent heating. The electron temperature is on the
average 1 keV in the skin with a local and temporary peak value
near 2.5 keV, as deduced from X-ray emission. This electron
temperature is in good agreement with the expected value for
turbulent heating T +T; = uolgk,'lanaznee, where I_, denotes the
skin current and a the plasma radius. Some 15 microseconds after
current skin collapse,

electron temperatures up ' 4 . | - ;
to 120 eV are measured = FHomean scattering
o ReRg+2cm
near the axis with E B-1LET
S - \ A& P=6x10 "torr
Thomson scattering 3 |ﬂ\ Vpank=15 kV
(Fig. 2). During the E ,'l 3 ® P=3x10 "torr

skin phase local g-values . Vooni=20kV

)
T

can be as low as 0.75
during 1 microsecond. To

obtain higher tempera-
A

without turbulent skin heating

(s] 1 1 L i
Numerical calculations. -10 o 0 20 30 40

A one-dimensional two-
fluid MHD-code to follow
the development of the
skin during the first

microseconds of the turbulent heating pulse.has been dEVEIOpeﬂZ).
Various anomalous effective collision frequencies have been

tures multiple pulsing may
have to be considered. TN |

—= t (ps)

Fig. 2.Energy content at r= +2 cm vs time
*  as measured by Thomson scattering.

used and compared. It turns out that the level to which the
collision freguency during the saturated state of the ion-
acoustic instability can increase has no significant influence
on the final results, The ratio of drift velocity and ion sound
velocity is found to be constant and equal to = 6 in the tur-
bulent plasma, leading to Te/Ti-values around 5. Figure 3 shows
numerically computed values of resistance and energy density.

Microwave radiation.Suprathermal electromagnetic radiation is
emitted during the first microseconds of the heating pulse, at
frequencies near fpi' but also at higher frequencies up to fce‘

oG ¢ Time-resolved measurements
gE; :‘;:‘:i““‘:"“'r‘t:i;:u 12 r: of the radiation, covering
:1 L ;s::r:::unm! = 2 the band 8-40 GHz**, have
L3 broadening '® . been performed with a ten-
l channel microwave spectrom-
eter. The emitted microwave
"q.sxm’sm'“a spectrum averaged cver 2
Tr208V - microseconds of the heating
Ton10aV 14 pulse, for various values
1of ) ::’.,:.3:;:4 1, of the magnetic field, is
i shown in Fig. 4. The spec-
/ 1 o trum may be interpreted as

being the result of a beam-
plasma Cerenkov mode,
caused by the interaction

= t (ps)

Fig.3. Resistance (the peaked curves) and
energy-density values as computed

from the one-dimensional code. of freely accelerated

electrons with the bulk of
the plasma distxibutiona)

The latter is limited to

- T T T T T T
drift speeds of the order T 2
of the ion-acoustic speed 5 2 1
by the ion-acoustic insta- ti
bility. T v

T 16 \ 4
Containment. Although plas- 2 l:'\
ma temperatures in the keV- SE‘ \
range are obtained only a o i @ -3

L 1g"'k Me =1x10 cm .
modest plasma confinement H Emax=3.2 kv m™!
(approx. 40 usec) is 2 s B=1.28T ({,=358GHz)
achieved after crowbar- 3 % B21.14T {1318

£ 15" 0 B=0.98T (fe=27.4 .
ring the heating bank. The ] 0 B=0.BBT ({0224 .6 QY .'.‘
reason for this is the ° 4 8:068T{uA19.0 LAy “.ﬁ‘.
steepening-up of the cur- i ol

I I | L

rent profile during the 1 8 10 15 zlo :ilo 40
passive current decay which —— {requency (GHz)

provokes a strong increase
in the plasma self-induc-

z Fig.4.Spectra of average microwave emission
tance. It is proposed that

during the current pulse rise for
various values of the toroidal fieldB.

the rapid current decay is caused by a strong skin cooling due
to influxing neutral gas adsorbed on the guartz vessel wall
(surface covering up to 2x101% cm™2 has been zeported”)_ This

is demonstrated in Figs. 5A, B, C. The plasma confinement is
expected to be considerably improved when a bakable - closed -
stainless-steel liner is used instead of the quartz discharge ves-
sel. This proposal has been worked out and looks very promisings ¥

3
o

~- A. Plasma currents vs time from computer
simulation.

o | N (1) without influx of neutral gas the
current is zero at 1000 us.

{2) The effect on the plasma current of
a five-fold increase in density while
the plasma radius decreases in 200 us
from 8.5 cm down to 1 cm.

T T T T
A ® Fig. 5.

B. Plasma current vs time in the experi-
ment. Bias current at the start of
heating pulse 20 kA.

C. The corresponding average plasma
density vs time from CO,-laser inter-
ferometry.

50 100 150 200 250

—= 1 (10Pm7) —=1(kA) —=1 (KA}

— t (us)
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POLOIDAL BETA LIMITS IN HIGH-DENSITY TOKAMAKS DUE TO
NEOCLASSICAL ION HEAT CONDUCTION
F.C. Schiiller and D.C. Schram®
Association Euratom-FOM, FOM-Instituut voor Plasmafysica,
Rijnhuizen, Jutphaas, The Netherlands
(* Technical University, Eindhoven)

Abstract. It will be shown that the dominating energy loss mechanism in the
centre of high-density tokamak discharges is neoclassical ion heat conduc-
tion. This leads to a maximal beta poloidal value which can be reached with
ohmic heating at a given density and magnetic field.

Introduction. Gas injection in tokamak discharges have made it possible te
raise the electron density n, to values well above 102° ™3 (Refs.1,2). The
most important phenomenon is that the energy confinement, Tge and poloidal
beta, BE’ increase roughly proportional with the density, which indicatesa
change in the prevailing energy loss mechanisms. Rather than considering

only the changes in T,
3

£ °F using elaborate numerical codes, a simple method

is introduced™’ to evaluate the confinement. This method is based on the

assumption that the experimental profiles can be approximated by gaussians.

The profiles of various plasma quantities. Here only the assumptions on

which the evaluation method is based will be outlined: 1) The experimental
current-density and eleztron pressure profiles can be approximated by gauss-
ians: (/i = exp(-x2/A2)  (1a) and p ()/p,, = exp(-22/AZ) (IB)

2) The Te—ptcfiln = and cunlequm;l:ly also ne(r) and ni(r) = Zina(r) - are
taken to be gayssians with j = 'l'."".

3) The quantities e Teot Ac’ Ap are calculated from Thomson-scattering
measurements. If no complete profiles are available, Ac is calculated from
the assumption qo'-'l and A_ is taken equal to A: (uncertainty < 10%).

4) The shape of the T{—prufile is taken to be equal to the Te—ptufile

(T; (£)=T; T (£)/T,). The ratio T;o/Tq, i8 calculated under the assumption
that all ohmic dissipation is transferred to the ions by Coulomb collisions.

With these assumptions all quantities of interest can be calculated.

The energy balance. The ohmic input power is the only source causing an
energy flow Q‘"(r). In a stationary situation (3nkT/dt << nj?):

ey =1 52 - -8 1258~ 1 (1maxol= -
0 = Fonitetart =13 107020 S2E B (Q-enp e 2D e 72, ()

in which ien is the electron temperature in keV on axis.

This energy flow must consist of contributions due to conduction, comvec—
tion, radiation and charge-exchange losses. The heat flow due to ion-heat
conduction, Q?ﬂnd(r) can be calculated following the notationof mherfnrdi):

Q5" = -k, 3T f0r = ~Cpy(r) VT 0T, (m? T, 070 dkT/or, (&)

in which Céztr) is a coefficient depending on geometry and regime. For a
linear geometry: ch = /2. For a toroidal geometry c;z is dependent on the

collisionalities v* and v**: v - (R/r)1 "5y = (R/r)!-5 "”"u.i‘ﬁ-

The following expressions for C;z are used:
Banana + plateau (v** < 1): céz = 2q2(R/r)!*5 D.AB(IW.BG\J;)" (4a)

PEirsch-Schliiter (V** > 1): c;2 = 2,26 q2. (4b)

For the high density discharges in Alcator the central core (r < Ac) is in
the plateau regime, the outside in the Pfirsch-Schliiter regime. The expres-

sion of Hazeltine and Hln:ons) covers all three regimes:
ciz = 297 0.47 (140.43v]") (14103 0 5+0.180D) 7L (®w/D)1-F L (4e)

The contribution of ion heat conduction to the total emr.gy flow, given by
cund‘,qefl

the ratio Q is shown in Fig. | for a typical high demsity discharge
in Alcator, described by Apgar et nl.”. From this figure the following con-

clusions can be drawn: 1) In the centre the calculated value of Q'{m“d is

eEf_ This must be due to the approximation by a gaussian

even larger than Q
for Ti(r). Anyhow, the result leaves no space for other loss mechanisms than
ion heat conduction. 2) At the outside region other loss mechanisms are more
important than Pfirsch-Schliter ion heat conduction, such as radiation and
charge-exchange.

The sensitivity for the choice of .'l= is tested by redoing the complete cal-
culations with Ac enlarged, or diminished by 10X (Fig. 2). The case AC-D.BAP
gives a somewhat better description especially at the outside, but this does
not change the validity of the conclusions.

cond, eff

The scaling of the maximal B.. The ratio Q Q for the plateau regime

in the centre is given by:

5 5. gh b Al expl-r? (i + 7]
SEE . gi1g6 L [Tln] % Bge M AL | B
3

Ql;.nnd.,q -
ze!fzi €0

- —_— e (5)
niaqg A:R7 A: {1 - exp[—rl,ff\i]}

in which Ay is the ion mass number and QED the electron density in 1020 m™3,
As Q:cmﬂ < Qeff

=1 TN 5 1 7 3
Boe < 2.4x10722,07 B im ) Bk o B 5ot (a/a) "'mpmc)ita/.\c) IS

, this means that Be: must be limited to:

0 T T 10 T T
I1=0.108 MA 1 :0.108MA
By 7T By=71T ]
r Teo=0.77 keV _ Teo*0.77 keV
iO i} r|“,|6x'IO“N:)n'I':'l | =] "°n_5‘1°20ma ol
g" 4 Ag=Ac =41 mm o Ap=41mm
6z
- a=95mm ez

o - 10 —
N Acndt
- L % -
\
N\ Aed5
- l-»r-u i
w02 L E 102 1 B
[+] 1 vl 2 o 1 2
— i
cond , eff cond , eff
Fig. 1. The ratio Q /2 for neo- Fig. 2. The ratio Quy /Q recal-

classical (nc), Pfirsch-Schliter (PS), culated for the same discharge as in
and Hazeltine-Hinton (HH) ion heat Fig. 1 with all quantities unchanged
conduction for a typical high-densi- except A = 0.9 Ap and A; = 1.1 Ay
ty discharge in Alcator. respectively.

In Fig. 3 the experimental values of the product Bh-t for high-density dis-

charges in Alcator are plotted against n . Two curves describing the By -

limit are plotted for a fixed set of ratios: T /T, =1.1; A =A ja/A_=2.3;
d, eEE 80 Momd eff _ <

one curve is for Q°°"%/q = | and the other for Q /q

sible correction for approximation errors). The values plotted are for

hydrogen. One point (encircled) indicates a high density discharge in helium

in the ST-device * with zaff = 2, scaled with zi and geometry.

= 2 (as a pos-

Conclusions. 1) At high density (a, > 3x102° @w™3) the experimental Se‘ cor=
responds to the limit set by neoclassical ion heat conduction in the core.
2) At lower density the aeg—valuea tend to be lower, which indicates the in-
fluence of other loss mechanisms. 3) It would be interesting to verify the
Z;-dependence of B, by gathering more data of high-density discharges in
helium. 4) When during the density increase of a gas-injected tokamak dis-
charge the limiting dﬂe is r_e:;herl. further increase in the density must
lead to a lowering of Ieo “m., of to a further peaking of the current—

density profile. Consequently, TEEBBzTé's J\g levels off after the initial
increase with increasing density at fixed B.

Fig. 3.
T T The product Ba.-nt as a
function of Peo for Alcator
6 discharges in i?l2 at various
E discharge currents and mag-
o SH— netic fields as indicated.
H @ indicates an ST-dl
@
4= in He, scaled with EN and
1 /' /% e By=3.27 Ty
a3l l:-’ A By=4.1T - — : the maximal Bea-valuc
A : g"::: as given by Eq. (6) for
/ t=0. cond , eff
-, + B=7.1T 7| e A=Ay
@ Bt=7.85T ] Tyg = 0:9 Tyt a/h =2.3;
1} x By=8.2T - Rfa = 5.7 q = 1.
s ® B1=4.4T,He,ST
-- : the same with
(| A [NRE PN O [ [N (O [N O I I | cond, eff
0 2 4 6 8 10 12 R =2,

— N (16%%m%)
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TOKOMAK DISCHARGES IN PETULA WITH ALUMTNA CHAMEER
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85 X = 38041 GRENOBLE CEDEX
ABSTRACT : Standard Tokomak operation with alumina chamber has been achie-
ved on tha PETULA Tokomak. Recycling from the wall is shown to be smaller
than in case of the previous metallic liner + Average demsity up to 5.5
ml.’im-.’l has been obtained by use of fast pulsed valve. According to wall
conditioning .z‘ﬂ ranges within 1.5 to 4 whersas energy confinement time.
remaine of the order of 4 msec.

INTRODUCTION : For the purpose of R.F. heating experiments, the PETULA
Tokomak has been reassembled with a new vacuum vessel which is mainly made
of glumina, Technical characteristics and outgassing properties of this
vessel have been reported in ref. 1. In the present experimental conditions,
the limiter and 80X of the wall facing the plasma are alumina . The radii
of the limiter and of the chamber ave respectively 14,5 and 16,5 cm.
Pumping is providedby turbomolecular and cryogenic pumps. After baking at

a moderate temperature (140°C) the base pressure is 2 108 torr , The £il-
ling gas is hydrogen and the magnetic field 16 kCauss. Before Tokomak ope-
ration, 15 minutes discharge cleaning at 1.5 kGausa, 25 KA, 0:3 sec repe-
tition rate are perfommed.

EXPERIMENTAL RESULTS : Compared to those obtained with the previous stain-
less steel liner /23/, the discharges show two major differences. The loop
voltage is lower and the electron demsity decreases continuously during the

shot, The second point means that the wall material has a low Teegpgling
rate so that electron density must be sustained by gas injection during
the discharge, the loop voltage then remaining low. For well conditionned
chamber, electron demsity can be so varied within a large range. On Fig.l,
curve'c' corresponds to full aperture of the valve which has a conductance
of 2.5 Torr-liter per second and must be compared to curve' a' which is typi=
cal of a shot without injection. For case'b,'the valve aperture was redu-
ced after 30 ms. In all cases the filling pressure is & .Ic-ierr before
opening the fast valve. Comparison of ns line emission measured in the

vicinity « of the gas valve and 60" apart in toroidal azimuth shows that
ionization of the injected gas occurs locally. Maximum value of 5.5
m“m':’ average electron density has been reached, being apparently
limited by the conductance of the gas fast valve and the poloidal

field duration.

The concentration of light impurities has been measured in those
clean wall conditions for the following discharge charmcteristics : plasma
current = 55 kimp., By = 1.6 Tesla, §, = 2.2 1092, Oxygen density
deduced from ow line (1032 A ) intensity amounts to 3.10 'cm ~ and alu~
minium could not be quantitatively measured. This low impurity rate ia
supported by the 1.8 Volt loop voltage and the electron temperature which
shows a rather peaked radial profile with 620 eV axis value.

More detailed measurements have been performed immediately after
a major opening. The wall recycling rate remains low in thim experiment but
a much larger hydrogen flow is required to get the same electron density.
The electron density, electron and ion temperature profiles are shown in
FPig. 2 and 3. for typical 60 kAmp. discharges the characteristica of which
are ghown in Fig.4a. Z effective is thus of the order of & while it was -
about 1.5 with the previous clean wall conditions. This increase in Z effec-
tive is in agreement with thelO-I5times higher emission level for the oxy =
gen lines. The encrgy confinement time remains in the range of 4 mo for
both conditions.

The time evolution of T, from charge exchange neutral measure-

ments is plotted on Fig. 4b for v:rioul radii as well as the temperature
deduced from Ovnl.ine (1623 :\ ) Doppler broadening. It shows that the 0“
enission can be located about r = 12cm. Fig.4c shows that ions follow

the (nI) 13 Artsimovich dependance only after the plasma current reaches

ite maximum value.

I

In turns out from these results that clean wall conditions
can be obtained with alumina. Oxygen concentration remains the dominant
parameter for the obtention of low Z and high demsity discharges.

REFERENCES 1
/1/ = PETULA GROUP, Int.Symp.on Plasma Wall Interaction,Jilich (1976)
/2/ = R. BARDET et al., Nuclear Fusion 16 4 (1976).

/3/ = PETULA GROUP, vI*" Conf. on Plasma Physics and Controlled Nuclear
Fusion Research, Berchtesgaden, 6 - 13 October 1976.
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CURRENT DENSITY PROFILE OF NONCIRCULAR TOKAMAK

H. Toyama, T. Dodo®, A. Iwahashi, H. Kaneko, K. Makishima,
Y. Negayama, O. Okada®, I. Ochiai, K. Sekuma, S. Shinohara,
and B. Yoshikawa*#
Department of Physics, Faculty of Science, University of Tokyo, Tokyo, Japan
#* Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo, Japan

## Plasma Physics Laboratory, Princeton University, Princeton, N.J., U.S.A.

Abstract Direct meesurements of the current density profile of the non-
eircular tokemak TRT are presented. In a low current operation ( Ip -

8 kA ), the elongation ratio has been 1.8 near the time of the current peak.
The peeking of the current profile and the decreasing of the elongetion with

time have been observed.

Introduction A device named TNT ( Tokyo Noncircular Tokamak ) has been
constructed to investigate what type of cross section makes the best use of
the advantages of noncircular cross sections. In the first !‘epc'r‘tl) it hes
‘been shown that a D-shaped, elongated plesma can be obtained with a meximum
plasma current of 50 kA corresponding to 9, = 2.4 by means of active field
shaping. MHD properties, such as kinklike modes and disruptive instabili-
ties, have been investigated. In nonecirculer tokamsks, a current profile is

very important to improve the plasma ::r.mfinementa“l

3.

» 88 emphasized by the
concept of FCT ( Flux Conserving Tokamak Here we present direct meas-

urements of the current density profile of TNT by magnetic probes.

Device Figure 1 is a cross-sectional view of ’I'HT“. The major radius is

40 cm. The vecuum chamber has a rectangular cross section ( 60 em high and

24 cm wide ). The plasma cross section is limited by the molybdenum limiter

ED

___“nn ﬁ'IOODiA;i-ﬁ'lmﬁ' 'ﬂ
2
@: Fig. 1
. 1377
Cross-sectional view
of TNT.
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La pling coil
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/; «——{1n) limiter
/| 3 CS8: copper shell.
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=
@
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@
=
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L]
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b
/\

with a rentmgulm; aperture of 2a = 20 cm and 2b = 56 em. The 24 toroidel
coils supply & maximum toroidal magnetic field of 4.k kG. The plasma cur-
rent is driven by an air-core transformer of fifty turns, powered by a 25-kJ
capacitor bank. The external shaeping field is provided by 8 sheping coils.
A 10 mm thick copper shell with gaps is placed as an open shell to restrict
the megnetic surface. The vacuum chember acts as & resistive-shell with

about 1.6 ms skin time. Hydrogen gas is fed pulsively through two fast-

acting valves up to filling gas pressure of 0.7 . 7.0 x ].0-ll Torr, and is
preionized with a 10-kW rf ( 80O kHz ) oscillator and an electron gun. The

6-mm microweve interferometer has shown the electron density z 2 x 10]'3 cm_3.

Measurement of Current Density Profile We have measured the poloidal field
in the plasma directly, using magnetic probes in a low current operation
( Ip = 8 kA ). The magnetic probes are 2 mm long end 1.4 mm in diemeter

4 mE, which give the signal of 140 wV corre-

with the erea-turn of 7 x 10~
sponding to 50 G integrated with RC circuit of 26 ms time constant. The
magnetic field is measured slong the semi-axes of the apparatus; the radial
component Br at the 15 points along r = RD ( RO: major radius ) and verti-
cel compopent Bz &t the 8 points mlong z = 0 ( on midplane ). The behaviors
of the plasma current and the loop voltage have been little affected by the
insertion of the probes. The procedure to get the current density profile
of a noncircular tokamek is more complicated than thet for a circular one5)
The measured poloidal magnetic field BX(RO, Z) and BZ(R, 0) are fitted with
5-th order polinomiasls of z and r, respectively, by the least square method.
The magnetic flux function § along the meagured points is determined by
integration of the magnetic field represented by the polynomisl. Assuming
the magnetic surfaces have elliptic cross sections and the same geometrical
center, ¥ in the plasma can be evaluated. The unmeasured term in the equa-
tion of the current density ,j.’ = %0 ( aBrIaa - anl/ar ) can be determined
from this Y. A typical example of the current density profile at the cur-
rent rising stage ( t = 500 us ) and at the current peak ( 700 ws ) is shown
in Fig. 2. The up-to-down asymmetry observed at the current rising stage
has almost vanished at the current peak. The elongation ratic has decreased
with time due to the current peaking. The elongation ratio of 1.8 at T0O us
agrees with the data-of BP coils located poloidelly on the limiter. In

conclusion, these direct measurements have confirmed that the elongated

J(kA/m*)
500 psec
Fig. 2
00
Typical example of the
50 \ current density profile,
Z).
BOTTOM e JoPe )
-30 -20 -10 10 20 30
em 5 -2k,
t
Ipw=8b\(tl’ﬂ)ﬂua ¥e,
TOP
Ziem)

equilibrium can be actively controlled by shaping coils. These measure-
ments also indicate that the current peaking lesds to the decrease of the

elongation.
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TOROIDAL PLASMA ROTATION IN TOKAMAK LT-3
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Abstract. Toroidal flow velocities up to 6 x 10° ms™ — have
been measured in stable discharges in LT-3. The persistence of
these velocities indicates the existence of significant non-~

ambipolar electron diffusion from the plasma.

Experiments. The toroidal flow of the plasma in tokamak LT-3

(R = 0.4m, a = 0.1lm) has been deduced from the Doppler shift of

the oxygen impurity line OV 2781 g, the profile of which was

analysed with a seven channel polychromator [1]. Light from a

line of sight tangential to the minor axis was reflected into

the analyser by a small mirror mounted just inside the vacuum
vessel. The mirror could be ro-

OV emission (arb)

=== tated to view the plasma either
N
parallel or anti-parallel to

-——’

the discharge current., By com=
paring the results from the two
directions, the absolute shift

\ of the line could be determined.

Figure 1 shows the radial pro-

-~ l
= file of OV emission in a stable
0 50 100
minor radius (mm)

discharge at the time of peak

current (t = 2.2ms, I
Figure 1 ¢
By = 0.5T) together with a

= 10kA,

histogram indicating the relative contribution of each annular
region to the total emission seen along the experimental line
of sight. Although the contribution of the central region,

r < 25mm, dominates, it was found in the analysis that there
were small but detectable differences between the apparent
shifts of the wings and the centre of the line profile. The
line wings, which are dominated by emission from the hottest
central region of the plasma, yielded velocities up to 50%
greater than the line centre. As a result of the low ion
temperature in LT-3, T; < 30eV, rotation velocities as low as

1kms™t

could be detected. In figure 2, we show for two
successive shots, the toroidal velocity and also the longi-
tudinal ion temperature deduced from the line width during the
interval 1.5 - 4.5ms when OV emission is strong. The results
indicate fairly rapid flow of the OV ion component in the
direction of the toroidal current., As a result of collisions
with electrons, the OV ions with charge 2 = 4 will tend to lag
behind protons travelling parallel to the current by a velocity
which may be as high as 1kms™! in these conditions so that the
bulk flow velocity may actually be somewhat higher than that

shown.

Discussion. In all collisiconality regimes, neoclassical
transport theory predicts a toroidal flow driven by radial
gradients of temperature, density and the electrostatic poten-
tial [2]. Such rotation has previously been observed in ORMAK
in the collisionless regime [3]. However, it has also been

shown [4] that in the plateau and collisional regimes, which

1

apply in LT-3, the flow should decay to zero as non=-ambipolar
ion diffusion, associated with charge exchange or magnetic
ripples, readjusts the electrostatic potential. Since the
charge exchange time in LT-3 is of order 200us, we would not
‘expect the observed rotation to persist through a discharge un-
less a mechanism exists to maintain the potential above the
expected zero velocity level of about -100V. It may be calcul=-
ated that an extra potential of order +10V is required to
account for the observed velocities. The required mechanism
may actually be provided by the neutral populaticn in the
plasma. Electron impacts with neutrals, which are relatively
probable in LT-3 conditions, will cause a non-ambipolar drag

on the electron component which is drifting with considerable

velocity relative to the ions.
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SATURATION OF KINK INSTABILITY AND
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Abstract Nonlinear saturation levels of kink modes are obtained

by use of the neighbouring equilibrium method for various current

profile cases.

Generally we observe the kink modes in their nonlinearly
saturated state in which they no longer grow ( in MHD time ); the
plasma is in an equilibrium governed by the equation FxB = vp
with helical symmetry. This fact implies that the plasma moves
from a cylindrical equilibrium to a helical one. The helical equi-
libria in linear theory dictates the bifurcation points of the
cylindrical and helical equilibria. Here we evaluate the satura-
tion levels of kink modes by finding helical -equilibria with
finite amplitude deformation.

In the large aspect ratio limit (R/a>>1), a tokamak plasma
is approximated as a current carrying plasma cylinder ( radius a )
immersed in a strong magnetic field. We use helical coordinates,
r, ¢=mO+k,z and x= (mz-kzrze)/(mz+k=rz) (r, 6 and z are the ordinary
cylindrical coordinates with r=0 at the axis of the cylinder, m

and kzn correspond to mode numbers ). The plasma column has the

helical symmetry. We define ¢ and BO as w:kzrne—mnl and-srkzrsB
—mBI. The plasma equilibrium equation with x independence gives
2mk_B
(k2+ E:]a—a‘l’- o Y g_t + 2m? g—g + z 9
LI T T AT pm(k,r) ] m?+ (k) ?
= - a(B}/2)/a¥ - pelm®+(k,£)?] dp/dy (1)
By = B¢(¢) and p = p(¥).

E; is also expressed as B;=B§+2unfl(sz-klrﬂeldw—(k;r’+m‘)dp]. In
low B limit, B¢ in the left hand side of Eq. (1) is replaced by B,
unless the case of g <k;r‘<<1. We expand | as Y=y, (r)+ay, (r)cosd
+a’ya++++ ( both in the plasma and in the vacuum ) and JZ-J,(:} +
aJy (r)cos¢+a?d, (r)+-... The constant § surface is also deformed
as r(y,4)=ro+8,cosf+8,++++ where §, and &, are given like

61 = —ayy S0} (2-1)
g = =af (Yo /04 = Vibl/293 + VRi/awd) (2-2)

From now on, we analyze this problem noting the safety factor g

and the current con entration ratic x=g(a)/q(0). Both are

g = are1- 2§ 4 24 et = g ot (-0
@ a

K = k[l+ "’fﬂ"”arq“ Jofy Jazdr o7 o 0y ya? | (3-2)
Jof, Jerdr

We expand Eq. (1) and retain terms up to the 2nd order of a. To

the lowest order of (k,ri® we obtain

283 - akme = mude o), (4-1)
1.4, 8 = %y (4-2)
TET & A, - m"oﬂ""’l .

% E% r g%' = mpgJda(x) . ) (4-3)

The boundary condition is that Br=° at the wall ( radius b ) and

the continuity of B, to the plasma surface. This gives the

condition which determines the critical g value g* as
¥1(a) /¥y ()= ~m[1+{a/b) 2™ /(1= (a/p) 2™ (s)

at which the plasma is in a helical equilibrium with infini-
tesimal deformation. From the 2nd order equation, we get the
nontrivial solution of a in terms of q and x. The plasma
transport equation governs the time evolution of a(t) closely
coupled with x(t) and gq(t). Here we do not simulate the history
of a(t), we take a simple constraint that the current density
profile does not change. Equation (3-1) gives a=/{g-q%)/0 2],

the measurable guantity E'ria]/na(a) is given by

2

Vo ;
where |g-g*|<l. The saturation g nz:x'.
amplitude given above indicates o5 -] -
the linear growth rate, that is,
|B/Bg|=vy, since v} is approxi- | -'i" -

3

mately proportional to g-g*.
We show some examples of i;/Ba. The current density is J,(r)=
Jp [1-A(r/a) 2+ (A-1) (r/a) "] J Figure 1 shows the case of k=2 and
a/b=.8 for m=1,2,3 modes. For each case, the g<m side ( kink )
branch is shown. 1In spite of the tendency of the linear growth
rate, the saturation amplitude does not vanish at g=m and will
connect to the internal and/or the tearing mode. Figure 2 shows
the dependence on the current profile for m=2 mode (a/b=.8). In
Fig.3 we see that E;/Bp strongly depends on a/b. This tells
that the shell ( or shaping coils ) must be placed as close as
possible to the plasma surface.

In this paper we use the constraint J,(r)=J;(r) from the

following reason; real toka- 219-2
Fra

mak plasmas have the finite
resistivity and the anoma-
lous skin effect so that the
flux conservation condition
is not always a good appro-
ximation, the experimental
observation shows us that
the current profile changes
much slower than MHD activi- q=2
bias'ﬂ. By means of the flux conservation condition which implies
o(r)=0, Y2 can be solved from Egs.(2) and (3-1). Using Egs.
(2-2) and (4-3), o as a function of k is determined. It will be
interesting to compare our results to the case of o=0.
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STATIONARY AXISYMMETRIC STATES WITH DIFFUSION
AND HEATING OF TOKAMAK CONFIGURATIONS

C. Mercier

ASSOCIATION EURATOM-CEA SUR LA FUSION

Département de Physique du Plusma et de ln Fusion Contrilée
Centre d'Etudes Nuelénires

Boite Postale n® 6, 92260 FONTENAY-AUX-ROSES (FRANCE)

ABSTRACT : A set of integro-differential equations describing the M.H.D
equilibrium of a plasma in axisymmetry, including the transport coefficients
and Ohmic and non-Ohmic heating, is established. These equations have been
solved numerically.

The physical phenomena which occur in the equilibrium and evolu-
tion of Tokamak discharges are numerous and very complex and can only really
be accounted for by means of numerical codes, such as the MAKOKOT code at
Fontenay [ 1'J, However, it is useful to study analytically these equili-
bria under more schematic conditions in order to gain a better insight
into the results found both experimentally and by the numerical codes. In
particular, the influence of the fumctional forms of the tramsport coeffi-
cients and of different forms of heating may be better understaod. A good
analytical description is also necessary to study the stability of the equi-
libria and to predict the behaviour of Tokamaks under various conditions.

In axisymmetry, the equilibrium is given by [72_7

() Lr =

1d£2 _x*dp _ A(F) + (X3 - x?) ap

2 aF aF

upen defining Xo(F) to be (2) X, o < X2 > }/2

Mdl ( d1 )_', the integration being taken
XTgrad F| X[grad F[ .

aleng a cross-section boundary of a magnetic surface F = const. We put

Ey= where €, = const.
? Sll-u%!T!j. o

where <M > = |

As a simplification we will use, instead of the diffusion equation,
the relation n = E '1‘,‘“ which is very well satisfied in the actual Tokamaks.

w is generally close to 1/2 and we shall take this value as an example. We
finally obtain :

3) LF=AE + (R -%) Eng dA
Eg dF

A=gy <12,
No
Determination of A(F). We write the heat transport equation in the form
VQ = Ey Yo + 8 where E; Y, represents the ohmic heating and s the heat losses
together with any other form of heating. Suppose that Q = --H_(‘{_] V.F we
X

obtain H+gg = lm;rlv
I, I
where I is the plasma current across the cross-section of the surface F =

const. In order to account for the rapid transmission of the heat along the
magnetic lines only the mean ¥(F) must enter into the problem and so we have

H==-g (1 + mJ bous where

Se F
W JE) = (A as T % a5y and (5) Sr =ffiads # s,
5 X

We now choose the heat transport coefficient

K~F qf n' ~ T qP. Then Q = = K, T qf VT where (6) q=f d is
it 7%, &
the safety factor and T = < T% >%,

We consequently fiud :

M A=k [eot=s1) Brott +udb) ¢0*Fe a5 |¥
s [ g e ndo SV an]?,

Nw=3 . B(F) and £ = X n, being given, the set of equations (2)— (7)

x4

defines the problem posed.

The boundary condition will be taken to be F = o on the plasma
boundary.

These equations have been solved numerically by Le Fol and Tooris
under contract with the €.I1.5.1.
Special cases - To illustrate the results, we will choose several special

cases.
1) In the cylindricalcase, the equations reduce to differential
equations which have already been studied in particular in /73_7. The prin-

cipal result was the following:in the case of Ohmic heating alone there

exists one and only one solution if 0 < N € 2 or <+oa if f‘o v

Otherwise , there is no equilibrium solution and the numerical code shows
that the plasma temperature becomes progressively more and more peaked
Fig.2

2) Ohmic heating alone (m = o)

As an example, let us choose B = =I| and f /g, = const, In this case,
the equation becomes :

AF -2 [0 - sM - x 3 (- 5o %}(:?99:“]

where A will be determined by the boundary conditions and | is the ratio

between the real transport coefficient taken on the mgmgz axis and a re-
ference coefficient B = nn which is always close to the experimental value.
The calculations have been performed for different values of N and Yo—N = 6
being close to actuality — and for elliptic, racetrack and D-shaped cross-
sections. The domain of possible equilibria does not seem to be very depen-
dent upon the type of cross-section. With Ohmic heating alone, the equili-
brium B values are of the order of a few percent. With a more evenly distri-
buted additional heating, one would expect B-values conderably higher.

In Figs. (3) and (4) are represented the magnetic surfaces, the temperature
Te and the current demnsity for a D-shaped plasma. It is a limiting case with
B = 0.04.

REFERENCES.~

7 Code MAKOKOT, Rapport mixte C.E.A.~C.I.5.I. EUR-CEA 832,

@ Lectures in Plasma Physics - EUR 5i27a - Luxembourg, Sept. 1974.
37 C. WMERCIER, SOUBBARAMAYER, 7th European Conference on Cont. Fus.

and Plasma Phys. 1975 = Vol.II - Supplem. papers-
C. MERCIER - Rapport EUR-CEA-FC-812, Février 1976.

Temperature ond current density
O-shaped plowrg

L

Al

FI6.3 X
PG.4




14 TOKAMAKS

SCALING LAWS FOR PLASMA CONFINEMENT
J.W. Connor and J.B, Taylor

Culham Laboratory, Abingdon, Oxon, 0X14 3DB, UK
(Euratom-UKAEA Association)

Scaling laws must be invariant under any transformation which leaves
the bapic plasma equations invariant. The constraints which this imposes
on the scaling law are derived for several plasma models and found to con-

flict with empirical scaling laws.

The 'scaling law' is the relation between energy confinement time T
and the mein experimental paramaters such as radius a, magnetic field B,
plasma density n and temperature T.

The present discussion is based on the observation that if the basic
equations of plasma behaviour are invariant under some group of transforma-
tions, then any scaling law derived from them must be invariant under the
same transformations. This property severely circumscribes what scaling
laws are compatible with any given plasma model.

Collisionless, low-f Vlasov model

The simplest case is that of a collisionless, low-8 plasma described

by the Vlasov equation
af e af
s | Y =k -
a‘+(y_.v)£1+-l(§+!xg) T o
where the electric field is determined by charge neutrality and the mag-
netic field is prescribed. There are three independent linear transforma-

tions which leave this model invariant. They are

Ay: feaf
Ay: v fPv,B=fB,t~f"1t,E~plE
Ay: X m,B=2Y!B,t=y,E~yIE

One can show, (by considering the heat flux Q which is directly
defined in terms of f and v), that an energy confinement time depending
on n, B, T, a will be invariant under these transformations only if it
is of the form

BT = P(T/aB2)
This is therefore the only scaling law compatible with the collisionless,
low-f§, Vlasov model of plasma.
Other Plasma Models

In a dmilar way one can determine what scaling laws are compatible
with other conventional plasma models, We have investigated (1) The
collisional, low-§ model - described by the Boltzman transport equation
(including collisions) plus charge neutrality and prescribed magnetic field.
(i1) The collisionless, high-f model - described by Vlasov's equation,
charge neutrality and the Maxwell equations V X B = 4nj, VYV XE = 8B/dt.
(i11) The collisional, high-fi model, described by the Boltzman equationm,.
the Maxwell equations and charge neutrality.

The results, together with those for ideal and resistive fluid models,
are shown in column 2 of the table.

In many experiments the plasma is heated by ohmic dissipation, If
we take this to be governed by an ohm's law (not necessarily classical)
based on the collisional model (iii) the scaling laws for ohmic heated
plasmas become those in column 3 of the table,

Comparison with Experiment

In a recent survey of the data from Tokamak experiments, Hugill and
Sheffield [1] found that the observed confinement times can be well
represented by

Br = “zly.z

with x = 0.61 = .08, y = 1.89 £ .13, =z = 1,57 £ ,17. Unfortunately this

N
Scaling Law Scaling Law
Plasma + for BT for Bt
Hadel (General) (Ohmic Heating)
Collisionless BT = F(T/a?B2) BT = F(na7B4)
low-f8
1
Cﬂi:::;mﬂ“' Br=F (—.—.;rp . —::‘,) Br = F(na?,a’8*)
yd
c“:i:;fg“l“' Br=F (m* o TIgT ) BT = F(na?,a’B*)
3,
Cu]];:ll:;i-.gnlall Br = P(ma? , PR : Ba’h) BT = F(na?,a’ps)
Ideal MHD Br = (nat)¥ B(nr/B?) breatar (::;:)
L
Resistive MAD = (m?)® p(er/st, 1Y) | wroeafar (Es;—:)

empirical law is not compatible with any of the models considered, as may
be verified from the table.

A possible cause of this discrepancymay be radiation from impurities.
This can be incorporated into the resistive fluid model through an effective
charge Z introduced into ohm's law and the addition of a radiation emergy-
loss End -~ nkl'!z‘. The invariance properties of the model then require

the scaling law to be of the form
L
Br ~ niA%a F (;T—, .T;T‘ .n-hz".\ﬂ)
A

where A is atomic mass and the indices b, c, d are related to the
indices of the radiation energy-loss formula.
Conclusions

Each of the conventional plasma models imposes characteristic conm-
straints on any scaling law which can be derived from it. In the extreme
example of a collisionless low-8 model Br can depend only on the ratio

T/a®B = B/N. (Incidentally the only local tramsport coefficient possible

in this regime scales like Bohm diffusion!) In the collisionleas high-f8
regime BT can depend only on A and the line demsity N. For ohmically

%y

heated plasmas all models require BT to be a function of N and (Ba
and the temperature to be given by T ~ a"& P(H.Bn:"').

These results reduce the number of adjustable parameters which have
to be determined empirically - provided the appropriate model is known.
Alternatively one could use the data to determine which models are appro-
priate.

Unfortunately the empirical laws which have so far been proposed
appear incompatible with the conventional plasma models. This may be
because radiation from impurities is important and the effect of this in
the resistive fluid model has been determined.

Finally, we note that similar scaling laws apply to particle confine-
ment times.

We thank Drs Hugill and Sheffield for many helpful discussions.

[1] Hugill, J and Sheffield J. "Empirical Tokamak Scaling”, To be

published. Also in R S Pease, Contemporary Physics 18 (1977) 113,
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BALLOONING MODES IN TOKAMAKS WITH FINITE SHEAR

J. M. Greene, M. S, Chance, A. H. Glasser, and E. A, Frieman
Princeton University, Plasma Physics Laboratory
Princeton, New Jersey 08540 USA

D. R. Dobrott
General Atomic, San Diego, California 92112 USA

D. B. Nelson
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831 USA

ABSTRACT

Ballooning modes are calculated from two different
approximations to ideal MHD theory. The first approximates

the full set of equations numerically; the second utilizes an

expansion in large toroidal mode number to reduch the problem

to a series of differential equations along lines of force.

Excellent agreement is found, and the importance of the modes

is assessed.

Application of the Princeton Equilibrium, Stability, and Transport
Code (PEST) ! has shown that in many configurations a stability limit on
achievable plasma pressure is determined by fully developed ballooning
modes. “ These are driven by force associated with the pressure gradient
and have the character of interchanges, but are concentrated in regions
where field line curvature is unfavorable, The interchange vortices penetrate
to the core of the plasma, and exist even when the plasma surface is con-
strained to be stationary. Thus, they cannot be stabilized from outside the
plasma, and could strongly affect the containment properties of high
pressure systems,

In addition to the numerical work, we are also carrying out a more
analytic approach to the understanding of these modes. 3 The method is to
consider high toroidal mode numbers. This provides a complementary
localization to that utilized in the usual interchange stability criterion,
where localization in the vicinity of a magnetic surface is assumed.

The calculations have been done for systems with finite shear that
satisfy the usual interchange stability criterion. PEST results have shown
that marginal ballconing modes in these systems satisfy periodicity re-
quirements by being fully modulated around the minor cross section. That
is, the amplitude of the mode at some azimuth vanishes in the limit of
large toroidal mode number n.

When these ideas are included, the energy principle for ideal MHD
reduces to a set of ordinary differential equations for each magnetic surface,
with the bourdary condition that the solutions vanishar §=%w, i.e., on
the inside of the torus where the local curvature is most stabilizing.

A simple computer program has been written that integrates this
differential equation along field lines for numerically determined equilibria,
The results of this program are then compared with those from PEST for the
same configuration, Excellent agreement is found.

The context of this agreement involves several considerations. The
PEST code cannot accurately treat modes with really large values of n
because the mode has fine scale structure and is hard to resolve in this
limit, Typically, comparison is made with n=3, Even so, care must be
taken to ensure that a sufficiently fine mesh has been taken that the PEST

results are meaningful. On the other hand, it is found experimentally that

with proper numerical care, n=3 agrees remarkably well with large n
predictions. The implication is that higher order corrections in powers
of 1/n are relatively small,

Further, the treatment for large mode numbers does not account
for terms that drive free boundary instabilities. Thus, agreement between
the two approaches is successful primarily when the perturbation is re-.
quired to vanish at the plasma boundary.

To conclude, several features indicate that these fully developed
ballooning modes should be taken seriously. They can occur for relatively
small values of the toroidal mode number n, where MHD theory is most
nearly valid. They can occur at significant values of plasma pressure,
even under the conservative assumption that the plasma boundary is held
fixed, Finally, the mode structure of vortices extending right into the center

of the plasma could be quite damaging,
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QUASI-LINEAR PROCESSES IN THE SLIDE-AWAY REGIME
OF A TOROIDAL PLASMA

A. Airoldi Crescentini, A. Orefice and R. Pozzoli

Laboratorio di Fisica del Plasma - Associazione CNR-EURATOM
Istituto di Fisica - Vvia Celoria 16, 20133 Milano (Italy)

ABSTRACT. The guasi-linear evolution of a current carrying
plasma, in the presence of magnetically confined electrons,
is considered. Under resonant conditions (Ra@u)=5ngi=k"v"e)
a considerable energy transfer is possible to the ion popu
lation.

In the so=-called slide-away regime of a toroidal plasma/1'2/
a stténg distortion is observed in the electron distribution
function, in correlation with a considerable increase of tran
sverse ion temperature and with a radiofrequency emission bet
ween €O , and 5{10 &), . The parallel energy, imparted by
the toroidal electric field to the circulating electrons, is
partially transferred, through a Landau interaction, to the

electrostatic modes characterizing the slide-away 51tuatio£2'3ﬂ

and drives some of them unstable. Another Landau mechanism
provides a certain amount of (transverse) energy transfer
from the waves to the ions. The relevant e.s. modes are indu
ced by the current carrying electron population,and their
growth rate is maximum for parallel propagation, while ion
Landau damping is most efficient for guasi-trasversal propa
gation (k;»»> k,) where the waves are basically of the ion-a
coustic type. In the present paper we analyze the quasi-line
ar plasma evolution, in order to evaluate the energy transfer
to the ions. We label by 'ec', 't' and 'i' the quantities re
ferring to circulating electrons, trapped electrons and ions
respectively. In our model, the magnetically trapped electron
population is simulated by a standing maxwellian Pt. Indeed,
a more satisfying treatment would require the introduction of
a space coordinate, while our plasma is taken to be uniform.
The full dispersion relation was analyzed in ref, /3{ For
computational simplicity, we consider here the limit

e

._.|>>=.f |x,|-|——|»1 IX,._la m'r"u‘l«i

where vy, Vi V, are the thermal velocities, and u is
the circulating electron drift. Moreover, we consider the

limit
X/&JR €4 (with W= Q, +1 ) ) so that X:—exfea,
W gk - €t €y 1 € =DE/Wumen, -

GR( aE)a i-—§ (—,21+-g) EI}‘(TJ"'@"'

M
2 n M .2 K‘xbc

e e Suifsetu by g

R QJR ’

with K =k,/k.

Assuming that the electrons are strongly magnetized, the

guasi-linear electron diffusion process in velocity space.

is basically longitudinal. As far as the ions are concer

ned, they are assumed, in the present simple treatment, to

be unmagnetized and maxwellian., In this scheme, we get the

system:

PR _eE R _ (D¢ w +5._¢) &)

e, O E

3t m v,

Ere g E WE § 4
e
¢ (% l r i 5)

S.(4,0m 1678 (o fap & “r SN

2F 2t /e
(efs) K,g dv, s@i—sv)@,?f—ﬁﬂﬂ

W _ (?WA _,_( -Z’W‘ L= o)

H %E(&;L)a dy ““’n"—"ﬂ(‘”z -’S'%g'- +M‘°uﬁ)

where E is the external, longitudinal electric field,
which is taken to be & E_ (runaway Drelcer fleld);

e e
pc'tw,,t}-jay_. £, (Let) s Folvart)= 5 Fo(vas i+ 5= By (va)

COR is the solution of eg. (1), and W is the spectral
energy of the oscillations: &

2
E
W= OJR€_; EE . with —E‘:—h> = \dak EE.

Spontaneous emission terms /87 are included in egs. (3),
(5) and (6), and play an important role when the plasma

is close to thermal equilibrium. Indeed, when E=0 the equi
1ibrium solution of the system is given by maxwellian fi'
Fe with equal temperature T, and by a Rayleigh-Jeans spec
trum wk = T. A collision term and an equation for ion evo
lution shall be included in a further extension of the
work.

From the numerical integration of the system (3)=(6) we
obtain the evolution of such quantities as F, (vart), W (E),
" ) W

Wit)= Sdl_( W), W, = Sdt Sdh (_r)i'

o
The last guantity, in particular, gives an estimate of the
energy transfer to the ions.
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RECENT RESULTS IN THE LOWER-HYBRID HEATING OF THE WEGA DEVICE
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ABSTRACT : HF Power near the Lower-Hybrid Frequency at a level comparable
to the Ohmic Heating Power is fed to the WEGA-Tokamak. In the experiments
presented here, the HF Heating is accompanied by a marked density increa-
se. A comparison is made between the results obtained with HF, and
without HF using a programmed gas-puffing that produces the same density
evolution. The gas influx accounts but for a minor fraction of the heating
observed.

INTRODUCTION : In previous experiments /1,2,3,4/, HF power at levels up to
90kW has been fed to the plasma in WEGA. The available power of the 500MHz
amplifier system has now been raised to 200kW. In the present experiments,
165kM have been actually coupled. The antenna system consists in two small
loops oriented in the equatorial plane, placed azimuthally about a quar -
ter of the free-space wavelength apart, and fed out of phase in order to
fulfill accessibility for the major part of the excited wave-spectrum /4/.
The electron density as measured by Langmuir probes near the loops is of
the order of 1011cm-3.we1'| above the cut-off density, just before and af-
ter the HF pulses. The density of the deuterium plasma is adjusted so that
the lower hybrid frequency equals the applied frequency near the plasma
center. By applying 90kW during 10ms, an increase of 90eV {60%) of the ion
perpendicular temperature as measured by charge exchange was observed,
which decayed slowly after switching off the HF.

The HF heating is often, but not always /1/, accompanied by an increase

in density. In particular, in the series at high HF power presented here,
the density increased regularly with the total coupled HF energy. The in-
crease in ion temperature due to this density increase alone, if due so-
lely to enhanced electron-ion exchange is expected to be much lower than
the ion heating observed during the HF pulse. In this paper, an experimen-
tal comparison made between HF heating and gas puffing confirms this point.

EXPERIMENTAL RESULTS : Fig. 2 shows the. evolution of the electron density
(peak density assuming parabolic profile and using the plasma radius de-
duced from position measurements) during the HF pulse (full 11né). The
density in the absence of HF as simulated by an additional programmed puff
of cold deuterium into the discharge is shown by broken 1ine, the dotted
Tine pertains to the case without HF nor gas puffing.

Fig. 1 gives the perpendicular peak ion temperature as deduced from neutral
energy analysis. During the HF pulse, a high-energy tail exists. The va-
Tues during HF are obtained as described previously /5. by subtracting the
Maxwellian tail, extrapolated to low energies from the data, and thus are
subject to doubt while not confirmed by another temperature measurement.
Due to the rapid decay of the tail, (= 100us), however, the value obtained
600ps after switch-off is reliable. At that time, a temperature of 220eV
is deduced, as compared with a) the initial temperature of 120eV, b) the
value of 150 eV obtained at the same time with gas-puffing.

Fig. 3 represents the product of loop voltage and current (the current
remains practically constant in both HF and gas pulses ) ; Fig. 5 shows the
electron temperature by soft X-rays, and Fig. 4, the value of the impurity
concentration as deduced from density and from the soft X-rays signals
assuming the dominant impurity is oxygen. (The concentration assuming the
dominant impurity to be iron has not been represented as it corresponds

to values of Zeff which are in much poorer agreement with those deduced
from the resistivity during the entire discharge).

DISCUSSION : The total increase in T1 obtained under comparable experimen-
tal conditions /4/ for lower peak power was 90eV.

For higher peak power, but the same coupled energy, the difference between
the end temperatures obtained in the present experiments with HF and gas
puffing is 70eV and decays with a time constant of 3ms.

i
The HF power coupled to the ions is the difference between the rate of chan-

ge of ion energy just before and just after the HF is turned off (inlOOps),
assuming that energy exchange between species and losses do not change du-
ring this time interval. The rate of change of jon energy just after the HF
is deduced from the measured change of ion temperature and density. Before
the HF, maximum and minimum values for this rate of change are obtained

by assuming either that the ion temperature no longer varies at the end of
the HF pulse or that the ion temperature rises linearly to its final value.
The value of the total ion energy is determined using the impurity concen-
trations found above. As a result, 25 to 50 kW of HF energy are found to be
coupled to the ions, i.e. 15% to 30% of the input power.

In contrast with the previous results at lower HF power, a large increase
in the loop-voltage is presently observed. This does not seem to be related
to an increase in the impurity concentration as deduced from. the soft
X-rays measurements.

CONCLUSIONS : In the experiments presented here, a programmed inlet of
deuterium was used to simulate the density increase observed usually during
the HF pulses. It is shown that the major part of the observed increase in
the measured perpendicular ion temperature is not due to the increase in the
deuteron density ; on the other hand, the evaluation of the impurities by
soft X=-rays make it appear 1ikely that the dominant impurity is a light ele-
ment whose concentration does not increase during the HF.

A relative increase of the order of 70% in T1. decaying slowly after the
pulse is observed with HF as compared to the gas puffing case.

Aknowledgements The authors wish to aknowledge their debt to the entire
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many efforts.
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FAST ION PRODUCTION IN A TOKAMAK PLASHA
IN THE LOWER HYBRID HEATING EXPERIMENTS

-P.Gladkoveky, V.E.Golant, V.V.Djachenko, T.P,Evtushenko,
V.I.Ivanov, M,M.Larionov, L.S.Levin, A.D.Lebedev,
G.A.Serebreny, A.I.Tokunov, O.N.Shcherbinin

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

tract: BSome experiments on HF plasma heating in the lower
rid frequency range were carried out at the Tokamak FT=I

h a elowing structure. It was found that the efficiency of
it ion production by HF power increessed sharply when the LHR

ditions were meti.

High efficiency of lower hybrid heating of Tokamak plas—
: has been not achieved yet. But in meny experiments the ge=
ation of fast ions was registered by charge exchange neu-
1 analyzers ,1"4/. These iors are suggested usually to ori=
mte at the plasma periphery by perametric decays of HF waw

In the reported experiments at the FI«I Tokamak the lower
yrid waves were excited by a passive slowing structure 75,6/
inted in one quarter of the torus. It consisted of 22 rings

iced in the shadow of the main limiters. The HF power was

| by a flat coaxial line formed by a central plate inserted

one of the ports of fthe Tokamak. The slowing factor was ex~
sted to be 1.6=2.0 depending on plasma parameters.

The effect of HF pulse on plasma parameters was studied.
changed the toroidel magnetic field from 5 up to 10 kG and
srage hydrogen plasma density from 4.10‘I2 up to 1013 cm-a.
ihese conditions- the discharge remained MHD stable with
isma current 27 klll.nd its duration 40 msec. Ohmic heating
ver was up to 70 kW. Laser scattering gave Te-200-350 ev at
» axis. The 400 MHz generator was used with power up to
) kW and pulse duration 1 mesec. The level of input power was
.sed up to 90% by external tumers . The character of wave
ypagation in the plasma was quite different in various regi-
3 of digcharge. At B = 5-6 kG the LHR condition was not sa=-
sfied, and only the thin layer near the chamber wall was
reegible for waves. At B =10 kG the waves could penetrate
;0 the central part of the plasma and reach the lower hybrid
rion.

The application of the HF pulse did not change the cur-
1t, loop voltage end equilibrium of the discharge. After the
.se the small increase of plasma density was observed (Anz
2 nm"'a) which could point out at the particle injection in-
the discharge. No change in plasma diamagnetism waa found
thin the accuracy of measurements (10" ev.cn™?). The total
zht emission and intensity of spectral lines did not rise
1giderably. Some electron temperature increase was observed
laser technique in the central part of the discharge.

Fig.1 shows the energy kit
(R e itk 1

2ctra of neutrals measured M s
- )} Pa=60xw

an analyzer placed in the ,

1atorial plane perpendicu-
~ to the discharge axis at
rus side opposite to the

antenna. One can see the

high energy tail of the neutral flux during the HF pulse.
Fig.2 and Pig.3 show the dependencies of the 1 kev neutral
flux on plasma deneity and magnetic field. It turned out that

#, ' 'N/N'.-.m
’ Nonce = G80ev y
£-980ev — 1= ng=6-10"%m" /
i-H=5xG 2-9.j0°2

2- 10x6 3- 12107 .
03]
= / 3 /o
= : ~—ST R W
o 5

W 16 e
il 0 W6

Fig. 2. PFig. 3.
the flux of fast neutrals increased sharply when the LHR condi-
tions were met. (They are marked by arrows.) It leads to & con-
clusion that the fast ion production occurs mainly in the in-
ner part of the plasma in the LHR region.

Fig.4 represents the f’¥ o
—_— E,=980er
= {0 #G
decrease of the neutral flux _| \\ ::’ ;g_‘u”‘m_’

after the HF pulse. The flux
drops rapidly with T x o)
100 j\\sac corresponding to

ion bouncing time along the =

banana orbits. Ions trapped

e

on the "thick banana" orbits

Fig. 4.

seem to be responsible for
the registered flux. In our condition their life cannot be

long eince the current is not high enough. But it is clea?l‘:ﬂ
that there is = group of ions which do exist much longer.Even
at 0.5 msec after the HF pulse the neutral flux is 10 times
greater than before the pulse. It can be related to collisio-
nal acattering of passing ions. Curve 2 shows the calculated
collisional damping rate of fast ions.

The energy sprctra (Fig.1) can be accounted for by the
two temperature ion distribution., For B = 10 kG one can calcu~
late Ty4 = 40 ev, Ty, = 500 ev and ny,/n 4 = 1072, If this ra-
tio is valid through the whole plasma volume it is easy o es=
timate the HF power spent for the fast ion production. Taking
100 r\sac as & life time one obtains Pyj,x9 kW, or 15% of the
input power. Although being preliminary, this estimation is
rather promising for future Tokamaks.

The suthors are thankful the american physicists R.W.Mot-
ley, A.C.England and R.J.La Haye, who took part at the first
stage of the experiments.
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ION-IOH HYBRID RESONANCE AND ALFVEN WAVES

IN TOKAMAK TM-1-HF

Vdovin V.L., Shapotkoveky N.V., Chesnokov A.V.
I.VeEurchatov Institute of Atomic Energy, Moscow, USSR

In TM=1-HF tokamsk the strong asbsorption of fast wave in
deuterium plasma at the second harmonie of ion oyclotron fre-
quency 4 =2 W, have been uncovered; The absorption is caused
by minority protons for which @ = w:,; « The protons
efficlently absorb the energy and the energetic "taill" of
distribution function of protons is oreated [ 1] » that may be
nluntinlly used in two-cemponent tokamak [2] |

LR Here the possibility mechanisms of
\J‘b J’\\" "” the strong sboorption are considered and
_-..—— z sy the coupling system for plasma with two
: A "7 4% gorts of loms is caloulated. The main Tew
2: nulta of heating at alfven wave, when
f\ s -, ; and cyclotron absorption is eli-
-+ S ll.nntoa. are Teported,

1s The theory of minority protoms
[2.3] predicts that meximum of absorpti-
on ocourg approximatly at 1% density of
minority, But experimental value of wave
Figd quality is significantly lower and conti-

nue to diminish with increasing of protons
et El';:,z density (fig.1 magnetic probe eignals), there-
muwe" fore consideration must be given o lon-ion
hybrid resonance (IIHR) slso [4] &

The dispersive equation for two-ion mix-
ture (fig.2), is calculated numerically consie-
dering cyclotron absorption in toroidal magne-
pe tio field in the model of two coaxisl cylin=
ders with parabolic density profile ror.pm-
meters of T-10; g, =10'%ew™>, T =1kev,

R, =150cms It can be seen from fig.2a,b,

Fig.2a
Ty=600eV, a=40cm,
that even for significant percent of protons: a) fast wave is
not coupled at all with slow mode and IIHR is eliminated;

b) max (ImK.L/RBK_L‘) ~ 1 = corresponding to very strong ab-
sorbtion; ¢) maximum of absorbtion is placed not in point of

R @=wf, , butis removed to the surface £=NZ in the
direction of greater megnetic field.

With incressing of minority CE“ =0,20m-1,916,5%), fig.3,
the transformation in slow mode 1s occured. One may obtaln the
1 Imwi): o relation hetween density of minority
:‘;,.f-!,'. o and K, from equation

anN +(8.+ié)N? +d =0
In the vicinity of ecritical layer
g=N?  4=0 .1t 8 »ilac]
i.e, ?7""‘53‘/83 then the approxi-
mation NE=-d (8r7i8;)" =

[(e-Ni)*-€31 fle, - N2)
ia always valid (: = +|p,£:_2,ﬂp' &y —
components of temsor [ 3] ).

The resulte obtained are comnected
a1z with meximum of left-handed component of
:,'.3"" elutric field of wave in the layer
£,=N,,. In [2,3] the value of latt-hamied
component wes taken at point CR W= 0’
and then the variation with density was
performed.

2, ABSCRPTION AT THE ION~-ICN HYBRID
RESONANCE, Fow there are the vacuum la=
T yer by thick @, between plasma and ex=
i Fig.3 ternal conducting cylinder y BX=
ternal boundary of plasma coincides with x=0, and along surface
x=-8 in direction "y" the current Jo§ @Y  flows, The band
of current layer is 2d ., Equation for fast wave ( Ky=0) is

w1l

t{efy (C,-Mf)z—é': - - &
ave t ey 0 (1af)
Here the coefficient N? by Ey has the pole ¢ =N2 , three

zeroes . 5,1’/621= )\/”2 and now the cyclotron absorption is
ignored. The W.K.B. solution in the vicinity external boundary
of the plasma is

£, = A [W(1e™ +ru (0)e o ()

-2V
- Airy functions, K= Uﬁ € (1'+Ue ‘J]

where W ,=utiv
G =7"%(F,~F)

reflection coefficient,
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Feo Ys0 Tao -
§=-2ifndr , ¥z (ndy, ¥=ndr+if
Tao Teo L
! vl >4
r(1-iv) -
V=) explevben] i«
[(s) - gtendert gamma function, V= 8/217 5 Fro and Foo =

zeroes and pole Nl . The toroidal eigenmodes are obteined under
the condition ES(I=0") =0 (for simplicity aleo (1, =0) in (%)
resulting in absorption ( W=2&J; in center, S«i y Kn=M/R,)
w3 R (wfi‘)a(i 2xic )

jmK“ 21Ro = "2am a

For T-1-HP (R =40cm, @ =10cm, n,-1o’3om'3, Ry, =10 w3
one obtains JImK,-2TR, =41/m » that is in agreement with
experimental values Q£40[1] . For a large tokamaks (i.e. T-10,
PLT) the damping is greater and toroidal eigenmodes are not
exist, 1f RMpu/ny 21072,

3. LOADING RESISTANCE can be find using a Fourier series
Ey end ) in the 2 =-direction (24 = 27 Ro ). The power
coupled to the plasma is evaluated as

L =
P, =Re [—5_‘-‘§ Ey(%,2,0)j* H d!] =- %LH,.Z. JnEyn

where Jn and E are Fourler-harmonics of the driving
current and of the electrical field in the current layer X=-S:

Ll 145,38
A

where parameiers of plasma are given by surface impedance

H 4
g = SOR 2 W(%) FRE Wals2)
"TUHO Ty W(E7) +R ™ W)

where Ko=W/e , &, =(k2-K )lfa 6{4},,(0) © _ 1ally m(m)
Loading resistance e Y= dﬂi(i ﬂ,. L FG

R - ReZ { Snwlla-9H . e na’)[i_a&(a'_s)ﬁﬁ-aﬁsl

dRniptdl 251 Pn

For pa.rametera of T-10 and W =2 w; = 4’-108505'1, Qa, =2om,

H=100cm. (H=height of HF current) R, =150cm, S=0 it is obtained
R,,= 0,499 ohm, i.e. low impedance coupling ayatam is required,

4. ALFVEN WAVE HEATING wae performed at W = 560“ (f=6,9 MHz,
hydrogen, £ < 100k%, asymmetrical loops [1] Y The inuroaaing
of diemagnetism of plasma is  A(nT)=An(Tetf)x10' *ev/on’
(density WM, = 10! 3cm'3}.1.a. A (Te"'Ti) = 100eV. Consequently
approximatly the same values are obtained as in ICR heating
experiments (@ = Wy ) [1] « It was possible to increase
s (nT ) by the factor 1,5 by performing of equility

9 _ 2_pt

Vye=V, on the axis of plasma (V=2T%/m., W =8 /ﬁn” )
Loop voltage is diminished during the HF pulse (Fig.4), that
may be caused by the heating of electrons. The analysis of
neutral detector spectrum (Fig.5 for compari=- )
son algo are given dates at W =0ly; ) £
confirme thie point of view (increasing of
AT; = 30eV, T,=35eV).The "tail" of dis- e
tribution function also exists, but much less \
pronounced.

Tt is needed tn point out the more high oot
stability of the pleema in compare with one
for heating st ICR. This probably is caused H@n
by much less bombardment of the chamber by
uncontained particles (though there are ICR
for OV ions ).

, REFERENCES Fig.5
1. Vdovin V.L. et Bl,,3-d Symp.
on Plasme Heating (Grenoble).
v.II, 349 (1976), JETP Lett., U
24 (1976) 410,
2. T.Stix, Fucl.Fusion., 15 1 ween
737 (1975).
3. Klima R. et al. Zh.Tehn,
Piz. 46, 704 (1976). [1
4, Klima 3. et al., Nucl.
Fueion 15, 1157 (1975).
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TOKAMAK PLASMA HEATING BY APPLICATION
OF STRONG POLOIDALLY INDUCED ELECTRIC FIELD

M. Ichimura, N. Inoue, H. Nihei, K. Yamazaki,
K. Hoshino, M. Kikuchi, ¥. Ogawa and T. Uchida

Department of Nuclear Engineering,

Faculty of Engineering, University of Tokyo,
Hongo, Bunkyo-ku, Tokyo, Japan

Abstract: Ion heating of a tokamak plasma by the high-voltage
theta-pinch technique is studied experimentally. Ions with
larger mass number and higher charge number are accelerated
more efficiently by the pulsed magnetic field. The efficiency
of ion acceleration also depends on the bias magnetic field
for a given amplitude of the pulsed field. The region of the
bias field where ion acceleration occurs expands as the pulse

amplitude increases.

For the purpose of guick heating of the tokamak plasma we
have assembled the high-voltage theta-pinch into the tokamak
with the major radius of 25 cm and the minor radius (limiter

radius) of 8 em. "%

Production of energetic ions has been
confirmed by the spectroscopic measurement and the energy anal-
vsis of charge-exchange atoms emitted from the plasma. Super-
position of the intense pulsed field on the steady toroidal
field has not induced the vioclent changes of the toroidal plasma
current and the loop voltage even if the pulsé amplitude is
larger than the toroidal field.

In this paper we report recent experimental results on
ion heating. Two kinds of experiments have been carried out;
one is for studying the dependence of heating efficiency on
mass and charge number of ion species, and the other for seek-
ing the effective region of the bias magnetic field (here the
toroidal «field B,) to produce energetic ions for the given
pulsed field amplitude. In both cases the pulsed field at its
first half cycle is antiparallel to the bias magnetic field.
Typically the conductivity temperature of the initial tokamak
plasma is 15 eV and the electron density is 2.5 ~5x10'%cm™?

Figure 1 shows time variations of the pulsed field B and
the temperature of impurity ions measured by the doppler
broadening of spectral lines. Emission of soft X-rays with
the energy smaller than 6 keV was also observed with a solid
state detector.

The dependence of maximum temperature on the product of
mass number A and charge number Z of ion species is shown in
Fig. 2. Spectral lines of carbon, nitrogen and oxygen are
from the hydrogen plasma and helium line is from the helium
plasma. The high-voltage theta-pinch generates the radially
propagating magnetic sheath which is accompanied with the in-
duced electric ﬂald.sJ In our experimental conditions the
sheath thickness is nearly as large as the plasma radius. If
ions are accelerated as a result of reflection from the moving
magnetic piston, they earn the kinetic energy proportional to
their mass number and independent of the charge number. While,
if ions acquire the kinetic energy from the radial electric
potential during its life time, their final energy will propor-
tional to Z?/A. The results of Fig. 2 do not agree with any
one of these simple acceleration models. Present results sug-
gest the existence of several acceleration mechanisms. The
similar results have been obtained by the turbulent heating

expariment.m

HEATING

Bursts of charge-exchange hydrogen atoms emitted in the
radial direction during about 2 us were detected around the in-
creasing phase (the second and the third guarter cycles) of the
pulsed field. Figure 3 shows the region of the bias field for
the occurrence of the burst emission as a function of the am-
plitude of the pulsed field. This result was obtained in
such a case that the high-voltage theta-pinch was applied at
1/8 section of full torus and the charge-exchange atoms were
detected at the opposite side of the theta-pinch coil. Opera-
tion of the tokamak with the higher toroidal field requires
the more intense pulsed magnetic field. The energy of the e-
mitted atoms is lower than 1 keV. Emission of atoms with the
energy lower than several hundred eV continues about 150 us

after the burst.
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COMPRESSION EXPERIMENTS ON A TOKAMAK PLASMA
D C Robinson and A J Wootton

Culham Laboratory, Abingdon, Oxon., UK

(Euratom/U.K.A.E.A. Fusion Association)
Abstract. Results of minor radius compression experiments on a tokamak
plasma show that flux is conserved. Compensated toroidal flux loops show
increases in BI greater than those for an adiabatic compression. Measure-
ments of poloidal field structure, accredited to tearing modes, are
interpreted to show increases in the edge electron temperature.
Introduction. A small air cored tokamak, TOSCA(R=30, a € 10 cm) is used to
study compressional heating. Previously reported results [1] have shown
both line of sightand edge density changes. Increases in BI were inferred
from plasma displacement measurements. In this paper flux conservatiom,
increases in 81 and changes in magnetic field structure caused by tearing
modes are reported.
Device. The toroidal field n‘ has a rise time of 2.5 ms; the compression

is achieved by increasing B, by a factor £ 1.5 in times ~ 150 yus, The

?
vacuum vessel has a penetration time to B‘ % 60 pus. Equilibrium is maintained
by currents in conductors, with no shell.

Typical parameters of a pre-compressed plasma, lasting v 2 ms, are:
plasma current IP “~ 10 kA, line of sightaverage density ™ 2 x 1043 cm-s,
peak electron temperature ™ 100 eV (from laser light scattering), BI % 0.35.
Flux conservation. The timing of a minor radius compression can be chosen
80 that the uncompressed plasma has a time independent current, maintaining
vertical field, and major radial position. The compression results in a )

plasma current reduction AIP: with certain timings the major radial

position remains unchanged, ‘Lplp constant). Figure 1 shows the resultant

AIPIIP against the compression ratio C, Bé jB;’. For the conditions
described, poloidal and toroidal flux conservation result in the theoretical
dependence shown by the solid line. The agreement with the experimental
uheru:%onl demonstrates that flux is conserved. Under these conditions the
gain in'ﬂl which keeps the plasma major radius constant is greater than
adiabatic. Initial decompression results show increases in current,

and a reduction in 81 is deduced.

Toroidal flux measurements, Compensated toroidal flux loops both inside and
outside the vacuum vessel are used to deduge BI before compression.
Reversing the plasma current direction, and assuming the plasma pressure is
unchanged, allows the misaligned internal loops to be used during the
compression period. Figure 2 shows the plasma current, toroidal field and
deduced BI both with (broken line) and without (solid line) a compression
with € = 1,3. The plasma current reduction is shown. The measured gain in
BI due to the compression is 1.4, compared to that expected for an adi;hntic

change of CIIS

= 1.2, The uncompressed plasma energy confinement time of
A 100 pa increases te { 140 ps with compression.

Assuming flux conservation and an internal inductance i = 0.5, a gain
in Bl of 1.4 is required to account for the constant radial position. The
value of %i is compatible with the measured current distribution, using a
magnetic probe. Thus the measured gain in 81 and that deduced from the motion
are equivalent: the gain is greater than adiabatic {2]. Computational studies
[3] using neoclassical transport coefficients, except for enhanced electron
thermal conductivity, predict gainsin BI of C]"z (i.e. v 1.35 for the case
illustrated). This rise is attributed to detachment of the plasma from the
material walls, as previously observed with a Langmuir probe.

Tearing mode studies. Oscillations of the poloidal field both inside and

outside the plasma current carrying region are observed (Mirnov oscillations),

with hrlﬁe £ 1Z. The magnetic probe can be inserted within 4 cm of the axis
before it changes fluctuations at the vacuum vessel, The br signal does

not change sign at the singular surface: the modes appear with q limiter

% m/% where m and £ are the poloidal and toroidal mode numbers. These
measurements imply that the structure is a tearing mode, rotating in the
electron diamagnetic drift direction. The oscillations (m = 3, £ = 1)
increase in frequency with compression, and the amplitude is reduced,

Figure 3 shows the rotation period T plotted against ¢ for several experi-
ments. The frequency increases by " 1.3 for a compression of 1.3: initial de-

compression measurements show a reduction. Interpreting the increase as

- a change in the diamagnetic drift frequency [l.] and assuming flux con-

gervation, then Tu'l.';l. The scatter in the points with C = 1 is attributed

to slightly different initial toroidal fields, The frequency of the
uncompressed case corresponds to an edge temperature V30 eV (approximately
the conductivity temperature), and the final frequency to™ 40 eV,

The reduction in amplitude is accredited to increasedstability,
possibly associated with the changed plasma current distribution
Experiments using the magnetic probe inside the plasma show that the reduction
cannot be explained by relative motion.

Conclusions.

ts of plasma and position demonstrate flux
conservation at the compression peak. Toroidal flux loops inside the
vacuum vessel show gains in BI greater than adiabatic: these gains are also
deduced from the plasma major radial motion. FPoloidal field perturbations

are accredited to tearingmodes whose rotational frequency increases with

compression, consistent with a change in the edge electron temperature.
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ELECTRON HEATING BY NEUTRAL BEAM INJECTION IN oRMAK"
M. Murakaml, J. F. Lyon, R. C. Isler, L. A, Berry, C, E. Bush, J, L. Dunlap,
G. R. Dyer, P. H. Edmonds, P. W. King, D. H. McNelll, G. H. Nellson, and
W. R, Wing

Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A,
Abstract: Substantial electron heating by energetic neutral beam injection
1s observed in ORMAK for different plasma densitles, currents, and toroidal
field values. Tr;n scaling of average electron :;mparature and electron power
loss with total power Input to electrons (ohmic + Injection) suggests the
equivalence of ohmic and Injection power for electrons.
Introduction: While large Increases In lon temperature with Injection have
been observed in ORMAK [1], TFR, and other tokamaks, 1lttle electron heating
has been reported. In previous experiments the Injection power delivered to

electrons (P ) did not sufficlently compensate for reduced ohmic heating

inj,e
power (PDN) and Increased electron power losses durlng Injectlon. fl:!m
expected Increases of electron temperature (T‘) were within the experimental
uncertainties,

Demonstration of Electron Hntlgg: We have optimized the exper!mnt for
electron heating by (1) use of high coinjection power (340 kW), (2) opegation
at low plasma current (70 KA) so POH < Plnj,e' and (3) operation at lower

Impurity levels (zeff ~% 3) to minimize radiatlon losses. Fligure | shows the

behavior of the basic plasma parameters s —1 T T | — 200
- Py =340 WW
n - z4 I«70MA, |
for this discharge (."e is the line s i 150
averaged electron density). Since ’ﬁ 3 il mg
] -
about half of P, = should go to elec- 2% -3 =
Inj F ‘~-_.....a~-..-_----..1 =
trons, and the loop vq1:ngc (and thus 1 SECTIN
PI)H) decreases during Injection, O b A G0 B 09 Fe T
1 ime)
P (=160 kW) signiflcantly exceeds -
inj,e
Figure 1

Poy (<100 kW) at 75 ms. Figure 2

shows fha results ofwThcmmn scattering measurements of TE(P.!) indicating

Wr—r—T1 T T T T ™

Piag* 340 v

o
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o timal

Figure 3 :

g tice
Figure 2

that Tu Increases substantially at all radii as a result of Injection.
Figure 3 shows the time history of the peak “e)mn and dens|ty-averaged <T=>
electron temperatures, the electron thermal energy H.. and the peak lon
temperature (T[)m.

The slow rise In (Ta]max and <Ta> Is due to a c¢;|:urrant density In-
crease since ln‘e saturates after =I5 ms, a time consistent with the |°'!Il'
fast-ion slowing down time and the 5-ms gross energy confinement time for
electrons, The slower decay of W, (Te)m, and <T_> after Injection Is due
to a change In the electron power loss mechanisms slince ‘lemnx decays In the
expected time. The major electron energy loss mechanisms are (1) Impurlty

radiation (=50% of P + Poy ot all times), which falls rapidly after in=-

inj,e
Jectlon stops [2], and (2) heat conduction which does not Increase during
injection.

Other Electron Heating Cases: The base case discussed above was at low

cﬁrrent. low density, and high Injection power. Varying the injection power
with other discharge conditions fixed produced <T,> values that decreased
with decreasing Injection power. The observed electron heating is not
limited to low current discharges. Fligure 4 shows a hlgh_currnnt case (I =
175 kA) where T _(0) = 0.85 + 1.3 keV and <T,> = 0.55 + 0.7 keV (B = 26 ke,

R = 2.2 % 1012 cn®3, po = 4BO kW, and P = 120 kW).

Inj,e

20 By=1840, Ay« (18-2) X 10" e
T T T as v
T+175 4A Tal0l Ty} v ’__,__T
[ Bye2610 o 8 30kwW-1HL. ]| - 7 a0}
& A NO-INJ i~
18 = /\ ey T
(O™ 2
3 00
Je108kA" Loyora i
o . AT 7 o
- 200 T
2L ]
;-! saail. Pt 3
i L . .
© 25 s TS 100 1% 150
1 tm)
timaee) Figure 5

Flgure &

Equivalence of Ohmic Heating and Injection Powers: Correlation of the

results described above with those of several other experiments indicates a
general equivalence of InJectlon and ohmic heating powers. When the beam
heating Is simulated by a 40-ms ohmic heating pulse (I = 70 + 110 + 70 kA)
as shown In Flg, 5, we observe an electron temperature behavior similar to
that with injection. T' Is left higher after the pulse, again primarily due

to the fast decay of P As in the injection case, P i Is =50% of the

rad’
total electran power Input at all times, similar to that observed In constant
current discharges over a wide range of conditions. The increased radiative
loss observed during Injectlion therefore appears to be due to the Increased
power Input, and Is not specifically related to injection.

Losses through heat conduction (characterized by T'ée} also demonstrate
the general equivalence of dls:hprges wlth and wlthout injection. For ohmic
heated discharges ':'E! increases with density, and the same trend is noted
with Injection. The specific experiment discussed here is Injection at the
highest power Into a 70 kA discharge, but at a higher density (Ee = 3.3
x 1013 em™3 vs 1.7 % 1083 em™3), The confinement time, 'r'ée. Is higher (=15 ms),
and as a result the observed increase of <Ta> is only slightly less than that

at the lower density.

Finally, Flg. 6 shows <‘le> as a function of total power input Into

electrons (POH + Plnj,e) for a variety . melml' T—T1 T ]
a meroRe uumu-mm]
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of discharges at different currents, e

OHMIC HEATING
OB [~ »  SCALING EXPERIMEN =

densities, and toroidal fields. The

scaling of <Te> with total input

(T,) (nav)

power appears to be the same for

plasmas with ohmic heating alone as

for those with Injection, Again we

note the apparent absence of losses

specific to Injection.
Summary: We have observed electron heating by neutral beam Injection and

have observed that <Te> Increases with total power (FGH - ). To first

Plnj,e
order, there are no power losses specific to Injection. This study, combined
with the significant idn heating previously demonstrated, Increases our con-
fidence in the use of .neutral beam Idjectlon for supplementing ohmic heating
in tokamak plasmas.
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RELATION OF NEUTRAL BEAM INJECTION TO IHPURITY BEHAVIOR AND
EXTENSION OF PLASMA PARAMETERS IN ORMAK

J. F. Lyon, R, C. Islér, M. Murakami, C. E. Bush, J. L. Dunlap,
H. C. Howe, G. L. Jahns, H. E. Ketterer, J. T. Mihalczo,
R. V. Neidigh, V. K. Paré, and J. B. Wilgen

Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.5.A.
Abstract: MNeutral beam injection extends the plasma parameter range (na, s.l.,
q, TIJ In ORMAK over Ehat obtalnable with ohmic Reatlng_alune. Impurity radi-
atlon also Increases due to the added power, especlally with counterinjection.
Impurity trapping of Injected beam neutrals is observed, but the large toroi-
dal rotation valocities expected for unidirectional injectlon do not occur.
Introduction: In addition to heating future tokamak plasmas, masslve neutral
beam Injection power may also permit attainment of higher plasma densitles
and higher toroidal beta BT' Possible problems could be (1) large beam-

Induced toroldal rotation velecities or (2) increased impurity influx that

leads to additional radiation losses and prevents beah penetration of the

plasma.
Extension of Plasma Density Limit: S =TT LENLEL R LLLLIY:
¥,
As shown in Fig. 1, the density limits B ,\,.' N
ol o
for ohmically heated plasmas in ORMAK J
L ' -
(gas puffing limit =1.6 times steady . = E
s E 3
filling 1imit) and in other tokamaks L =
. 2 L -
are proportional ta B./R [1], which Z,
o _; 2 “
Is a measure of the central current -3
= -
density since q{0) = 1. This suggests o =
05— -
that the maximum density Is propor- - s1Eaty P
- L
tional to ohmlic heating power. On 0z ! jov
. 0.2 o8 2 s w20
Ry (T/m)
this basis, we might expect the com- T T I i e T O
05 1 2 s w20

bination of neutral beam lnjai:ti'up (as 101 010) (MA/mE)

an auxiliary power Input) and gas Figure |
puffing (to provide an -l-dgquate particle source) to Increase.the attainable
density. In fact, this does occur, as shewn in Flg. 1.

Extension of ET and q with Injection: For the h]ghes't density reached in

ORMAK ("—e =6 x 10'? cm~?) with gas puffing and 240 kW injection [qla) = 5 at
By =125 kB], we obtaln - 15 ms, BT(D) = 1.2%, and F]. = 0.4%, Similar values
for BT can be obtained at lower q(a) with injection. Injection of 340 kW
permits grossly stable and reproducible discharges with broad TB(r) profiles
and normal Internal MHD activity at g(a) down to 2.6 (BT = 10.4 kG), which Is
not possible without Injection. For this case n, = 1.8 % 1013 ca3, B(0)

= 1.4%, and -8—1. = 0.4%. Calculations and equilibrium measurements indicate that
‘the stored f;lt'lﬂn energy approximately equals the bulk plasma energy. Thus
we estimate the total (beam + plasma) BT values to be =3% peak and ~1% average.
Effect of Injection on Impurities:

Jection, but only to the degree expected for chmically heated discharges with

Impurity radiation Is Increased by coin-

the same total power input to electrons [2]. The radiation loss Is =~50% of

the total electron power Input both with and without injection. Flgure 2

i1lustrates the Increased radiation due T J mll B

~
T
1

to added coinjection power for the base

'
electron heating case described in our w2
companion paper [2]. The signals are ;5:'”
representative of the behavior of 08% “i..':
(21.6 A), a segment of continuum thought % " » ”"‘;“ e s
to be due to closely spaced lines of Flgure 2

tungsten (20.1 A), and thsj total radiated power (Pwa”).

Cnunturin]uctlan produces a larger Increase in impurlty radiation than does
the same amount of colnjection power. This aspect Is Indicated in Fig. 3 for a
Tine of Fe XVI (360.8 A). Figure 4 shows the Te(r) profiles obtained for this
case, The depression of the central electron temperature with counter-

injection Is thought to be related to tungsten impurity radiation cooling.
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Absence of Beam-Induced Toroldal Rotation: Despite the deleterious effects

assoclated with counterinjection, there has been a supposed need for counter-
Injected beams to balance the toroidal momentum input expected from coinjected
neutral beams. The fon toroldal flow velocity calculated from a toroldal
momentum balance equation has been compared with that estimated from the Doppler
shift of the Hu line profile and from comparison of the parallel and perpen-
dicular charge-exchange energy distributions (Mln ~ 2 % 105 cm/s). Agreement
occurs only if the toroidal momentum damping time in the plasma interior is
~100 ps, much Faster than any calculated interaction time (e.g. charge-

exchange time ~50 ms).

Effect of Impurities on Injection: The role of neutral beam trapping by

charge transfer to Impurities can be significant, as shown by the measurements
at ORNL by Phaneuf and co-workers of the cross sectlons for charge exchange
between H® and various light (C,0) and heavy (Fe) fonized Impurities present
In tokamaks, and by calculations and beam trapping measurements on TFR by
Moriette. Direct spectroscopic evidence for the charge transfer reactfon
HO + 0B & ¥ 4 (D'H')* is observed durlng_DHMK injection experiments. The
intensity of the Balmer-a line of 0 VIIl (102 A) Increases a factor of &

within 4 ms after beam turn on, whereas the Intensities of the Lyman-a, -8,

and =y lines of 0 ViIl and the Balmer-f line of 0-Vi|| increase less than 20%
in this interval, Indicating a direct interaction between the neutral beam
and the plasma.

When impurity charge exchange Is Included in calculations of the beam power
deposition, the peak of the power deposition curve for the highest density
case shifts fromr = 0 to r = 15.5 cm (limiter radius a = 23 cm) and the
Injection power density exceeds the ohmic power density for r > 14 em. This
additional power Input In the plasma may permit attalnment of the higher
plasma density before disruption occurs by heating the plasma edge and thus
forestalling shrinkage of the current channel .
Summary: Addition of neutral beam injection power permits attainment of
higher density and By and of stable operation at lower q than without injec-
tion. The impurity radiation also Increases, but only In proportion to the
added power.
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INVESTIGATION OF THE FAST NEUTRAL PARTICLE CORONA SURROUNDING
THE PULSATOR PLASMA

F. Wagner, H.M: Mayer
Max-Planck-Institut flr Plasmaphysik, D-B8046 Garching, F R G

Abstract: Non-l:tmellian tails have been observed in the distri-
bution of fast atoms emitted from the plasma edge. It is demons-
trated that backscattering from the liner may lead to such
distributions. '

The measurement of the temperature of the neutral particles at
the plasma edge requires a low ripple of the toroidal field.
Otherwise, details are washed out by the gross effects produced
by the drift of locally trapped particles (1).0n the Pulsator
tokamak the toroidal field ripple is< 0.3% so that trapped par-
‘#lcle effects do not play a major role.

The neutral particle flux is measured by a five-channel-ana-
lyzer. The line of sight of the analyzer can be swept in a po-
loidal plane across the plasma diameter from r= +11em, which is
the limiter radius,to r= =9em. Within the range from -9 to =11 .
cm the line of sight of the analyzer is terminated by the tube
coﬁnecting the plasma vessel and analyzer. These geometrical de-
talls.are of importance in amalyzing the experimental data.

The measurements of particle flux and temperature are carried

out for: IP- GokA; Bior™ 27kG, peak electron density between

23(:1013 and 1.5::10"@1—3. The density is increased by gas puffing
starting at 4o msec.

Fig.1 shows a series of ion temperature profiles obtained be -
tween 45 and 70 msec. Due to the gas input the central ion tem-

perature increases on account of the enhanced heat transfer

‘between electrons and ions. The measured edge temperature also
increases. From the shape of the flux spectrum one can deduce
that the measured temperature does not represent the actual ion
temperature at the plasma edge. At low energies (E<4ooeV) the
slope of the flux spectrum 1h0:ealaa defining a temperature of
about 60eV. This rise indicates that the emitted particle flux
has two components, a low energy branch originating in the cold
ions at the edge and a high energy tail.

The question arises as to what process is responsible for the

high energy tail in the flux spectrum. The most probable seems to

be backscattering at the liner of hydrogen atoms born in the plas-

ma centre. This conjecture is supported by the results of measure-

ments of the particle flux and temperature in the range between
r= =9 and =11cm. In this range the analyzer can only detect par-
ticles which are scattered from the wall. Sweeping the analyzer
across the transition region, there is no discontinuity in flux
or temperature. Fig.1 suggests that the particles at r= + 1lcm
are wall-reflected too. This experimental result implies that
the plasma is surrounded by a corona of energetic atoms which do
not totally loose their energy on scattering from the wall.
Calculations and measurements (2) give a backscattering coef-
ficient from stainless-steel targets exposed to monoenergetic
hydrogen atoms in the lower keV-range of about 20-30 %. The shape
of the spectra of backscattered hydrogen atoms corresponds rough-
ly to insert 1 in Fig.2 for low energies lEo- 1ooV) and to in-
sert 3 for E = SkeV (3). For the 3 cases of £(E) shown in Fig.2
the backscattered spectrum has been calculated assuming a Max-~
wellian distribution of incident particles. Fig.2 shows the cal-

culated results of the temperature of the backscattered particles

- IMPURITIES

T versus the temperature of the incident particles T

edge centre
for the three spectra f£(E)..The data points are taken from Fig.1
Thaf relatively good agreement with all three curves seems to in-
dicate that the detected high energy flux at the plasma edge is
the wall reflected flux emerging directly from the plasma. How=
ever, the assumptions of the calculation are too crude to con-
clude that the spectrum shown in insert 3 represents best the
backscattering between 0.4 and 1.2 keV.

Fig. 3 demonstrates the effect of wall-reflection of neutral
particles on the atomic density profile. The curves are the re-
sult of transport calculations which were fitted to experimental
plasma profiles and normalized to the observed emission of neu-
tral flux along the central chord of energies between .2 and 4
keV. The observed energy distribution was in full agreement with
the calculation over this range of energies. Wall-reflection
was taken into account using the reflection coefficients of Ref.
2. It is seen that wall reflection barely influences the shape
of the interior profile. However, it facilitates the penetration
of neutrals through the region close to the plasma surface and
thereby roughly doubles the neutral density on axis for a peak
electron density of 1.5x101‘cm—3. This experimental result may
contribute to the understanding of the production of high cen-
tral densities obtained by gas puffing.

Acknowledgement. Thanks are due to D.DUchs for making avail-
able his code to calculate the atomic density profile.
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ELECTROSTATIC POTENTIAL IN THE DIVERTOR SCRAPE-OFF LAYER
U. Daybelge and M. A. Mamedow'
Institut filir Theoretische Physik, Ruhr-Universitét Bochum,

4630 Bochum, F. R. Germany
+Un1veraity of Baku, Azerb. Soviet Socialist Republic
Abstract: In a tokamak plasma bounded by a limiter or a diver-
tor various transport mechanisms concerning plasma and impurity
particles depend on the variation of the electric potential in-
side the scrape-off layer. An analysis is given for the detailed

variation of the potential inside the scrape-off layer .

Radial Transport equations for plasma and impurity particles
in a tokamak represent a boundary value problem to be complemen-
ted by the conditions imposed by the existing limiter(s) or di-
vertor. In some cases, the interaction of pla;ma and the solid
material boundaries causes large potential variations which have
striking effect on the ion orbits [1,2]. Hinton and Hazeltine [3]
have shown that if the TefTi ratio is small, what is to be ex-
pected in a future divertor plasma, the electric dirfts effects
can be neglected. For finite values of the temperature ratio,
as is the case with a limiter plasma, however, radial as well as
poloidal field effects play an important role in the formulation
of the boundary conditions on the interior transport.

For definiteness, we consider the poloidal divertor geometry,
which has the axial symmetry. For this geometry the conservation
of the canonical angular momentum p¢ = (mv¢ + aA¢)R permits an
exact analysis for the boundary value problem of the collision-
less plasma in contact with the divertor plates. Instead of ex-

panding this invariant for small potential variation [1-3], we

shall consider the full expression, since we expect that the
strong potential variations can take place. In the weakly col-
lisional regime the charged particles reaching the divertor
plates are absorbed giving rise to the concept of a "loss
cone”. Neglecting magnetic shear effects the non-dimensional

form of the p° for ions is
1/2
J=r +ofh[E - £ - no(r,0)] '/ “= const. )

where the length and velocities are normalized by the radius
of the separatrix a, and the thermal speed, respectively.
Further, o= %1, 6§ = api/a where ppi is the ion gyroradius in
the poloidal field and h = 1 + er cos & where e is the inverse
aspect ratio, n = ewn/kwl, E = E/k!i and p = ;Bg/kTi. Under
fairly general assumptions about the potential landscape over
the (r,8) plane, Egn.(1) ca# be used to determine orbits pusging
through a point (r,8) and reaching another point on the axis
(ro,8p=tn/2). Two cylindric divertor plates are located over
this axis at ro>1. Loss regions in the velocity space (g,E,u) at
the given point (r,8) correspond to orbits leading to these
plates. To distinguish the transiting orbits from the ones in-
tercepted by the plates, we assume that over the axis for re<1
the plasma potential is constant and zero. Let us also assume
that the plate potential is strongly negative. This is consis~
tent with the results of the Ref.[3] where a monotonous poten-
tial in both r and 6 was found. \

We first consider the case for ¢ = 1 , where J > 0 is an
increasing function of ro, with a positive jump at ry, = 1.

Hence, the intercepted orbits satisfy the following inequality:
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1 1
J=1+ h(E-ﬁ-nNi>1+5(B-u)E (2)

In addition, for real velocities we have the constraints

E-f-nt>0 and 20 (3)

Boundaries of the loss region defined by (2) is a skew ﬁara-

bola which has a maximum for u, i.e.,

ufu? + 2u[(2+ew) t2-a? (hen) Erun? o] + ([e?e-am

2

2
-2¢u (b1 E+207n0] t24u? (he1) Ze24md Doo?-2u(ne)zn? Do} = o.
E

(4)
where t = (r=-1)/eé, u = cos 6. The loss region is the inside or
outside of this parabola, depending whether ¢ > 0 or t < O,
respectively.

If o= =1, J(ry) is a sectionally increasing function
which suffers a large drop at r, = 1. To distinguish the trans-

iting particles we require
1 1
J=1r - 8h(E - E - nO)I > §(E - u)I (5)
The border of the loss region is found from (5) as another skew
parabola:
szﬁzu2

2.2 22

pz + 2u[f2+:u)zz+ eé“uh“ne - ¢ u2(h+1)E]

+ i; + e26% 2 [(h+1)E - %3 09] 2426 (h%ne-[2+eu (h+1) ]E} = 0.
(6)
where r = 1+edt. In either case of t % O , the loes region
is the inside of the parabola given in (6). Clearly, the inter-
play of the parameters ¢, § and n determine various regimes.

The ion distribution function is a function of the constants
of the motion . In thernon~d1verted regions it can be written as
£, =0, exp(-E) . Due to the strongly negative plate potential the
electrons can not easily reach the plates. Therefore, their dis-
tribution function has no loss-cone structure. The electron den-

sity 4is given by n,=n exp(e#/k?al. Imposing the condition

a
of cuasineutrality we obtain a transcendental equation for the
potential. We note that the parameter TQIT& influences the solu-
tion strongly, since n_= n, exp(n@Ti/Te). We can numerically
solve

exp(noT,/T,) = | [ exp(-E) —SLdE (n

9p, 2/Th (B~ f-n?)
where the integration is over non-vanishing regions, and deter-

mine the self consistent electrostatic potential.
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TRANSPORT CODE CALCULATIONS CONCERNING THE PLASMA PARAMETERS
IN THE SCRAPE OFF LAYER OF A POLOIDAL LIMITER IN A TOKAMAK

A. Nicolai and G. Fuchs

Institut fiur Plasmaphysik der Kernforschungsanlage Jiilich GmbH
Ass., EURATOM-KFA

Abs:raét: Using a diffusion model, and including special par-
ticle and energy loss mechanisms in the scrape off layer of a
limiter, the plasma parameters are calculated. It turns out,
that secondary electron emission from the limiter influences
the electron temperature, the sheath voltage in front of the
limiter, and as a consequence the energy flux. Some special
reésults are discussed. )

1. Introduction: To calculate the plasma parameters in the
scrape off layer consistently to those in the central core, we
introduce special source and sink terms into Dlichs' code /1/,
which describe the particle and energy fluxes parallel to

the magnetic field thereby hitting the limiter. We assume
anomalous transport perpendicular to the magnetic field accor-
ding to the 6-regime model /1/ throughout the plasma. As the
plasma density is very low in the scape off layer (10 =
10'0)/cm3 we neglect the friction forces and the elastic col-
lisions with the neutral gas background. The electrons and the
ions then stream with their thermal velocity along the field
lines and are completely absorbed by the limiter.

2. Diffusion model: In the scrape off layer (Fig. 1) the equa-
tion of continuity is

M(r,z)/9t = (A(rDW(r,2))/1)/r -2/dz @cz.r) +5

The source terms S take care of particle production and loss
due to ionization and recombination./‘(:.r) is the particle
flux density parallel to the magnetic field. By integrating
equation (2.1) from z = 0 to z = L and considering the equation
for the plasma core, we get an equation that holds throughout
the plasma

On(r)/%t = ((xDIn(r)/Ar)/Fx)/x + S + 5@ (r-1 )

n(r) is the plasma density average with respect to z. This mean
value is assumed to be very close to ﬁ(r,z) because of the
assumptions made in the introduction. @ is the heaviside-step-
function and 5' = a(z-h,r)/L represents the desired sink term,
which is affected by the sheath potential and the secondary
electron emission and in detail given below. As the convective
part of the heat flow parallel the magnetic field is much
greater than the conductive part, we argue along the same line
as before and get for the temperatures T, and Ty

1.5 9 (kT ) /%t = (3(rq,)/AT)/T+P +F '8 (r-T )
1.5 9 (akT;)/Bt = ((ra;)/Pr)/T+p;+P; '8 (x-1),)

where P, and Pi stand for the energy gain or loss from ioniza-
tion, recombination, radiation and charge exchange, qi.e are
the heat flux densities perpendicular to the magnetic field.
Pe' and Pi' are the loss terms due to the limiter given by the
energy flux densities at z = L divided by L. These are domi-
nated by the sheath potential and the secondary emission and
are also given in detail below.

3. Sheath Potential and Secondary Emission: The voltage U be-
tween the limiter and the plasma is determined by the require-

ment of zero electric flux

nvi@; + [G‘arw‘?e + E’-i'wl?i) (Ps - “uve?e

where the Boltzmann factors ?i A for the ions, electrons and
Ll

secondaries are given by

?i = 8 (U) exp (-eU/kT;) + 8 (-U)
Pe = @ (-U) exp (eU/KT,) + & (U)
Ts =0 (U) exp (-BUjkTE} + 0 (-

Vi,e -1ﬁk71.almi.e are the thermal velocities of the ions and
electrons. The energy distribution of the secondaries is not
quite maxwellian, we nevertheless used a temperature Ts =5 eV.
S;(Tu), the secondary emission coefficient, was obtained by

folding the function G'B'(E] given in /2/ with a maxwellian

distribution. The secondary emission coefficient because of ion
impact, Vi. was set equal to 0,1 throughout. Depending on the
sign of U, the secondary electrons can be accelerated in.the
sheath. This will cause a nonmaxwellian distribution function
right in front of the sheath; fig. 2 gives a qualitative sketch.
This type of distribution function is however unstable with
respect to the two stream instabilitites, which will destroy
the double humbed distribution over a distance of several ten
to hundred Dehgya lengths /3/. This is very short as compared
to L and it is therefore justified to assume the incoming
electrons as maxwellian. Considering the particle and enmer-

gy flux densitites of the incoming electrons and ions and the
outcoming secondaries we get

S' =gk ?in\rill.; B! =&n(1.5 kT°v°?°-1.S(kT°-aUG(U)] (Eeve?a‘
G35 P3)Qs + vifye U B(-1)/L

Pl' = pn(1.5 kTiviTi * veq;,eue(u})/L

The factor X= 0.564 arises from the maxwellian distribution
function of the incoming particles. The terms containing the
@-function account for electron energy loss because of ion
acceleration in the sheath in case U<0, and vice versa, ion
and secondary electron energy loss due to the electron accele-
ration in case UX0.

4. Results: Fig. 3 shows the profiles of the parameters charac-
terizing the scrape off layer. The plasma parameters of the
central core are typical for the TEXTOR-Tokamak /4/ (n =
1,5.10'3/cu®, R = 175 ca, a = 50 cm, By = 20 kG, I, = 476 kA)

in the flat top phlsc.(Ti¢§5T05§;Boﬂ eV). We used the secon-
dary emission coefficient of tungsten. To account for oblique
incidence we multiplied this by a factor 1.5. T; turns out to

be much greater than Tgr The physical reasons are that the
electrons are efficiently cooled by accelerating the ions and
by adding cold secondaries. For the example given in fig. 3
both processes are comparable., The voltage U is ion accelera-
ting and varies between -140 V and -80 V. This is about one
third of the value that would be obtained for%; = &, = 0. The
maximum density is about 3 ¥6 of the mean density of the central

core. The limiter loading Pl falls rapidly and has the maxi-
mum value 1.1 lecm? The electron current density j. is to a
large fraction balanced by the secondary emission current den-
sity jg. At the limiter edge the ion current density jq contri-
butes only 20 % to the balance.
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PROBE MEASUREMENTS IN A SHEARLESS HIGH-BETA
PLASMA SURROUNDED BY A LANKET

J.R. Drake and T. Hellsten
ROYAL INSTITUTE OF TECHNOLOGY, S-100 44 STOCKHOLM 70, SWEDEN

Abstragt. The boundary layer between a fully ionized rotating
plasma and the pressure profile inside the boundary layer were
experimentally studied with probes.,

1. Introduction, The Spherator with a purely poloidal magnetic
field has been suggested as a device to confine a thermonuclear
plasma [1]. Such a system has neither shear nor minimum-
—average-B properties. To study the stability against magneto-
hydrodynamical perturbations for such a system we used an axi-
symmetric open-ended device in which a high density plasma was
generated by an ExB discharge. The strong centrifugal force due
to the plasma rotation, which is assumed to be analogous to a
large thermal pressure, apparently affected the plasma stabili=-
ty. Also, the boundary layer between the fully ionized plasma
and the surrounding neutral gas blanket was changed by changing
the geometry of the limiter.

2. Experimental Arrangement, The experiments were performed on
the FI device shown in Fig,l. The vessel was filled with a
hydrogen density of 2.011021 atoms{m'a. Two condensor banks
were discharged between the anode and the cathode, the first

at t=0 and second at t=200 ﬁs. thus generating a rotating
plasma. The total magnetic flux between the cathode and the
anode was 0.037 Vs and the potential drop was typically 2kV.
The plasma and the surrounding neutral gas were separated by a
partially ionized boundary layer, The cathode also acted as a
limiter, and the geometry of the cathode and the plasma colli-
sionality in the boundary layer defined the boundary conditions.
We used two cathode geometries to study the boundary layer, a
2-mm thick ring and a plate of the type shown in Fig.1l.

3. Probe measurements, The electric field was obtained by mea-
suring the floating potential and the electron temperature Te
was obtained from probe current-voltage curves, We assumed that

the rotation velocity was E¢=§x§152, and that T =T, for this
dense plasma, It was then possible to estimate the density.
However, probes (or any insulator surface) violently disrupted
the plasma if inserted to a point where the rotation velocity
exceeds Alfvén's critical velocity, ¥, [2]. However, since V,/v
was approximately constant along the field lines, it was
possible to probe deeper into the plasmas with the probe which
enters from the upper lid (see Fig,l).

obtained from the expansion of the field lines due to centrifu-
gal force and pressure gradient [3],was 0.2. Earlier probe

f
|
|
!

I b

measurements of the plasma in the midplane demonf{irated that
the main plasma body, limited by the "cathode field lines", was
surrounded by a p;}tially ionized boundary region with a densi-
ty of about 30% of that in the interior when a cathode plate
was used as a limiter [4], This dense, thick b.r. was assumed
to be caused by Simon diffusion, The plasma diffusion perpen-
ducular to B was dominated by collisions with neutrals and thus
the ion diffusion coefficient greatly exceed that for electrons«
Normally an ambipolar electric field would retard the cross-
=field ion transport, but the cathode plate short-circuited
the field lines in this region. This effect and the drain of
electrons to the cathode plate produced a flat negative potent-
ial distribution at the equatorial plane, This relatively high
density outside the cathode ficld lines was reduced by raepla=
cing the cathode plate by a thinner ring, so that the ambipolar
electric field was not short=circuited, Fig,2, shows the ion-
=retarding ambipolar electric field in the midplane for the
cathode~ring case compared to the cathode plate case, The com~
paratively sharp density boundary at the cathode~ring field
line is shown in Fig,3 and compared with the broad dense boun-
dary seen with the cathode plate, Density measurements with

the cathode plate as limiter are discussed in Ref,U4,

3.2. The_Upper_Region. It was possible to make probe measure-
menﬁa of Tes V¢ and the ion saturation current Jo' using the
probe in the upper region where the rotation velocity was
lower. These measurements were used to estimate the density dis-
tribution at the midplane. Assuming a constant angular rotation
velocity It and T, along a field line," the ratio of the density
along the line to the density at the midplane is a function of
major radius » and is given by n/n, = gxp(mnz(PQ-r:)!HkT}.
However, because of the exponential dependence, extrapolations
of the probe-measured profile to the midplane were very sensi-
tive to small errors or deviations from isorotation. However,
the density at the midplane during rotation was estimated by
utilizing the J,-profile observed immediately after the rota-
tion was stopped and by assuming fast parallel transport and
negligible cross~fleld transport during a brief period immedia-
tely after the centrifugal force of rotation was removed,
Profiles of Jy just before and after the rotation was stopped
are shown in Fig.4, Profiles of T, and V, during rotation are
shown in Fig.5. The density profile at the midplane derived
from this second technique, which is just based on conservation
of particles in a flux tube, indicated that the f1 for field
lines in the interior region of the plasma was 40% higher at
the midplane than at the point of the probe measurements above
the midplane, This is favourable for rotating mirror devices
since the angular velocity is limited by critical velocity
phenomena at the mirror ends.

4, Stability Against Interchange Modes. Due to the strong cen-
trifugal force the plasma is mainly concentrated into an almost
straight cylinder. We have found that there is a region inside
the cathode field lines where the density, temperature and
velocity decrease outwards. Equilibrium between the outward
directed centrifugal and pressure gradient forces is provided
by an induced azimuthal plasma current, Thus stability can be
obtained by compressional effects from rotation in the region
inside the "cathode field lines" for this geometry where the
flux tube volume increases outwards. The conclusion is that a
pressure distribution decreasing when q#§d1/B increases can be
obtained for a Spherator configuration without minimum-
~average-B or shear stabilization.
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VELOCITY SPACE SELECTION PROPERTIES OF
MAGNETIC DIVERTOR CONFIGURATIONS
G. Casati,. B, Lazzaro,* C. Perini,. G. Raalini,*
tDnivernita degli Studi di Milano - Italy.
+Lahoratorio di Fisica del Plasma, C.N.R. - Milan
tC.C.R. EURATOM-1lspra.
Abstract: The efficiency of divertors with one and two stagna-

tion points is evaluated and compared for the case of contain-

ment of a particles produced in fusion reactions.

Fucion oriented -tokamaks fitted with magnetic divertor systems
have a complicated two dimensional magnetic structure. The use
of zero dimensional models in which only particle balance at
the plasma edge is conaidered,l or one dimensional transport
codes, for the evaluation of particle and energy fluxes to the
wall, require, when applied to divertor scheme, a knowledge of
divertor efficiency. In this work, a systematical analysis of
single particle behavior in realistic axisymmetric single and
double null divertors is reported, which allows to define,
evaluate, and compare the efficiency u for energetic a particles
which are generated by D-T reactions in the bulk of the plasma,
well within the P trix, by a
cnexor? -2 5 W= [ B ()15 (T,

and which are slowed down to 1o$ thermal speed on a time scale
of the order T = —- -Pm.[w"']/z . The population of

o which has energy i;rgar than 3/2 Ti has a temperature

“ic source, at an

Ta-z (2/3)(WBD/ln wuu) and diffuses across the separatrix with

2 4N N T dN
a f1ux.? [J(¢) = Dl 2 J'{f ﬂn‘ig'uﬁd_rz_* with the

usual meaning of symbols.
The basic assumption of Ref. 2, perfect containment of the a,
from which follows the isotropy of the a distribution function
fa does not hold in the region of the separatrix, since there
are loss regions in velocity space, where f: must vanish.

From the data of a prototype reactor (FINTOR R=10m,a=2m,

13

B =50 kG, T, =25 keV, T, = 21 keV,q=2, n = 2,4 * 10 en™3) it

appears that near the separatrix I/Ra & 1, €% I/uue and
eup/ap << 1 and Tn ~ 2.5 MeV where 1 is the a gyrofrequency,
T,u = Z(WqR/Vu) the o flight time parallel to B, . the elec-
tron = a collision frequency, e? the poloidal Larmor radius.
Tharafora_wa may apply drift orbit theory to the suprathermal
a which are essentially collisionless. On the bounce line
scale orbits are completely identified by the constants of
motion € = (m/2) (v2 +v2), u = (m/2) (v2/B)and P.f..ZC Ay +mry
A

L]
numerically in axisymmetric geometry from the poloidal field

is the ¢ component of the magnetic vector potential computed

coils and plasma data. Since ap/n << 1, the orbits may be con-
veniantly labeled by the approximate expression.
p = zz v.A.r('l z) 4 CV[L(L- *z°w9}]"i

where o -M-o(u(\f-_-\') J Mqﬁt_uand conservation of £ and u
is used. The analysis of the divertor operation is performed
through a careful examination of the typolegy of single parti-
cle orbits and by performing a mapping on to velocity space,
of the orbits which have special properties. Fixing two points
of an orbit namely an initial point 2, Z and a final point

%, Z, and eguating the corresponding orbit labels

PL;('L=‘20)= P‘f (g, 2}) an equation of a locus in v:.., v:i
space is Obtii“Ed'v@)=K('L,Z-,q-ﬁzﬁ)/[‘lnlma.l—fl;('qu-anan ]

3. casati, E. Lazzaro, C.

where K(rg,ag,z 2z ) =Ze/clr A¢(r°z L %y Aétr .r.)] contains
the magnetic information. The cases considered refer to
initial points g —AE L Ty Aa z, = 0 where Te is the
mean separatrix radius and As the scrape of thickness, and as
final points, points on the wall chamber and collector throat
are selected. In velocity space we thus obtain the boundaries
of regions which map the classes of (1) passing particles con-
tained or lost, (2) coinjected (v - J > 0) trapped particles,
contained, (3) counterinjected (v * J < 0) trapped particles,
lost, (4) particles collected in the throat divertor throat.
In this way, from a knowledge of the loss and capture regions

in velocity space, of the magnetic divertor it is possible to
LS
§, o i)
———————————_

do 7 (v)ty)
of particles which have any !igﬁ!ficant property, and ug can be

evaluate the fraction

Mo

taken as a measure of the configuration efficiency. Detailed
description is given in (3). Fig. 1 and 2 show the two
divertor configurations studied, with sample orbits of counter-
injected particles, with approximately the same parameters. In
the single null divertor the particle hits the wall, andis lost;
in the double null divertor it is collected in the throat. This
difference of behavior qualitatively explains the different
efficiency. In Fig. 3, the velocity space region for an a« at
initial position ra =10m, z, = 1m in the single wall divertor
is shown, for multiples of Tu = 2.5 MeV. Region 1l: a circu-
lating and contained, Region 2,8: circulating and lost, Region

3: trapped and contained, Region 4: trapped and lost, Region

5,6: counterinjected particles, contained and lost, Region 7:
circulating particles collected in the throat. Figure 4 shows
the situation for the double null divertor, with the same
throat width (200 cm). 1In region c: particles are contained,
region L: lost, Region d: diverted. The overall fractions of
lost and diverted particles are for the double null divertor

Bp = 0.162 My = 0.034; for the single null divertor vy = 0.045
u, = 0.056. In the single null divertor the largest contribu-
tion to losses is due to counterinjected particles which execute
large Bfinana orbits opening on the outer side of the plasma. 1In
the double null divertor the topology of magnetic field prevents
the occurence of these large banana orbits.

1n. mehrisch, B. B. Kadomtsev, IAEA-CH33[52 p. 229 (1374).

2p. Engelman, Nocentini, Nucl. Fus. 359 (1875).

_Perini, C.C.R. ISPI Rep. (1977).
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X=RAY SPECTRA AND IMPURITY CONCENTRATION IN THE T-10
TOKAMAK

A.B. Berlizov, G.A. Bobrovskii, G.E. Notkin, V.A, Rantsev-
Kartinov, K.A. Razumova, M.M. Stepanenko, D.A. Shoheglov

I.V. Kurchatov Institute of Atomic Energy, Moscow, USSR

In /1/ the radial distribution of Z_gp has been de-
termined in a stationary stage. of the T-10 discharge
from the analysis of the X-ray spectra and Thomson scat=
tering, The X-ray detector (a gas proportional co\mtar)
registrated radiation along the minor diameter and along
the chords 8; 16 and 24 om outwards., Typical spectra are
shown in Fig.l. They are measured along the dimmeter in
4 successive time intervals. The value of zei‘f(o) was

equal to 1,3 for a 400 kA, 35 kOe regime.

152p*P°

Xull
I
XX
XA
Xl

15215

E, (ke!
ER L EARE]
234567880 EuY)
Fig. 1 Fig., 2

Johann spectrometer was also used in the T=10 to co-
ver simultaneously the energy range Ex=5‘ ..6.9 keV, A LiF
crystal was out for reflection from 2 0 0 planes, with a

radius of ocurvature of 30 cm., The spectral resolution

Ex/Ex of' the spectrometer is equal approximately to

‘3.1073

for Ex- 6 keV. Photographic filums were exposed by
series of B0 shots, most of them being similar to those
desoribed in /1/, A typical spectrum is shown in Fig. 2.
One can see X-radiation from the optical and inner shell
transitions in highly ionized Fe- and Cr- atoms. The spec-
trum of Fe is rather similar to that obtained in the ST
Tokamak /2/ and to a ocertain variant of computer spectra
in /3, Fig. 9/.

K-lj._na of Fe and Cr are registrated by the propor=-
tional counter, too (see Fig. 1), but with a poor energy
resolution (aEx/Exﬁ’ 0,17). The ratio of the K-line inten-
sity to the continuum intensity is shown in Fig. 3 for
various chords, One can see that line radiation is emit-
ted by a narrow central region. To evaluate Fe concentra-
tlon in the center of the plasma column we use absolute
intensity measurements of Fe K, taking into account the
energy resolution of the counter., The results of /3/ con=-
cerning total radiation rate of Fewimpurity atoms in the
(1s = 2p) - speotral region were used, The value of

s
& ow™3, Then one can evaluate

n_FE[D) appeared to be X£1.10
the total concentration of Cr-, Fe- and Ni- impurity pro-
ceeding from the chemical composition of the vacuum cham-
ber material and taking into account the spectra in Fig.1
end Fig. 2. This concentration appeared to be in a good
accordance with the enhancement factor measurements in
the centre of the plasma column,

We shall characterize the slope of the thermal X-ray

spectra by "temperature" T:. This value corresponds to

IR EE]
Fig. 3 Fig, b Fig. 5
the profile of T_ measured by laser, TeL(r), when obser-
ved along the diameter. The speotra registrated along

other ohords give higher values of T, in comparison with

el
radial profile of TeL are given in this Figure. In the

T , &s one can see in Fig, 4. The values of Tx and the

former case r means the distance from the center to the
chord of observation. To describe the discrepancy we as-
sumed the electron energy distribution function fe to be
bimaxwellian in the real plasma, the "cold" component
bas Ta= TaL' the hotter one has Ta= T;. The T; values
shown in Fig. 4 were given by the slope of spectra which
were the difference between the registrated spectra and
the ones calculated for the plasma with 'l‘e(r)= TeL(r
= 1.3 including recombination. The part of the hotter

)and
zeff
component appeared. to be ~10% of n, in the central region
of the column (r 16 om) and to increase to~30% at r=24
cm under assumption proposed.

The hot electron component is to increase markedly

the electrical conductivity of the plasma column even

without longitudinal anisotropy. In Fig. 5 radial profi=-

les of the currents, which have to transport by both com-
ponents, and of the total current It= IL+ I’ are given,In
this FigureI(r) means the current flowing inside the ra~
dius r, The current profiles were oalculated under as-
sumption Zefr(l‘}= const, In such a ocase the conductivity
profile leads to the profile of the safety factor, gq(r),
represented in Fig. 5 as nﬂz:o“ curve. But the experimen-
tal data allow us to conclude that the current profile is
more steep than the one shown in Fig. 5. Those data are:
a) the g value is equal to 1 at r=B.,.12 om as existance
of the internal mode m=l shows; b) Z_..(0)= 1.3 from the
enhancement factor meanuremantja; c)g= 4 at the limiter, A
certain variant of q profile which is in accordance with
these data is given in Fig, 5 as "g(r)" curve. Such a di-
stributien one can obtain only assuming Zeﬂ_ value in-
crease when r is increased. Possibly this effect can be

explained in part by the anomalous resistance.
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IMPURLITY BEHAVIOUR IN THE T-4 TOKAMAK
V.A. Abramov, A.B. Berlizov, V.V.Buzankin, A.H. Vertiporokh,
V.A. Vershkov, V':A. Krupin, G.E, Notkin

I.V, Kurchatov Institute of Atomic Energy, Moscow, USSR

The X-ray spectrometer with a plane orystel /1/ was used
to the investigations of the impurity behaviour with scan=-
ning of a plasma column shot by shot. Gas proportiopnal coun-
ter used as a detector provides secondary monochromatization.
The 13...208 speotrum obtained with KAP-crystal (zd=26.633)
is shown in Fig., 1.

The D+7 ion diffusion was investigated by the method des=-

oribed in /2/,in

a regime H,=30kOe,

» 1p=801m,'ra(o) e
Line intens 3 0. 7keV,m.x3. 1017
(aré un) D e
%ﬁ ™ em_:l with the tun-
H N
o "‘{Lt w |\ o, gsten limiter
. ‘.'Nl ‘g (aL=J.7uu). A dif-
]
l 5 fusive flux 37 of
0*7 ion was deter-
A A mined from a ba=-

h L 1 L L
3 M85 P B8 2 lance equation

for this ion.

Fig. 1
divy nwns—éﬂ’-nn({; v )+n.n §
‘VJ;'nNe ar 7 %0\ 7 7 6 eVg"

0+7 ions and of nu-

Here ”6'“7'“}1 - the number density of 0*6,

clel, 56'57 and “7'N - rate coefficients of ionization and re=

combination, respeotively, The value of (nN.DcN.na) was esti-
mated from the balence equation for nuclei number density
under 3 different assumptions: a) the life-time of nuolei in
a plasma T'y=0; b) Ty=00; c) inward diffusion of nuclei in
Pfirsch-Schliiter (PS) regime, The terms in right hand part of
the equation were determined from measured intensity profiles

T 6 tom (21,6R)

of the lines of the 0'’ion (19.0%) and of the 0"
(see Fig.2a). The knowledge of the spectrometer relative ef-
ficiency at above mentioned wave lengths appears to be enough
to determine the sign of the flux ;]7.

The efficiency was experimentally measured. The electron
temperature profile was obtained inside r=6om by foil absorp=
tion technigue, The Tu value was evaluated in the periphery

from intensity profile of c*"

line. The T_ profile is shown
in Fig.2b, One can see that the outward diffusion of O*’;,l ions
exists even at I'N=D while the inward diffusion depends on as-
sumptions made,

The Ar ions in the maximum jonization stage were inve=
stigated in a T-4 regime which is characterized by osocillo-
grams shown in Fig. 3. In the regime with 're(o)zumv the

l_+].6 +17

A radiation at A =13. 7331

ions serve as nuclei (the Ar
is praxtically absent). The absolutely calibrated X-ray apec-
trometer with NaCl-crystal (2d=5.64%) was used. The Thomson
scattering and A =2mm interferometer were used for TE(O) and
;e measurements. To study the dynamics of impurity diffusion
the pulse valve usually was opened for lOms in the steady sta-
te of the discharge, The time delay of Ar”‘ﬁ radiation after
the injection is 7ms in the centre. This time delay enable us

to estimate mean velooity of inward diffusion of Ar ions

;d o 2.103om.uec_1. The total ionization time for Ar ions does
not exceed lms at T=1keV. The time behaviour of A.r”' radia-
tion both near to the limiter (point of injection) and on
opposite side i1s shown in Fig.Je. The constancy of the inten-
sity points to a recycling without appreciable losses, The bo-
lometer registrates the radiation power losses which do not
change 20ms after the injecotion up to the end of the dischar-
ge (the power is by factor 1,5 higher than the initial ome).
Because these losses is to be due te a line radiation of high=

ly ionized Ar atoms one can suppose the constant influx of

these in Aru'ﬁ.' However one can see in Fig, Jh the fast rise

6

of Ar*1® son density in the center (r < 1.5om) is changed by

the slow one caused mainly by the sharpening of the intensity

Apt16

profile (see Fig. 3i). The noticeable growth of radia=-

tion is absent near to the axis during E;Oﬂls if Ar atoms are
injected at the initiel stage of a discharge rather than at

the steady stage. These results enable us to conolude that
6

there is outward diffusion of Ar+l ions from the area near to

the axis with the characteristic time ‘L;(Ax-”'s)ﬁ’ J0=-35ma. One

omn suppose that Ar+16 ion density near to the axis is less
than mean density of Ar ions when taking into acoount the low
density of A58 o v e centre, n, +16(0)x0, a',ime(o), and
the fact that the n, increase (see Fig. 3f) is mainly to con-
nect with Ar ion appearance, The Ar“'ﬁ intensity is proporti-
onal to the injection level while the time behaviour o;t‘ the

intensity is the same and Te(O) does not change markedly.

+16

Thus we believe that ZE(A.:' ) is a oharacteristio time for

outward diffusion of the heavy impurity of a Fe-type from the

centre.
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IMPURITY CONTROL BY MEANS OF A COOL PLASMA W'I"
A.Gibson, JET Design Group, Culham Laboratory, Abingdon, Oxon, U.K.
M.L.Watkins, UKAER, Culham Laboratory (Euratom/UKAEA Fusion Association).
Abetract: A method is presented of controlling the influm of sputtered
impurities into tokamaks.A cool plasma blanket(C.P.B.)is formed avound the
hot core of the discharge to prevent sputtering of wall material by both
charged particles and charge-exchanged neutrals. Rumerical simulations show
that (a)the C.P.B.can be eatablished and maintained by a low energy neutral
beam; (b)the C.P.B. is effective in preventing impurity comtamination and
(e) the resulting clean plasma can be heated by a high emergy neutval beam.

1.Introduction. Present tokamak experiments with high ion temperatures show
clear indications of impurity production due to the sputtering of wall mater-
ial by energetic particles from the plasma. It is likely that this process
will get worse with still hotter plasmas and it isvitally important todevelop
methods of controlling the impurity production. We propose an effective
method of impurity control based upon establishing and maintaining a COOL
PLASHMA BLANKET (C.P.B.) which limits sputtering of wall material by both
charged particles (by maintaining a sufficiently lowplasma edge temperature)
and charge-exchanged neutrals (by maintaining the edge region sufficiently
hot to ionise the incoming recycled neutrals before they can charge exchange
with plasma ions that have energies in excess of the sputtering threshold).

The production of impurities by sputtering is especially serious in
injection heated tokamaks where a growing impurity barrier can be formed at
the plasma edge. As a result of ion-ion ionising collisions (with a cross-
section which increases with the effective ionic charge, Zggg) the injected
heating beam can be ionised and captured in the edge region.
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Fig.2 Power Losses by
Ions on 304 Stainless Steel.

Iron Impurity Radiation.

Eventually the injected beam is no longer able to penetrate the barrier,
heating of the plasma core ceases and the central temperature collapses.

This effect can seriously limit the useful injection pulse length. Establish-
ing a C.P.B. substantially reduces the impurity influx so that in our calcu-
lations no significant impurity build up occcurs and the heating beam
penetrates freely for the duration (2s) of the simulation.

2. The Transport Model. A 1-D transport code ICARUS is used to follow the
development of the plasma. Features are:electron thermal and hydrogen fluxes
are 30* pseudo-classical; the hydrogen thermal flux and impurity fluxes are
neo-classical; recycled neutrals are treated auin[l]; impurities are intro-
duced by sputtering on an Iron wall (Fig.l); radiation loss (Fig.2) is
calculated from [2]. Plasma dimensions approximate those of JET (a=1.28m;
R=2.93m, B=3T, I=3MA). Initial Conditions are: fig=5x10'"m~?; n,=10'®m-*;
f=10%av,
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Fig.3 Radial Profiles of Plasma Parameters at Times 0,398 and 1.06s.
A Heating Beam of 7MW/80keV is Applied from Time, t = Os.
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3.Impurity Barrier Formation. Fig.3 shows a case simply heated by an BO.keV
neutral beam. Sputtering by charge-exchanged neutrals causes a build-up of
impurities (imput flux [zv3x10'"m™?5=!) which by t=1.06s (when Zgss has
reached 5) causes the beam to be attenuated in the outer regions and excluded
from the interior, so that the central andmean temperatures collapse (Fig.5).
4. The Cool Plasma Blanket (C.P.B.). Fig.4 shows a repeat of the case in
Fig.l, but this time a low energy control beam (3MW, 13keV; perpendicular
injection) is.applied and forms a C.P.B. Over the outer 0.2m the temperatures
are 10eV<T<20eV, that is high enough to ifonize incoming neutrals and low
enough for edge sputtering to be insignificant. The impurity influx is
reduced to "5x10'°m~2s"! g0 that when the heating beam is switched on Zogs 18
still low "v1.2 and the beam is able to penetrate freely and heat the plasma.
The C.P.B. is maintained for 2s and the influx remains ically a
factor of a 100 less than in the case without control beam. Fig.5 compares
the temporal development of the cases with and without the control beam,

e 0788, G« 686 10% nriyt 1ad6a , TG 338 410" mis!

0
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Fig.d Radial Profiles of Plasma Parametera at Times 0.79s, and 1.67s.
A Control Beam of 3MW/l3keV 18 Applied from Time, t=0.15s8 and a
Heating Beam of 7MW/80keV is Applied from. Time, t=0.88. The
Control Beam changes to 3.3Mid/30keV at 30° from Time 1.37s.

5. Conclusions. Fig.5 shows thata C.P.B.can be established and maintained
by low energy injection and that it is extremely effective in reducing the
sputtered influx so that the increase in Zggs is prevented. Consequently
the high energy neutral beam continues to penetrate and heat the plasma.
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Fig.5 Temporal Evolution of Certain Parameters With (—) and Without (=.=.-)
the Low Energy Control Beam (the time origin forcase —--+is displaced
8o that comparisons are made from the time of switch on of the heating
beam).
(a)The Extent of the Cool Plasma Blanket Defined by the Radii,r(m) at

which the Plasma Temperature, IOeV<:£‘<50eV.

(b)The Sputtered Impurity Infiux Tz(m*s™'). " ) )
(e)The Maximm Effective Ionie Charge,Z,rp ond mean impurity density (r:s}
(d)The Maximum and Mean Plasma Tempera 8, Ty, (T;) (keV).

'Ho:k carried out under EURATOM JET Design Contract/30-74-FUA-C.
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IMPURITY CONFINEMENT TIME FROM OXEGEN
GAS INJECTION EXPERIMENTS ON T.F.R.
T.F.R. Group (presented by C. De Michelis)

ASSOCIATION EURATOM-CEA SUR LA FUSION

Département de Physique du Plasma et de la Fusion Contrilés
Centre d'Etudes Nucléaires

Boite Postale n® 6. 92260 FONTENAY-AUX - ROSES (FRANCE)

ABSTRACT : Oxygen injection at the current plateau of T.F.R. plasmas
results in a decrease of the molybdenum density, due to a decreased molyb-
denum flux entering the plasma. From the observed demsity decrease it is
possible to deduce the impurity particle confinement time as a function of
radiua.

We describe here two injection experiments in the T.F.R. Tokamak.
They consisted in the injection of cold oxygen gas (either as a short puff
or continuously) at the current plateau, when the plasma is in a quasi-sta-
tionary state. In both cases the conditions at the injection time were
Ip = 160 kA, By = 50 kG, Tg (0) = 1.85 keV, na(0) = 5 x 1013 em™3, Zupe(0)
between 5.5 and 7, and both ng and T,
approximately constant in time (the

high value of Zgpg in these discharges
is due to the fact that, due to the

injection, more oxygen is present on

the liner walls before each discharge,

and is released in the first few milli-

B

seconds of the plasma lifetime). At the
injection M, increases immediately,
whereas Te remains constant.

Figure 1 gives the evolution of the ra-

B [1en 8 gy 8,

diance (ph co~2? g~ ar™') of three

spectroscopic lines for the puff case :
ovI 1032 &, MoXIV 374 & and Maxxxr 117 &
(these last two lines with the back~
ground to be substracted). The first two
lines are both characteristic of the

B (184 g i)

= ™ [l
plasma periphery (r = 14=15 cm), and L]

allow to estimate the impurity flux '

density T (ca™2 s-1) coming from out- tmased e

side the plasma/I] ; they show that

the oxygen flux density I';, increases o

rapidly due to the injection (the rise- m 3 7\ o
time depending on the injection method), i

whereas the molybdenum flux density Mg '—(1/‘.‘*" :I(nlnu'ﬂ

decreases with adelay of = |0 msec. The
MoXXXI 117 R 1ine is, on the other hand,
characteristic of thecentral hot plasma 1
and shows that central molybderum den-
sity decreases with with a delay of

~ 25 meec. Both molybdenum radiances
Mame

increase again after the end of the
increase of Iyy. Similar results are

obtained with the continuous oxygen
injection, but in this case the molyb— ml

E[0®phovis']

denum radiances do not increase again
later in time, since there is a conti-
nuous oxygen influx : they tend to
arrive to a new (lower) constant value,
but the discharge often exhibits a
disruptive end.

Figures 2 and 3 show the radial profiles
of the radiant power demsity ph cm-3
s=1) “for OVI 1032 & and MeXxxT 117 &
(obtained after Abel inversion) for

the continuous oxygen injection case. 15p 20me 250

Figure 2 shows that as the oxygen in-
creases there is a slight inward mo-

vement of the maximum, corresponding st |
B

: . T
w .[un]:ln 0" rlem) 2
Ta(t) is constant in the central region, FiG 3

to a small cooling of the plasma peri-

phery. Figure 3 confirms that, since o :

there is no variation of the corona equilibrium existing in the center (since
the ratio nMod0+/mpp31+ is approximately comstant ; the discrepancy at 260msec
is due te the fact that at this time the measured radiances are down to a level

just above the background moise, thus introducing large inaccuracies in the

data processing). Therefore the decrease of the central molybdenum ion ra-
diance must be due to a decrease of the total central molybdenum density.

From these measurements, with the help of ionization equilibrium
cnl:ulatinmé?, it is possible to estimate the total central density of
molybdenum. From this, and from the central value of Zgff (caleulated from
the measured T.), assuming that the only impurities present are oxygen and
molybdenum, it is possible fo caleulate the central demsity of deuterons
and of oxygen (completely stripped). We obtain in this way, for the puff
case, the results shown in the Table (before and after injection).

200 ms 280 ms

De(0) (cn™3 (4.6 % 0.2) x 1013 (5.4 +0.2) x 1013
Zeg£ (0) 7.2% 1.0 5.4+ 0.8

Mo (0) (em=3) (1.0 + 0.5) x 1011 (3.5 1.7) x 1010

nox(0) (em3) (4.0 + 0.8) x 1012 (6.1 + 0.3) x 10'2

np4(0) (em3) (1.4 + 0.5) x 1013 (2.0 + 0.2) x 1013

The central oxygen density does not increase, in spite of the increase of
the peripheral oxygen f£lux, probably because of its large value before in-

jection.

In the following we shall discuss these results, Before injection,
the plasma is in a quasi-stationary state. The oxygen injection results in
a decrease of the peripheral molybdenum flux (as showm by the MOXIV radiance),
probably as a consequence of a slight cooling of the plasma periphery (al-
ternatively, it is known that in the presence of oxygen contaminated surfaces
a large amount of particles is sputtered as iunu[? ; the sputtered ions
are then prevented from entering the plasma by the magnetic field). The
molybdenum source being, at least partially, decreased, molybdenum leaves
the plasma with a time constant which depends on the impurity particle con-
finement time (being equal to it only if there is no more source). From
Fig.l, we see that this time constant is ~ 50 msec in the central regiom,
and ~ 20 msec at r = 14 - 15 em, and is therefore a decreasing function
of radius.

Lt is now possible to verify that before injection the inward
peripheral oxygen flux density (estimated from the OVI 1032 K radiance) is
equal to the flux density leaving the central region (caleulated from the
central oxygen density and confinement time). This has the consequence that
the impurity confinement time varies approximately as r.n(r). Moreover, when
continuously injecticting oxygenm, it
has been seen (Fig.4) that the peri-
pheral oxygen flux demsity (estimated

from the OVI 1032 & radiance) increa-
ses twice as fact as the flux demsity
atr = |12 cm (estimated from the OVII
1623 & radiance).

Bom [1109% prans'w]

These measurements confirm

that, schematically, the plasma is
composed of two regions. The central
hot region receives an impurity flux

which is approximately always the same,

B [1358% s ]

independently of the conditions of the
cald peripheral region, which has a L ~ L

more or less important impurity flux

densiry depending on the experimental
conditions. The trnnaiti;n between
these two regions seems to occur in
the neighbourhood of the q = 2 sur~
face.
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Abstract: The behavior of heavy impurities im light-impurity free plasma is

studied in DIVA. The divertor red a pla: 1114 tion and therefore
reduces the radiation power by a factor of 3. The molybdenum target employed
to intercept particle and heat flux to the burial chamber further reduces
the radiation loss to less than 30 % of the ohmic dissipation (Pom).

Discharge conditions described here are the same as those reported in
Ref.[1,2]. A 20 kG experiment is scheduled to start on June, 1977.
Power Balance: Energy loss mechanisms from a plasma are divided into two
processes. One is a direct energy loss to a wall from the plasma such as
radiation and charge-exchange hot neutrals. The other is thermal conduction
and convection of the plasma particles. Light impurities are not influential
in a power balance of the DIVA discharges, because of ite clean wall surface.
This situation enables us to study heavy-impurity contamination and its
effect on the power balance with and without a divertor.

Power spectrum emitted from the plasma is measured with a grazing incidence
vacuum monochrometer calibrated by a branching ratio method (20 .; = 1300 ;).
The radiation power from the plasma due to heavy impurities concentrates in

a .
the wavelength 120 A-240 A (pseudo-continuum). The radiation power including

the neutral loss flux is measured with a pyroelectric detector., Power loss
by charge-exchange neutrals is calculated by a Monte Carlo code [4]. In the
calculations, total neutral influx to the plasma is assumed to be equal to
the total loss flux of charged particles from the plasma. The results
coincide with experiments within a factor of two.

Power loss to a shell and protection plates (limiter) due to thermal
conduction and convection 1s estimated by ion saturation currents, using a
heat transmission rate experimentally obtained. Heat flux to a burial chamber
18 measured with thermoprobes with a resolving time of 0.2 ms. Table I gives
the results of the power balance in the Case A discharge [2]. The results
show that the estimation for thermal conduction and convection 1s consistent
with radiation and charge-exchange losses.

Reduction of Heavy Impurities: Application of the divertor to the discharges
offers the reduction of power loss due to heavy impurities by a factor of 3
and controlling the boundary plasma with gas injection of small amount is
also demonstrated to reduce the heavy-impurity contamination in the case-
with a divertor [2]. Summaries of the previous experiments are following.
The heavy-impurity contamination is caused by evaporation due to the heat
flux on copper rods supporting titanium wires and movable shells in the
burial chamber (Fig.l). A distribution function of electrons in a secrape-off
layer is not a simple Maxwellian, and has a high energy tail. The high energy
component of electrons causes a relatively large heat transmission to a
floating plate. The small amount of additional gas during the discharge

results in dramatic decrease in the high energy t and con 1y

reduces the heavy-impurity contamination.

However, there remains contamination due to heavy impurities in the Case A
discharge. The molybdenum target is employed to intercept particle and
heat flux to the lower side with respect to the median plane in the burial

chamber. Our experimental setup is sketched on Fig.l. Heat characteristics

of molybdenum are better than those of other materials, which are used in
DIVA device (Au, Cu and so on). The target electrically insulated is set on
the meridian plane across the toroidal magnetic field. The combination of
the divertor and the molybdenum target further reduces power loss due to
heavy impurities to 60 I of that in the Case A discharge. In the case without
the molybdenum target, floating plates in the burial chamber are exposed

to the heat flux of 180 wtt-lcm’. This value seems to be very small to
evaporate materials. These results suggest that surface conditions as well
as heat characteristics may play an important role in the evaporation [1,2].
Another possible cause of the contamination is sputtering of wall materials
due to charge-exchange hot neutrals or heavy ions, however we have had no
evidence that these mechanisms actually take place in the discharge.

Figure 2 shows the relationship between the total radiation power
measured with pyroelectric detector (Ppy) and that measured with the VOV
monochrometer (?v“v). Closed circles represent the relationship in the case
without the divertor and triangles in the various discharge conditions with
the divertor reported in Ref.[2]. An open circle represents that in the
optimum condition, that is, in the case with the divertor and the Mo target.
The results show that radiation loss due to heavy impurities is comparable
with power loss due to charge-exchange hot neutrals in the optimum condition.
Conclusions: DIVA tokamak device with an axisymmetric divertor permits us to
study the behavior of heavy impurities in the light-impurity free plasma.
Various methods including the control of the plasma boundaries are employed
and demonstrated to reduce the heavy-impurity contamination. In the optimum
condition with the molybdenum target in the burial chamber, the radiation
loss due to heavy impurities is reduced to less than 30 % of the ohmic
dissipation, and the energy confinement time has been improved by a factor
of 1.3 compared with the previous values [2,3]. In a future large tokamak,

the scrape-off layer should be controlled to eliminate serious impurity

contamination from a neutralizer plate (or limiter) and vacuum walls,

Table I - Power Balance in DIVA ( Case A , t = 10 msec )
Conduction - Canvection Radiation - Neutral
Shell Limiter Divertor Radiation Neutral
I, [ 340 7
e LeV] 15 20
Fy=a/IT |5 @[ g (@ | g.-2 O
Power Loss <25 (€| g (d); 5,5 (e)
(kW) 25 i 6.5 < 25 )
Total Loss 0.6 Puhm < 0.4 P

NB (a): Experimental, (b): Ref.[2], (c): Measured with VUV monochrometer
(upper estimation), (_d)= Calculated by Monte Carlo code, (e): Measured with
charge-exchange spectrometer, (f): Measured with pyroelectric detector (upper

estimation)
Py
o % Without
Divertor
w0k & -
E [
88 & with
a
,,‘E 0 | Divertor
"i' Cose A
Bl (Mo Targat) 1
° i % W
va (arb. units)
Fig. 1. Fig. 2.
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TRANSPORT PROPERTIES AND STEADY STATES OF A TOKAMAK PLASMA
WITH IMPURITIES IN THE COLLISION-DOMINATED REGIME
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Abstract: Having in mind applications to the cold plasma
blanket problem, the transport properties and the steady states
of an axisymmetric toroidal plasma containing an arbitrary num-
ber of impurity species are derived for the collision-dominated
regime, including heat transfer effects.

The transport properties of a collision-dominated tokamak
plasma with impurities have been discussed in a number of
papers (see e.g. Ref. 1). In the cool, outer part of a tokamak
discharge heat transfer not only between the ion species, but
also between plasma ions and electrons, mntterszl_ For this
case, we give here an account of the particle transport proper-
ties and of the steady-state profiles following from them. The
result is discussed in view of the formation and properties of
a cold-plasma blanket.

We consider a tokamak configuration, with magnetic surfaces
having concentric, circular cross-sections, in the limit of
small inverse aspect ratio r/no < 1 (where r and Ra are the
minor and major radius of the torus, respectively). The colli-
sional regime is defined by

rLj <r, ”bj < U§°t < ﬂj P (1)
where rLj' ”bj' v;Ot, and R, are the Larmor radius, the "bounce
frequency", the total collision frequency, and the cyclotron
frequency of the species j, respectively.

Conditions (1) allow us to use macroscopic equations for
each species. We neglect, as usual, viscosity and inertia, and

assume 3 3
% {ln Tj} . T {ln nj} < x/R, , (2)

where 8 is the poloidal angle and Tj and Nj are the temperature
and the number density of the species j. The details of the

determination of the particle and heat fluxes will be given
elsewhere. In most cases of practical interest,

(e;/e;)d > nf " my/m,, and e; >e; =-e, (3)

hold, where “3' = agﬂj/aé.uj, (we use j = e,i and I to indicate
electrons, plasma ions, and impurities, respectively), and mj
and e, are, respectively, mass and charge of the species j. In
case (3), the heat balances for the impurities are dominated
by heat transfer with the plasma 1on51], so that the tempera-
ture, including its small poloidal dependence, is the same for
impurities and plasma ions. Moreover, for the plasma ions and
the electrons, the heat balances that determine the 8-depen-
dence of Ty and T, are formally unaffected by the presence of
1mpur1ties {which enter only through their effect on the paral-
lel transport properties of the plasma ions and electrons). The
determination of the 6-dependences of the temperatures and of
the average fluxes of heat and particles (T.) across a magnetic
surface can then be performed by a straightforward generaliza-
tion of the clean-plasma ptoblemZ,. E.g., for the toroidal con-
tribution to the electron flux

E c2(x) e N_dp
= g2 L8 1 2 j ._ee
e q Tis Vs [Cl(xa) i 'C?(_T] zj*e ajuj r]
Cz"‘ ) [ a, s, T ‘“'1] "
e

S
-3 SR - R[S X R
2% S‘xai dr 1+5ie Te i dr

2

(4)

2
_ _Sie C,lx,)C, 020 x, T .4
Te Calx) % T_ & T efhy
1#s7, Cylx x, T, ‘T4

is found, where q = rB/RnBB is the safety factor,

3
3, 1l : 3
Tyse = X = ). a P
33" 4/ 1 A azej,}l., . . e e
(3% g4 a?

_ A “‘e] [Ti] i
oy ) ) oo
e Cylxgd Imyd A T34

e

1
®g o= Iey o

Cl, Cz, and C3 are defined as in Ref. 3, and we have assumed
my > m,. The toroidal contribution to the iom flux, neglecting
terms of relative order /me7m1,

'

3 cdix,) (9P &N, 98y
r, =-g? = + ‘x ) *""T' T;a
- B 111 T‘ i ).4'! t*is I i a BINI E

5 Xy G (xi) dT
TITEL T _ £ Nt
(s)

o=

5 rie Cz(x ) e BN, dBy
T, C“‘J+_(_T[‘dr_ eilT
5 C,lx,) A ar, : si, T ar,
2 caixei e dr 1+i!B T N &G '

Note that the second term on the right-hand side of Eg. (5)
(due to collisions of plasma ions on electrons) is not negli-
gible with respect to the first one (due to collisions of plas-
ma ions on impurlties) only at very low impurity concentrations,
i.e. for °1 < /m_/m . The quantity s2 is a measure of the im-
portance of the heat transfer between electrons and plasma ions.
It is interesting to note that, as far as electrons and
ions are concerned, the presence of impurities can always be
described via one effective impurity species with charge Zey
and number density Nz (in general both r-dependent) defined by
the following relations

N, = I8y o
This fact allows to readily generalize earlier results on
steady-state density profilea‘). Explicitly, Egs. (4-6) yield

for [, =T, =0and T, =T, = T; = T when s? <1

2N, = E:”i“: " (6)

ie
i T o - St - et} an -
N;dr T+x 1+a | Tdr '
alan,) .
Bty 18 G(x) (a)]] ar
A '{1 - [1+x 1+a]} TIE * (8)

= 2
where x = = zaff’ « =Xy - a szui, and

G(x) = (1+0.52x)/(140.82x). In the highly~-collisional regime

Eie > 1 we find instead
an
i_ { _G(x)_} 4T
= -{1 - (9)
Njdr 1+z(1+2) Tdr ¢
a(zh,) _ _{1 _ __ #G(x) } dr (10)
2N, dr : 1+z(1+-c2-‘.| E

As far as the collision-dominated plasma layers are con-
cerned, the favourable findings on the appearance of a cool and
dense plasma blanket as given in Ref. 4 can, hence be carried
over to a plasma containing more than one impurity species, the
impurities accumulating on the average close to the plasma edge
(for a radially decreasing temperature the steady-state density
profiles follow to be as schematically shown in the figure).

This work was performed under the Euratom-FOM association
agreement with financial support from ZWO and Euratom.
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HEAT TRANSPORT OF AXISYMMETRIC TOROIDAL LOW=§ PLASMAS
IN THE COLLISION-DOMINATED REGIME
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Abstract: The transport theory of an axisymmetric, toroidal,
low-8 plasma in the collision-dominated regime is reconsidered.
Different subregimes, which are relevant for the outer part of
a tokamak discharge, are discussed, in particular with respect
to their heat transport properties.

It is well known that, studying the transport properties
induced by Coulomb collisions in a tokamak plasma, one is faced
with the presence of different regimes, characterized by dif-
ferent expressions for the fluxes of particles and heat across
the magnetic surfaces. This is the consequence of the fact that
in different regions of the parameter space different phenomena
are important.

It is the scope of this paper to discuss a number of subre-
gimes of the.collision-dominated regime (defined as that domain
of the parameter space where “jjmbj > 1, vj and ey being the
collision frequency and the bounce frequency of the species j).
One of these subregimes is well known since a long time. It is
characterized by an enhancement of the transport coefficients,
with'respect to the cylindrical case, by a factor of the order
of g? (where q = rB/R_ B, is the safety factor), the so-called
Pfirsch-Schliiter enhancement factor!). Hence we will refer to
it as the usual Pfirsch-Schliiter regime (or subregime I, see
the figure). This regime, and the corresponding transport coef-
ficients, are normally assumed to apply to the whole outer part
of a tokamak plasma (where n = “L/“bi > 1). Actually, in typi=
cal cases, this is true only for a certain region adjacent to
the "plateau region". Outside this region, the transport prop-
erties change and, in particular, the ion heat conductivity
decreases with respect to the usually accepted value (cf. also
Ref. 2). Here we shall give an overview of some of the other

regimes appearing, focussing our attention on the heat trans-
port properties. As far as the particle transport is concerned,
the order of magnitude does not change with respect to the
simple Pfirsch-Schlilter result.

Referring to the figure, the collision-dominated regime
(where fluid equations can be used to describe the plasma) cor-
responds to the region at the right of line (i). which separates
the collision-dominated regime from the so-called "plateau”
regime. We assume concentric, circular cross-sections for the
magnetic surfaces, and look for steady states where the number
density N, and the temperatures T, and T, have (to lowest order
in the inverse aspect ratio, taken small) radial gradients.
These gradients produce diamagnetic particle and heat flows on
the magnetic surfaces (across the magnetic field lines) which
are B-dependent (8 being the poloidal angle), due to the
6-dependence of the magnetic field B. Hence, poloidal varia-
tions of N, Ta, and Ti will appear, which in turn lead to radi-
al components of the diamagnetic fluxes. These are just the
"toroidal contributions" to the radial fluxes. The f-gradients
of N, Te' and Ti are, hence, the crucial physical quantities
determining the transport properties of a collision-dominated
toroidal plasma. The different subregimes appear because these
gradients depend on different physical effects in different
domains of parameter space.

As far as heat transport is concerned, these effects are,
apart from poloidal dependences of the diamagnetic fluxes in-
duced by the f-dependence of the toroidal magnetic field,

a) heat flow parallel to magnetic field lines,

b) energy transfer between electrons and ions, and

c) poloidal dependences of the diamagnetic fluxes induced by
the (self-consistent) poloidal variation of the plasma param-
eters (including the effect of the radial fluxes themselves).
The subregimes (see the figure) can now be correlated to the
effects which matter:

region I : a)

region II : a) and b)

region III: a) and c)

region IV : a), b), and c)

region V : b) (cf. Ref. 2).
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The border lines between these regimes are characterized by
certain values of, or relations between, two parameters: the
ratio s? of the heat transfer between electrons and ions and
the heat conduction parallel to B,

2
sz-auii-[iE =/in? , (1)
T Xj) e

and a parameter t measuring the relative importance of the po-
loidal variations of Ti’ with respect to those imposed by B(6),
in the usual Pfirsch-Schliiter regime,

2
5 ©B,r (dINT,)  NT d‘l‘i} vy [B
t = _.Q._ S e i (2)
= xﬂleag { ar Totry ar] W Ba]

where xi is the parallel heat conductivity of the ions,
u= mejmi the mass ratio, Te the electron collision time, B
and By the toroidal and peloidal magnetic field, e the elec-
tronic charge, and r the small the small radius of the toroidal
surface. From this is clear that the lines (D (i.e. s2=1) and
(@) (i.e. |t|=1) limit the usual Pfirsch-Schliiter regime. As
in the subregimes I, II, and V the poloidal dependences of the
plasma parameters are small (i.e., smaller than lst order in
the inverse aspect ratio), in these regimes the fluxes are
linear in the radial gradients. This is no longer the case when
going across the lines (3, @), and (8.

The results found for the fluxes (averaged over a magnetic
surface) in the different subregimes are
dar

ar
I. &= -1.6q2xi‘ _a—rj_- q: = -D.Bquxf{—ars - 0.28 ﬁ%}

dar
1.6q°
m. qp = -[1edgild

ifdT dap
V. q = -xl{a?i- 0.8g2/u m}

e - 2. e dP
q, 0.24qg Xl War

daT dar
1.6g? 1-4y dp
III. qi = -[1+—!‘3--t6 ]xf —a—} a; = '0-95‘117(?*{7  Cadie: ﬁ?}
2.2 dar 2 AT 71
Iv. qi--[1+34%L]xi—a}l where y = 1+%—-ai‘1-'- .

where for the ion heat fluxes the simple cross-field diffusion
term has been retained, it can contribute for g? < /m 7m .
As a result, leaving the domain of validity of the usual

Pfirsch~Schliiter formulae, the main effect is that the ion heat
conductivity is decreased either by heat transfer ( in region
II, IV, and V) or by the additional terms appearing in the dia-
magnetic heat flux ( in region IIT and IV). In the limit of the
lines @ and @ as well as within region V, the toroidal con-
tribution to the ion heat conductivity becomes, order-of-magni-
tude-wise, egqual to that of the electrons. In partiéuiar, in
region V, the sum of the toroidal terms in qi and qg vanishes
so that the total heat loss of the plasma across the magnetic
surfaces in a torus is the same as in a cylinder.

We have not considered here effects connected with viscosi-
ty, rotating fluxes of the ions, and external sources. In par-
ticular, the viscosity of the ions might lead to appreciable
modifications of the results for larger Larmor radii (specifi-
cally in the uppermost part of region III).

/

Fig. 1

The Vir Tpy plane (as-

suming B?/BZ = 10% and

) W= mg/m = 1/1836);

with Try and ﬂi we in-
dicate Larmor radius
and cyclotron frequen-

2

rutfi cy of the ions.

vi fa

104 1072 102 107
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CONTROL OF IMPURITIES BY THE DITE BUNDLE DIVERTOR
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J.W.M, Paul, N.J. Peacock, B.A. Powell and P.E. Stott

Culham Laboratory, Abingdon, Oxen, oxX14 3DB, UK
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Abstract: The divertor is shown to reduce both the low and high 2
impurity content of the plasma. However when extra gas is fed in to
maintain the same density during diversion, there is an increased desorp-
tion of oxygen and no change in Ze”.

The bundle divertor improves the purity of a tokamak discharge,
firstly by reducing the flux of plasma particles bombarding the limiter
and torus wall and thereby reducing the release of impurities, and
secondly by attenuating their influx into the centre of the discharge.
The magnetic configuration is complox and is discussed in detail else-
where [1]. It can be desoribed approximately by saying that there is a
central core of undiverted plasma which is surrounded by an annular layer
between the separatrix radius na = 0.19 m and the torus wall a = 0.27 m,
which is connected to the divertor target and will be referred to as the
scrape-off layer.

The successful operation of the DITE bundle divertor at a toroidal
field ET = 1.0 T with discharge currents I ™ 50 kA has been reported
previously [2.3]. The present paper extends the earlier results, and dis-
cusses their interpretation in terms of three specific divertor effects
which contribute to the overall improvement in plasma purity.

(1) The magnetic limiter effect of the bundle divertor transfers the
'plasma-limiter' interaction out of the torus and onto the divertor target.
This is demonstrated directly by photographic observation of the diverted
plasma striking the target, by measuring the reduced temperature rise of
the limiter and the large temperature rise of the target when the divertor
is operated. The reduced interaction of the plasma with the molybdenum
limiter and stainless-steel torus wall ia shown by a reduced influx of
heavy metal impurities at the plasma edge. A carbon probe positioned
close to the torus wall is exposed to the plasma and later analysed using
Futherford backscattering [4]. When results from diverted discharges are
compared with undiverted ones, the combined influx of Fe, Cr, and Ni falls
by a factor 4 and the Mo flux by a factor 6. Spectroscopic measurements

in the V.U.V., described later, show that the divertor reduces the )
spectral line intensity of highly-ionized Mo (eg Mo XXIT 28.9 b to~ 108
and of Fe (eg Fe XVII, 15.01 L) to ~ 20%. This confirms that the divertor
substantially reduces the influx of heavy metal impurities from the limiter
and torus wall, and demonstrates that the backflow of material from the
molybdenum target is small.

(2) The divertor exhaust effect removes plasma particles out of the

torus and, results in a falling electron density and the need for an
increased feed of hydrogen gas to maintain a diverted discharge at a con-
stant density. Fig. 1 shows a density scan with a double Langmuir probe
across the mid-plane of the diverted plasma bundle. There is good agree-
ment between the line average density measured with a 4 mm microwave inter-
ferometer in the divertor and probe measurements of the density in the
scrape-off layer. The shape of the measured density profile fits the com-
puted shape of the magnetic flux bundle, and the measured profiles of the
power deposited on the target [sl.

(3) The divertor screening effect reduces the flux of impurities into
the centre of the discharge, by ionizing a large fraction of them within
the scrape-off layer and sweeping them out of the torus. Fig. 2 shows

oBcillograms of several spectral lines of oxygen and carbon for a discharge
when the divertor was switched-on halfway through the current plateau and
the density allowed to fall. The intensity of lines from O II and C III,
which are easily burnt through in the scrape-off layer, represents the
influx of light impurities at the plasma edge. Theae lines and hence the
influxes are reduced to ~ 60% by the action of the divertor. There is a
much larger change in the line intensity of the more highly-ionized states,
(eg O V falls to ~ 25%) which are burnt through in progressively deeper
regions of the plasma and represent impurity influxes inside the separa-
trix. This elearly demonstrates the screening effect, and an estimate
based on the ratio of the intensities of highly ionized to weakly ionized
lines gives the screening efficiency 5’ #= 0.5, which is in reasonably good
agreement with calculations based on a simple model of the scrape-off
layer [6].

The concentrations of both light and heavy impurities in the centre
of the discharge have been measured with a grazing-incidence V.U.V. spectro-
graph. Using a shutter which opens only during the current plateau, plates
are exposed for 10- 15 identical discharges and measured with a densito-
meter. The spectrograph can be scanned in a vertical plane to view

different chords of the minor cross-section, and the results when Abel-
inverted give radial density profiles of the various impurity ions. The
analysis of these data is at present incomplete, but the large changes ir
typical line intensities for Mo and Fe has been quoted earlier. There is
little change in the intensity of the oxygen lines (eg O VIII 18.97 k)
when the plasma density is maintained constant during diversion.

In order to maintain the diverted discharges at the same density as
the undiverted ones, the hydrogen gas feed must be increased. Unfortunately
this increases the plasma recycling and there is a consequent increase in
the influx of o:q;sen desorbed from the wall. This additional influx is
sufficient to offset the 50% screening effect, with the result that there is
no net reduction in the oxygen level recorded by the V.U.V. spectrometer.
The increased oxygen influx also means that there is little change in the
value of ZG“ calculated from the plasma resistivity and the measured
electron temperature profile. The 50 kA undiverted discharge already has
a low value of Zeﬂ = 2 produced mainly by oxygen, and this does not change
significantly when the divertor is operated. However if additional oxygen
gas is added to the discharge, without the divertor, ZE::
remains close to 2 with the divertor. The desorption of oxygen, resulting
from the gas feed, explains the anomaly, reported earlier [2], that Boop
remains constant although the divertor screens out both low and high Z
impurities.

rises to 3 but

The reduced concentration of heavy metals in the diverted discharge
causes the total radiated power loss to fall to ® 25% (Fig. 2). The radi-
ation power profile for an undiverted discharge (Fig. 3) is strongly peaked
on axis and represents 50 - 100% of the ohmic power input. This substantial
radiation loss due to heavy metal, is sharply reduced by the divertor, and
there is a major change in the power balance with radiation losses account-
ing for only 20 - 30% of the ohmic power input, and more than 60% being
transferred to the divertor target.

We wish to acknowledge the assistance of the DITE operating and
engineering teams.
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HIGH DENSITY DISCHARGES WITH GETTERED TORUS WALLS IN DITE
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Abstract: The limiting density and energy containment time in DITE are
improved by a factor > 2 by gettering the torus wall with titanium. This
is explained by a reduced influx of low-Z impurities which normally cause
contraction of the current channel by cooling the plasma edge.

Electron densities excaeding 10”° n~? have been reached in several
tokamaks, notably Alcator [1] and Pulsator [7], by feeding hydrogen gas
into the discharge. This leads to a decrease of Zerf and an increase of
the energy containment time TE‘ In similar experiments in DITE the maximum
mean electron density which we had obtained was Ee = 2.3 % 10*” in a dis-
charge with I = 180 k&, BT = 2.7 T and 9, = 4,6 at the limiter radius,

a = 0.27 m. The best value for "’E = 7.8 ms was obtained at I = 67 kA,
B,=2T, !_:1e =1.7%x 10" 2™ and 9= 9.3. We were prevented from reach-
ing higher densities by disruptive instabilities. We believe that these
disruptions are caused by contraction of the current channel when the
plasma edge is cooled by an influx of light impurities, chiefly oxygen,
desorbed from the torus wall by the recycling plasma. A similar influx of
oxygen was observed on Pulsator [?3.

To test this hypothesis that the density is limited by the influx of
light impurity we have evaporated titanium onto the torus wall. Gettering
has previously been shown to reduce both the recycling and the oxygen con-
centration [3]. In DITE we use a single Varian Ti-ball source which
getters some 30 - 40% of the torus wall. The source is evaporated con-
tinuously between discharges (for 10 - 20 minutes) and withdrawn from the
torus ~ 30 s before a discharge. The evap ion rate of 2 X 107" g/dis-
charge is sufficient to pump a quantity of gas several times larger than
that introduced.

With the torus wall gettered and an increased feed of hydrogen gas,
we have extended the density limit significantly and, for a discharge with
T =150 ki and By = 2.7 T, we have obtained a mean density fi,=7 X 10°"m™?,
central density n (o) ~ 1.1 X 107 n”?, P,~ 0.6 and T, ~ 25 ma. Taking
data from a good number of discharges at different currents, the extension
of the stable operating region in a plot of I against _na becomes apparent.
The stable regions for the ungettered torus, with BT = 0.9, 2.0 [5] and
2.7 T, coincide with region A in Fig. 1. Here, the axes have been
normalised using the scaling given by Murakami [2,6], and the density limits
Yor Ormak with and without gas puffing are shown as M2, M1. GQettering the
DITE torus extends the operating region to that shown as B in Fig. 1,
which, on the scaled axes, includes the high density dischargee obtained
on Alcator [1] and Pulsator [7]. The points marked 'a' to 'd' in Fig. 1
refer to typical gettered discharges for which we have measured temperature
and density profiles giving the parameters listed in table 1.

Table 1 - Parameters of Typical Gettered Diecharges

Point on Figure 1 a b c d

Discharge current (I) kA 100 140 160 230
Toroidal field (B,) T 2.0 2.65 2.7 2,65
q at limiter 6.2 5.9 5.2 3.6
Mean electron density 10" m™° 3.6 b4 4.3 h.2
Central electron density 5.3 7.0 6.2 6.3

x 107 a"?

Ze,f 1.6 1.4 1.2 1.2
B__ (profiles) 0.28 0.26 0.17 0.12
BP (diamagnetism) 0.5 0.5 0.k 0.35
Energy containment time (T.) ms 10 17 16 19

Oscillograms of the current, loop volts (which gettering reduces by
a factor 2) and mean electron density are shown in Fig. 2 for the gettered
discharge labelled 'b'. Also plotted are 5p and T calculated from the
change in diamagnetic flux and the measured current and loop volta.
Radial profiles of electron temperature and density at t = 150 ma are
shown in Fig. 3. We have observed that similar hollow temperature pro-
files are characteristic of low concentrations of light impurities [4].
Assuming Zapy 18 uniform across the discharge, we calculate the values
listed in table 1.

Although the hydrogen gas influx is constant between O and 180 ms,
the density rise is interrupted by one or more pauses (Fig. 4) lasting
10 - 30 ms when there is inereased m.h.d. activity and an increase in
internal inductance. We interpret these as major rearrangements of the
discharge. A uniform density rise can be maintained through these m.h.d.
periods by temporarily increasing the gas influx and this does not seem
to change the m.h.d. activity. We also observe that neutral beam injection

(200 kW), which changes the electron temperature profile [9], supresses
the m.h.d. activity and allows the density to rise smoothly.

The gettering reduces but does not eliminate the oxygen influx which
presumably comes from ungettered parts of the torus. During an early stage
of the gettered discharge when the density is comparable to an ungettersd
discharge, the intensity of the O V line (2781 D‘is down by a factor = 9,
There are bursts of increased oxygen influx during the density pauses
(Fig. 4) and we suppose that with ungettered torus walls these would be
larger and would cause disruption at a lower density limit. Even in the
gettered torus, the higher density limit is still set by disruption pre-
ceded by a sharp rise in oxygen flux. Were this eliminated by some means,
there seems no reason why the density limit could not be improved further,
at least until ionisation of hydrogen, hydrogenic bremsstrahlung, charge
exchange and conduction to the limiter produced a cooling effect equivalent
to the radiation _by light impurities. However, preliminary results with
two getter sources on opposite sides of the torus do not indicate a sub-
stantial improvement compared to the results obtained with a single getter.

In general our results are consistent with models of disruption in
which ohmic heating is insufficient to prevent cocling of the plasma edge
with consequent contraction of the current channel and m.h.d. instability (8]

Acknowledgements: We are indebted to the DITE operating and engineering
teamas for operation of the machine,and thank R.J. Bickerton and J.W.M. Paul
for valuable discussions.
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HRECYCLING IN DITE TOKAMAK
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Abstract: Recycling ham been studied in DITE tokamak by changing the work-
ing gas from hydrogen to deuterium. The results show that the recycling
gas is composed of approximately equal fluxes of plasma reflected from the
wall and gas released from the wall.

The present experiments have been carried out at plasma currents of
50 kA and100 kA without the divertor or neutral injection. The H/D recycl-
ing has been investigated with a scanning Fabry-Perot interferometer to
monitor the Hu and Da lines [1] , a mass spectrometer to measure neutral gas
concentration and a carbon desorption probe [2] to measure the flux of
particles arriving at the torus wall.

Figure 1 shows the behaviour of hydrogen and deuterium as observed
by the Fabry-Perot, for the first two discharges in deuterium following
many in hydrogen. Also shown are the current, electron demsity and the
_deuterium flux ratio D /(E, + Da)' Near the end of the discharge Du/(nn+ DJ
reaches an equilibrium value and at these times the fluxes of hydrogen
and deuterium represent the relative gas concentrations on both the wall
and in the plasma. Figure 2 shows that in successive discharges the equil-
ibrium proportion of deuterium slowly rises and approaches asymptotically a
value of ~ 0.65. Bimilar results are obtained from the carbon probe.

After each discharge the hydrogen and deuterium pressures initially
rise and then decrease slowly with time, indicating gas being released from
the walls.

The results of the Fabry-Perot shows that deuterium, which is ionised
at the start of the discharge, is rapidly lost and replaced by hydrogen,
indicating that wall recycling is playing a major role during the discharge.
We would expect two principal processes to occur (1) reflection of a pro-
portion of the incident particles with an energy dependent reflection
coefficient P, (2) release of previously trapped atoms with a probability
which depends on an energy dependent cross-section @ and the concentration
of atoms in the solid.

Equation (1) describes the change in wall composition on the basis
of these two processes.

%:(1-5)-:2-%1?“22 e ()
where "H and N_ are the total number of particles in the wall and plasma
phase respectively, T is an average particle confinement time and A is the
area of the wall taking part in the interaction. The first term represents
the flux of incident particles trapped in the wall, the second term the
flux of atoms back into the plasma. Equation (1) immediately leads to the
result that if the plasma density remains constant and no particles are lost
from the overall system during a discharge then for the accepted value
B ~ 0.6 [3], the reflected component of the flux is approximately equal to
the desorbed component.

We can write similar equations for a system containing two species,
hydrogen and deuterium,and this gives for the first discharge in the deu-
terium, the flux ratio Da/(nw + Da) =f at early times. From this and the
results of Fig. 1 we obtain the value P ~ 0.6 which is in good agreement
with independent estimates [3]. However the time predicted to reach equil-
ibrium is much shorter than that observed experimentally and we interpret
this as being due to a partial loss of deuterium in the wall during the
discharge.

Over a series of discharges the hydrogen in the system decays more
slowly than exponentially, Fig. 2, indicating an additional source of
hydrogen into the system. We interpret this source as being due to hydrogen
slowly diffusing from the bulk of the wall material to the surface layer.
In any single discharge only those atoms within the range of the incident
energetic plasma particles (~ 10 mms) will be desorbed. However if the
walls have been subjected to particle bombardment over a long period of
time there will have been diffusion into the bulk, resulting in an appreci-
able hydrogen concentration tc some depth in the metal. When hydrogen in
the surface layer is depleted by release during a discharge, hydrogen in
the bulk can diffuse back to the surface. For a diffusion coefficient of
~ 1077 n® sec™” for hydrogen in austenitic stainless steel and a time
interval between shots of 6 minutes this gives a characteristic diffusion
length of ~ 100 nms, sufficient to replenish the surface layer from the
bulk.

On the basis of the above model we have constructed a quantitative
description of a series of discharges following a change from one filling

gas to another, eg hydrogen to deuterium. We assume that a fixed quantity
of deuterium is pulsed into the torus at the start of each discharge, equal
to a fraction f of the total quantity of gas in the system. At the end

of a discharge all the gas in the system goes to the wall and during the
time before the next discharge some of this is desorbed and pumped away,
and a fraction (1 - gn) of the surface layer is replaced by hydrogen dif-
fusing from the bulk, where B, is a function of shot number n. We then
expect that after n discharges, the equilibrium ratio T = Dn/(l% + Dnr)

is given by Tn =(1=1) By Tn-1 + f. From experimental values of

T, we derive that g, = 0.73 [1 - 0.8 exp(- 0.28 n)] giving the fit to the
experimental data shown in Fig. 2. The model predicts that after a series
of discharges in deuterium T will rise asymptotically to the value 0.66,
and that doubling the filling pressure leads to an asymptotic T of 0.8.
Further if we i the time bet shots we would expect more hydrogen
to diffuse from the bulk and replace deuterium on the surface. This all
agrees very well with the experimental data.

Finally we note that the two recyeling processes reflection and
particle induced desorption will give rise to fluxes with different energy
distributions. At incident energies less than 1 keV the reflected particles
will have energies close to their incident values and will have a high
probability of penetrating into the centre of the plasma, whereas the
particles released from the wall would be expected to have energies less
than 10 eV and will undergo charge exchange or ionisation in the outer
regions of the plasma. These results confirm the earlier [2] interpreta-
tion of the radial profile of the Ew emission as resulting from approxi-
mately equal influxes of low and high energy neutral atoms.

We gratefully acknowledge helpful discussions with Drs J. Hugill
and J.W.M. Paul and assistance from the DITE uperating team.
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ORIGIN AND CONTROL OF HOLLOW TEMPERATURE PROFILES IN DITE
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(Euratom/UKAEA Fusion Association)
Abstract: Hollow temperature profiles associated with centrally peaked
total radiation profiles and metallic impurities have been observed
recently in DITE. These can be avoided by cooling the periphery of the
discharge by various means, by neutral injection heating or by using the
DITE divertor.

During the firet 10 monthe of operation of the DITE tokamak the
peak electron temperature, ’!“ in a typical discharge with I_~ 200 ki,
B'l.‘ ~ 2.7 T fell from ~ 1100 eV to 800 eV. Machine parameters and initial
results are given in reference [1]. A few bundred discharges in hydrogen
with Ip ~ 20 kA, Bl‘ ~ 0.15 T were used to condition the vacuum walls each
day, and it was thought that their condition had stabilized.

A total radiation thermopile measuring the fraction of ohmic power
lost by radiation and charge-exchange gave an almost constant value between
0.5 and 1.0, the uncertainty being due to the thermopile calibration factor.
Photospectrographic measurements of radiation between 10 i and 300 I showed
the principal impurities to be Fe (~ 0.004 n ), Cr (~ 0.002 nul +Mo(~ 0.002
nnJ and 0 (~ 0.01 naJ; similar in composition to the metal-dominated dis-
charges in ST-tokamak [5]. The metals account for ~ 97% of the radiated

power and ~ 76% of the mean ion charge excess, Z = 1.

eff

More recently persistent hollow temperature profiles with Ten ~ 200 eV
have been observed, occasionally at first, then regularly and reproducibly
as shown in Fig. 1. Similar profiles have been observed in Ommak [3].

The radiated power is measured with a thermopile mounted behind a
collimator with a spatial resolution of 25 mm which can be scanned across
the discharge diameter. It shows a large central peak and little indi-
cation of the peripheral radiating layer typical of oxygen dominated dis-
charges in TFR [2]. Indeed, in the centre of the discharge, the radiated
power exceeds ﬂs:IB ohmic input, calculated from the temperature profiles
assuming j ~ T:. by 70%, although the thermopile calibration allows an
uncertainty of - 20% + 60% ia the values of radiated power giran' in the
figures. This excess of radiated power, mainly line radiation from highly
ionized metallic impurities, explains why these hollow profilea persist,
but it should be noted that a peaked profile with the same impurity content
would also persist because the ohmic input increases more rapidly with TE
(exponent ~ 1.5) than the radiation loss (exponent - 1 to + 0.5). A profile
with an intermediate Teo should be unstable (4] and transient. The unstable
nature of this thermal equilibrium, possibly augmented by radial diffusion
of impurities produced by the strong temperature gradients, explains why
relatively slight changes in plasma conditions can replace the hollow by
a temperature peak, as discussed below.

It is well known that oxygen, deliberately introduced or as a con-
taminant, reduces the concentration of metallic impurities [5.6]. In DITE,
after exposing the vacuum walls to air for a short time, 1‘“ rises to
~ 1100 eV for a few days, until the low-Z impurities have been removed.

A similar effect is produced by adding a small amount of neon. Fig. 2
showe a plot of Tao against neon concentration in the initial gas fil.ling.
About 2% is sufficient to raise l‘m to ~ 1500 eV. Larger amounts tend to
cause disruptive instabilities due to excessive cooling of the discharge
periphery [7]. However, a smaller cooling of the edge by low-Z impurities
may prevent the formation of hollow profiles by keeping the current-channel
compressed in addition to reducing the metal concentration.

The characteristics of discharges with a hollow profile, with air
contamination and with 2% of neon are compared in Table 1. Fig. 3 shows-
the radial dependences, for these discharges, of the ohmic power input and
the power radiated in each 10 mm thick annular shell (the areas under these
curves being the total power input and radiated). The excess of radiated
power in the periphery of discharges 2 and 3, as in TFR [2]. must be sup-
ported by conduction from the centre resulting in steep gradients of Te'
The thermal instability is limited by outward conduction or flattening of
the central peak associated with MHD activity near the q = 1 surface.
Similar temperature gradients, but in the opposite direction; arise in
the central region of discharge 1 to support the excess radiation loss
there, and it is the ohmic power profile, rather than the radiation pro-
file, which changes most. Fig. 4 shows the power radiated per electrom,
indicating, very approximately, the radial distributien of the strongly
radiating impurities. There is no evidence for a marked central peak of
impurity concentration in any of these discharges but the resolution of
the scanning thermopile is only 25 mm.

Similar effects to injecting low-Z impurities can be produced by
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inserting a probe 'limiter' into the discharge periphery [1]. 1t is
uncertain whether this acts by reducing metallic impurities, by simply
cooling the periphery by conduction, or both.

All the methods of avoiding hollow profiles described above tend to
produce disruption by cooling the edge of the discharge, and result in high
Zope ™ 6. More satisfactory, and equally ful, is to P te the
power imbalance at the centre by additional neutral beam heating [8] or
to use the DITE divertor to screen out metallic impurities [9].

Acknowledgements We are indebted to the DITE operating and engineering
teams for reliable operation of the machine and to our colleagues in the
phyaics team for stimulating discussions.

Table 1
1 (hollow profile) 2 (air contaminated) 3 (2% Neon)
I (len) 176 199 120
v ) = b7 3.3 3.3
By (M 2.7 2.7 2.0
5, (102 1.7 2.1 1.6
Zoer 6.3 6.6 6.3
T, (o0 205 1100 9ko
P 0.09 0.1k 0.20
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ON THE ORIGIN OF METAL IMPURITIES IN THE DITE TOKAMAK

G M McCracken, G Dearnaley, S U Filelding, D E J Goodall,
J Hugill, J WM Paul, P E Stott, J F Turner and J Vince.

UKAER/Euratom Assoc., Culham Laboratory, Abingdon, OX14 3DB, England.

ABSTRACT: The metal flux into the plasma has been measured using a time
resolved surface technique and optical spectroscopy. On the basis or our
results we propose that arcing is the principal mechanism for metal impurity
Pproduction.

The process whereby metal impurities enter tokamak discharges is not well
understood, Possible mechanisms are sputtering, evaporation and arcing.
Howsver, two general arguments seem to rule cut sputtering. One is the
appearance of metals very early in the dj.achnzg:c (~ 5 ms) when the ion
temperature is low. The second is that the metal impurity concentration is
Very similar in hydrogen and helium dilchﬂxv“( when the sputtering
coefficients of the two species are about an order of magnitude different.
Evaporation due to thermal conduction from the plasma appears very unlikely
as a mechanism in normal (undisruptive) discharges on the basis of measure-
ments of the surface temperature of the ll.n!.r:ar.u]
the possible processes involved we have made measurements of the flux of
metals into and out of the DITE tokamak. In addition we have inserted
polished molybdenum specimens into the discharge and cbtained direct
evidence of arcing.

In order to investigate

It is clear from an examination of the optical windows on the torus that
metal is removed from the wall and then redeposited in a thin layer over the
whole torus wall. The thickness of the deposit varies by only a factor of

2 to 3 along the length of 0.45 m windows, and windows in different
azimuthal positions and over different periods of cperation of the tokamak
have given results which are consistent. The typical composition of these
filns 1s Fe 1.8 x 107, NL 2.9 x 10, cr 1.8 x 10%6, Mo 2.0 x 10%® atoms
m 2 discharge -. Thus the total amount of metal removed from the wall each
discharge is & 3 x 1018 atoms. On the basis of the average density and
confinement time the effective removal rate per incident plasma ion is 0.04
atoms/ion compared with the estimated sputtering coefficient for 200 eV at
ions on stainless steel ~ 10_‘ atoms/ion. The composition of the film is
mainly stainless steel (from the walls) with about 10% from the molybdenum
limiter. The composition of the stainless steel is different. from the bulk
material and from that of evaporated stainless steel.

To investigate the material removed from the wall in a more detailed way we
have exposed to the plasma carbon probes which are subsequently analysed
using h d
in Figure 1 of the radial distribution of the atoms collected on the probe.
We interpret the surface concentration as a measure of the concentration of
impurity ions in the plasma at this radius., The concentration increases
with radius as impurity atoms entering the plasma from the wall become
ionized and follow field lines until they intersect the probe. The con-

ing of 3.5 u-v“ﬂ" ions. Some results are shown

centration decreases on changing the plasma current from 100 kA to 50 kA

and then decreases still further when the divertor'>! is operated.

The time dependence of the metal flux entering the plasma has been measured
using the same analytical technique but now using as a collector a carbon
disc which rotates once during a discharge. A window of 30° sector in front
of the disc allows a time resclution of = 30 ms. The disc is exposed for
five similar discharges at a radius of 0.26 m. The results are shown in
Figure 2 for a 90 kA discharge. It is found that the metal flux increases
roughly in proportion with plasma current and density. Similar results
have been obtained at :I:P = 140 kA and 180 kA. The results are again
inconsistent with either evaporation or sputtering. In both cases the
highest metal f£lux would be expected at the beginning and end of the pulse
when the particle flux and the energy flux to the wall will be larger than
during the constant current phase. The results are also inconsistent with
impurities being produced by runaway electron beams, since these beams reach
the wall mainly at the end of the discharge. We believe however that the
results are consistent with evaporation due to the type of unipolar arcing

4)

observed in pinches since the probability of such arcs occurring
.

with both el density and electron temperature.

The plasma density near the wall has been changed in a number of ways and
the qualitative effect on the iron atom flux into the discharge monitored
cbserving Fe II (259.9 nm) spectroscopically. The results of changing the
plasma position are shown in Figure 3. By changing the major radius frem
R=1.13m to R = 1.17 m the plasma is moved away from the wall and the

Fe II flux is reduced by a factor 3. This has been demonatrated both in
successive discharges and by moving the plasma during a discharge. A
similar reduction in the Fe II flux can be cbtained by turning on the
divertor and by introducing a Mo probe into the plasma to a radius of 0.18m,
‘The metal flux into a discharge can also be controlled by gas "puffing”.

The introduction ot hydrogen, via a fast gas valve during a discharge
results in an immediate reduction in the flux of iron. Similar effects
have been cbserved with hydrogen in PULSATOR'®) and with oxygen in sT/®
and m.m Although we have not yet made any direct experimental measure-
ments it is suggested that the intreduction of cold gas at the edge of the
discharge lowers the electron temperature and hence reduces arcing. The
fact that the metal flux is reduced by introducing oxygen makes it
improbable that light impurity sp ;nq is ible for heavy

impurities.

The direct observation of arcs on the torus wall has proved difficult
because the arce tracks are small and only readily cbserved on carefully
polished surfaces. Arcs have been directly observed, however, on polished
molybdenum probes which have been placed at radii from 0.27 to 0.18 m and
subsequently examined in the optical microscope and the scanning electron
microscope. Similar arcs have also been observed at the divertor target
plate in DITE. They are of two principal types but both tracks run pre-
dominantly at right-angles to the B¢ field lines. One is fern like,
similar in structure to those seen in Zeta, ol with a total length up to
10 mm. The other consists of tracks typically 20 im wide and ~ 10 mm long.
The tracks consist of a series of melted blohs ~ 10 um diameter.

It is commonly argued that arcing cannot occur in tokamaks because the
cross field diffusion leads to the plasma potential being negative with
respect to the wall. However, such a condition does not cbtain in the
region 4n the shadow of the limiter or at divertor targets. The direct
cbservation of such arcs and the other evidence put forward indicate that
arcing must be considered as a potentially -.n-!.:ms form of wall erosion
both in contemporary tokamaks and in reactors.
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VERTICAL PLASMA STABILITY IN THE T-12 FINGER-RING TOKAMAK
WITH TWO POLOIDAL DIVERTORS

A.V. Bortnikov, N.N. Brewvnov, S.N. Gerasimov,

V.G. Zhukovskii, V.I, Pergament, L.N. Khimohenko

I.V. Kurchatov Institute of Atomic Energy, Moscow, USSR

T=12 was created for the study of the axial symmeiric po-
loidal divertor in the plasma column with the parameters n_=
3.10130m—3, TeﬂJSOD eV, the discharge current Ip: 40 kA and
BT= 8 kG. The divertor geometry of the magnetic field is orea-
ted by the superposition of the plasma current magnetic field,
external quadrupole and dipole fields providing equilibrium
along the major radius and also by the shell currents. The
shape of the copper shell was choosen according to the shape
of the equilibrium magnetic surface
I, Steble Regimes. The vacuum guadrupole field has a zero
point in the centre of the chamber for the currents correspon-
ding to Fig., 1. The current ID is switched on simultanecusly
with the discharge current (Fig, 2a). The coordinates of the
separatrix points Zg and z; were determined by means of Br and
Bz components of the puloiaal magnetic field measured by mag-
netic probes (here and on letters with & prime correspond to
the lower part of the discharge). The position of "25" with
time is given at Fig. 2b. The separatrix point moves toward
the chamber centre during the first part of the discharge and
penetrates into the shell by the 3-d ms; the coordinate Zg is
practically constant after the 5-th ms to the end of the dis-
charge., Thenreticai behaviour of z: with time is shown in
Fig. 2b, too: it was received from the calculation of the
equilibrium configuration of the discharge in absence of the
copper shell according to the behaviour of Ip(t)/Io(t). There
is & strong divergence in behaviour of z, and z: that points
to the essential influence of the copper shell during the for-
mation and maintenance of the divertor configuration. So, there
is a stable magnetic configuration with poloidal divertors at
t» 5 ms (Fig. 1). We observed the plasma in divertors channels
by means of an interferometer {nad), bolometer (P) and Leangmuir
probe (ILP) after the divertor configuration had been forumed
(Fig. 2c¢); the plasma parameters were: nesz(0,5+1).1ﬂlzum_3,
Te= 10 eV, the divertor layer thickness d=(0,5+1)cm, Simultane-
ously we see that the formation of the poloidal divertor con-
figuration has & strong influence on the character of the dis-
charge (Fig. 3). Thus, the duration of discharge current in-
creased, there were changes in the behaviour and magnitude of
the plasma density, and plasma radiation near the limiter de-
creased. Such an improvment of the discharge characteristiocs
may be connected with divertor operation or with magnetic limi-
ter formation, So these experimental results illustrate the
formation of a stable alongated (K=2) plasma column with two
magnetic poloidel divertors in the T-12 installation.

II. Unstable Regimes., Besides the stable regimes of the dischar-
ge described above it was possible to create those which ab-
ruptly vanished due to fast motion of plaswma column as a whole
in the vertical direction (vertical instability) (2,3). It oc-
curs in T=12 when the magnitude of current in the guadrupole
coils exceeds some definite value which is in wmatching with the
poloidal configuration, The oscillograms for the stable (1) ana

unstable (2) regimes are given together with the quadrupole

currents and magnetic probe signal in Figs. la,lb,%c, The mo=-
ment the separatrix point passes through the probe corresponds
to the zero magnitude of the signal at the probe., The magnitu-
de of the vacuum magnetic field is given at Figs. lhe,ld by
dotted curves, A detectable weak plasma column displacement
(az) begins (1:2) ms before the disruption (Fig.le); the di=
rection of the displacement is determined by the directions of
the scattered magnetic toroidal field and plasma current. Un-
stable discharges are characterized by the decreasing of the
distance between the separatrix points up to a certain bounded
value zs-z;= 25 em (Fig.4r) after whilch a perturbation mode
m=1l, n=0 develops. The force influencing the plasma current
from the guadrupole fields probably exceeds the stabilising
shell force in this case. The instability development charac-
teristic time is sufficiently large GVl ma) as it follows from
Figs. 4e,4f; the latter fact is probably connected with the
stabilizing features of the copper shell. A feedback electro-
nic system is able to stabilize such a velocity of the plasma
column displacement,
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Equilibrium, stability and confinement of elliptic
eross-sectioned tokamak plasmas.
A.J. Wootton and D.C. Robinson
Culham Laboratory, Abingdon, Oxon (Buratom/U.K-A.E.A. Fusion Association)
Abstract: The production and equilibrium of both vertically and horizontally
elongated tokamak plasmas is demonstrated. Axisymmetric instability limits
permit 0.75 5"/&‘3 1.5. It is concluded that the observed tearing modes are
unaffected by the shaping. Balanced toroidal flux loop measurements are inter-

preted to show increased By with vertically elongated cross sections.

Introduction A small multipole tokamak, TOSCA (R = 30, a~ 10cm)[1] is used to
study non circular plasmas. Results are presented for plasmas with elliptic
crose sections. Equilibria, stability and confinement are discussed.

Device A conducting vacuum vessel, L 10 cm, is surrounded by 16 equally
spaced single turn coils. They induce the plasma current and provide the
shaping field. Equilibrium is maintained by a separate vertical field winding.

Typical parameters of a discharge, duration ~2ms, are plasma current Ip"ﬂslu\

line of site average density ~1 x ‘ID.Ij w-—B‘ peak central temperature ~200 ev

Fig.1 Flux contours Fig.2 Flux contours

(from laser light scattering measurements), and By ~ 0.5.

Equilibrium An initially circular plasma is produced by the vertical field and
primary windings. A quadrupole field is then applied to obtain an ellipse.
Figs. 1 and 2 shew flux contours, computed for a free boundary aqu:l2|.:I.‘tn"1|:|1||.[“:|
using measured winding currents. A flux independent toroidal current distri-
bution is used. The plasma shape is verified by comparing measured and computed
plasma current multipole momunts[ZJ. The equilibrium fields are characterized
by the decay index n = —(R/B.).(BB‘/BR). An average, n -_-fndsﬁ,/(fﬂaﬁ). is
deduced from measured winding currents, including induced currents: this is
related to the semi axis ratio b/a using the free boundary caleulation. Curves
are shown in figure 5, for flat and peaked current distributions.

Axisymmetric stability For n % 0, T % 1,5 axisymmetric modes which terminate
the plasma current are ideatified.“l The growth times are plotted in figures
3 and b as a function of n (marked without control). An analytie modal[”il used
to predict the critical values of T to be O and 1.5, as found experimentally.

The analytic growth time is shown in figure 3 as a solid line. The vartilcul
motion is well represented. A passive feedback control system allows =4 Eng2

before the modes are observed. The growth times are shown in Figures 3 and

I (marked with control): the critical values of n related to h/u, are predicted
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Fig. 3 Axisymmetric mode growth times Fig. 4 Axisymmetric mode growth times

by a rigid shift calculation which includes the effect of induced currents,
For stabiliry with no control 0,85 € b/a € 1,05, With control,
0.75 € b/a € 1.5 before modes are observed in the experimental timescale.
Tearing mode stability. Coils are used to identify helical magnetic struct=
ures (Mirnov oscillationg) During the current rise, oscillations are observed
if q limiter » m/%, with m and £ the poloidal and toroidal mode numbers. A
magnetic probe inserted into the plasma edge shows a B signal which does
not change sign at the singular surface. Both measurements indicate a
resistive mode, Using q = 7 az%(l ”’2,-2)“ unIpRp}. and assuming
q ~ mf%, with a, b § 8,5 cm, b/a can be deduced at the mode onset tim[ﬂ‘.
The results, plotted as b/a against n, are shown for m=4, R =1 in Fig.5,
together with the predictions of the equilibrium calculations. The agree=
ment indicates that the modes are not effected by shaping.
Confinement. Balanced toroidal flux loops are used to determine the plasma
pressure, Fig.6 shows the change in EI' during the risetime of the shaping
field (~ 300 ys),plotted against n at peak shaping. The results are inter—
preted assuming a/R << 1, b/a ~ 1. Corrections for the plasma lhmtz]
reduce B: ;5: by about 15% at both n ~ 4 and =2; it is concluded that
Fig. 5 Semi axis ratio
b/a against decay index
T from mode analysis
(points) and equilibrium
calculations (solid

lines) with two plasma

F 3 current distributions.
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a vertical elongation increases BI. Possible explanations are changes in
current density or wall contact,
Conclusions. Using passive feedback control, elliptic cross-sectioned
plasmas can be produced with 0.75 € b/a € 1.5. With no control
0.85 € b/a < 1,05. These limits are predicted by rigid shift calculations.
Confirmation of the shape predicted by equilibrium calculations is
obtained from field perturbations produced by tearing modes. This implies
that the modes are unaffected by the shaping other than by changes in the
safety factor.
Initial measurements using balanced toroidal flux loops indicate

increases in By when the plasma is elongated vertically.

References

[1] 6. Cima et al. 6th Conf. on Plasma Physica & Contr, Nucl, Fus, Res,
Paper CN-35/A10-5 (1976).

(2] L.E. zakharov, V.D. Shafranov, Sov. Phys, Tech. Phys. 18,151 (1973).

[3] A Fukuyama ec al. Japanese Journal of Applied Phys. 14, 871 (1975).

[4] A.v. Bortnikov et al. Fizika Plazmy 1, 931 (1975),




TOKAMAKS - MHD EQUILIBRIA 43

TWO STAGES OF DISRUPTIVE INSTABILITY IN A TOKAMAK
AND FEEDBACK STABILIZATION OF IT

V.V.Arsenin
I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

ABSTRACT In present-day tokemaks pesked current profiles with
q(0)>1, g(a)=2 can be reslized, which ere stable againet rapid MHD-
modes (of the purface-wave type). These modes responsible for s dis-
ruption develop only in case when a slow "forspike" instabllity cau-
pes flattening of the current prorile. The observed rapid MHD-mode
growth rate («‘O'A) can be explained by teking into mccount the dyna-
mice of the paseing the instability threshold while the current in-
creases, The dissipative teering-mode seems to be responsible for
the "forspike". On the whole one can eliminate the disruption by

the feedback stabilization of the tearing mode.

1. A strong disruptive instability with helicalﬂperturbation

! 1 |
exp (im@=- in¥ ) is obeerved in a tokamek at q{a)= mﬁ:’a, where
a is & minor radius. Theoretically, the most rapid MHD-instability

is an instability of en ideslly conducting plesma with a free boun-
By(a)

WN E »

fl is the deneity. However, in spite of the fact that the condition

dary (of the surface-wave type); its grow th rate ~J’2‘ -

q(a)=2 agrees with such an instability criterion for observed m=2,
n=1 perturbations, the growth rate velues found experimentally are
a few orders of magnitude lower than.ﬂk. Detgiled experiments have
shown /1/ that processes on different time-scales occur during the
spike, Two stages have been distinctively revealed.

Pirat a slow ms2, n=1 instability is excited \y~107712,). Da~
ta from various tokamaks (the growth rate value, the observation of
the phase Jump in s radial displacement /2/) cause one to think that
this is a dissipative tearing inetsbility. A rapid MHD instability

does not arise evidently because the current profile is of the pea-

ked character. And q value in the center is slightly more than
unity at q(a)=2.

The "forespike" instability causes. according to s1/ the m=1,
n=1 mode in the column center. This mode development resulte in
flattening the profile of temperature snd may be of current density.

Further follows the disruptive stage - the proper spike. It is
natural to connect it with the rapid MHD instability of the new
flut current distribution. We shall show that in spite of the fact
that the growth rate observed in this stage is «‘QA' the epike can
be interpreted in this way. In fact, the maximum growth rate ~HA
corresponds to the middle of the instebility interval over q (Fig.1)
In the experiment the dropping of q
occurs gradually and due to the in-

stability disruptive character this 32

value is not achieved: the spike oc- _Q: \\

curs near the q(a)= 2 instability thre-~ 9
ghold, To find the perturbation evolu- Min
tion near the threshold one should take Fig. 1

into account the time-dependence of gq(a). Realizing linear appro-

ximation of the yatq) dependence near the threshold we get the

displacement equation:

2. t=-t
§ wnf ——%, m

where ol~1, t, ie an instant of the threshold passing,

L :T %‘%’T'tﬂa'

The solution of (1) is the following:

3
g o (t-t,)"/2 Tyyaft[Mee=t)] 32} 4 o, tt-t,)1/2 '11,3{1[1'({--#,)]4},

2
where = (a— %‘“—)1/3. constants C;, C, are determined from
initial conditions in the instant t <t°.
At t <1:G the solution is of the oscillating character, at
t>t, f--arp[r(t-toJ] 3/2, Thus the characteristic growth time of
the perturbetion is T~[ '1~(T] i)1/3_ For T-4 experiments mention-
ed avove /1/ £3~107 ™', T = 1/§-~0.1 & (I is the total current)
our estimate gives T~10 e which is in good agreement with obser-
vations. PFurther, the value 'I~10/ua schould be generally the cha-
racteristic value for present - day tokamake because the expression
for [ includes the 1/3 power and parameter dispersion for contempo-
rary tokamaks is not large. And thie is so in fact.
2, Thus, the disruptive spike can be explained by the "classic"
MHD instability of the surface wave type which has been predicted
since long. But the spike occurs not in all cases. In the present -
day tokameks (of T-4 type) peaked current distributions cam be rea=-
lized stable ageinst this mode. The spike occurs if the "forspike"
results in flettening the current profile. May be, the spike will
not occur if the slow forspike instability is suppressed. As was
mentioned eerlier the tearing instability seems most li.kely to be
responsible for the "forspike". We shall show further that it can
be suppressed by a feedback system controlling the magnetic field
perturbations outside the plasma.
Tearing instability necessary condition is /3/
Azt 2 " >0 3

B, Or Ir=r +0 T B OT lrar 0" *
where Br is the radial component of the perturbation magnetic field,
r=r_ is the surface inside the plasma at which q(r)=m/n. Radial pro-
Tiles of B, end displacements fr are ghown in Fig. 2. It is clear
that 4 decreases with approaching to the plasma of the shell. The
idea of feedback stabilization consists in the fact that the cur=-
rent J~J exp(im® - in¥) propor-
tional to the displacement and ex-
ceeding the image current in the
shell schould be excited between
the plesma and the shell. Then due

to a steep fall of B, outeide the

plasma the value A< 0 can be achleved.

Fig. 2

It 18 easy to perform analytic calculations for a stepped cur-
rent distribution: j=const for r<r,<a, & is the plasma radius,
J=0 for r>r . Let the surface density of the stabilizing current
ve: J = -laWir,), (4)

where I is the total current in the column. Then

- om [( ro)Zm F!-(d )em (ro-]2
A= = Tz 75)2 » T - ol
= Fmen n-1-na(r,) + (G2 e 1-(%5)2"‘ a
B

r .
(w0 ym=1 (5)
(a—) WJ .

where b is the shell redius. For stability (A<0) it is sufficient

to have ] (rﬂ/b)am

1 To2mg 12.d ymel '
W 222 @2 () ——— ., (6)

Ty o o 1—(d/b]2m

At d-aga for small m the total current in a stabilizing win-
ding ~ I E;" For a device of T-4 dimensions at :—«-’1 02 the atabi-

lizing current sheuld be of the order of 1 kA.
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INTERNAL MODES AND DISRUPTIONS WITH INCREASING
ELECTRON DENSITY IN THE PULSATOR TOKAMAK
S.S8esnic, W.Engelhardt, J.Gernhardt, O.Klilber and D.Meisel

Max-Planck-Institut fiir Plasmaphysik

D-8046 Garching, Fed.Rep.of Germany
Abstract: The paper presents the experimental data on internal
modes and disruptions at high densities. The internal disrup-
tion at high densities seems to be only a minor energy loss

mechanism.

Internal modes and disruptions, first reported on the ST
Tokamak /1/, have been observed on almost all other tokamaks.
We report some new aspects of these phenomena that are partly
associated with the high densities attained in Pulsator /2/.

Most of the data on internal modes and disruptions described
here are obtained under one set of discharge conditions:
By=27 K6, I, =65KA, a =11 em,

R°= 70 cm, q(aL) =3.5. A fast gas in-

T
—&F &

put at 40 ms increased the peak elec-

tron density from 2.05(1013 to

14 =3
om .

l.8x10 For these measurements

a set of ten Si surface barrier diodes
sensitive to soft X-rays was used. The
raw data are gummarized in Fig.l. The

—= g
s @ s@  »¢  amplitude modulation of the internal

Fig.l:Dependence of

an
disruption -QAA-. the relaxation time
electron temperature

and internal mode and 9f the saw teoth qd ‘Ehe ampli}ude

A
disruption parameters modulation of the m=1 mode —L and
on density. =

the radius of the g=1 surface 2 all increase with the density
The increase of 7 is faster than linear. The frequency of the

m=1 mode at low densities is about 22 kHz, but with increased

density it quickly drops to about 16 kHz and stays constant.

The growth rate of this mode at low densities is 1-2 xlo4ah1

and at high densities 4 - 10 x104a_l. The azymuthal rotation of
the mode is in the direction of the electron diama'gnatic drift,
and the frequency evaluated from this drift is only slightly
smaller than the measured frequency. As expected, the toroidal
mode number is found to be n=1.

The electron temperature variation can be evaluated from the
sawtooth oscillation signal. Typical electron temperature pro-
files immediately before (t.l) and after the disruption (tzl s
obtained from the Si diodes signals, together with the median
profile, obtained by Thomson scattering, are shown in Fig.2 for
the high-density casae. Soon after the internal disruption the
profile is flattened beyond the g=1 surface up to a minor

D radius of 4 cm. One can cbserve during

KT, A

| fAp gl
L the sawtooth three periods in m=1 ac-
tivity: a stationary phase, where neither
& the amplitude nor the frequency of the

m= 1 mode varies, a growing phase just

before the internal disruption, where the

Limiter 3
frequency is decreased, and, finally, a

O 5 i & 4 Workm N .
decaying phase after the internal disrup-
Fig.2:Electron tem- i .
perature profile for tion. The radial position of the maximum
three characteristic modulation of this mode, Iy, shown in
times during the saw-

tooth period.

Fig.3, could be interpreted as the posi-
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tion of the g=1 surface. tD
3 is the time in the sawtooth
T 2 measured from the moment of the
internal disruption. During the
&I

h7d .
-0z -0 -or -005 [

stationary phase the radius Ty
does not vary. In the growing
Fig.3: Radial position r; of
the maximum modulation of the
m=1 mode during its statio- crease in Ty this could be in-
nary phase (I) and the flowing
phase (X) in the sawtocth.

phase one observes a steady in-

terpreted as an outward motion
of the g=1 surface caused by
electron temperature peaking and accompanying current shrink-
age.

The energy balance inside the g=1 surface can be evaluated
from the electron temperature and density fluctuation in the
sawtooth. The absolute and relative values of the electron tem
perature fluctuation strongly increase with increasing electron
density. The relative density fluctuation is a factor of at
least four smaller than the corresponding relative temperature
fluctuation so that the density fluctuation is not important in
the energy balance. Neglecting the profile factors, the elec=-
tron energy loss during the internal disruption is given by
Ea1=§ ne.gk're . Val , where A'I'e is the temperature drop during
the internal disruption and Va1 is the volume inside the g=1
surface. This should be compared with the ohmic heating energy
accumulated inside the g=1 surface during one sawtooth period:

E =UL131- 'g, where UL is the loop voltage and I is the cur-

ql
rent inside the g=1 surface. As an example, one finds at the
highest densities Eal:-'. 30 J and E31= 120 to 150 J. This means
that only one-fourth or one-fifth of the ohmic heating energy
inside the g=1 surface, supplied during one sawtooth periocd,
is lost through the internal disruption, the rest being lost
through other loss mechanisms: e.g. energy transfer from elec-
trons to ions and subsequent ion heat conduction loss, statio-
nary electron heat conduction loss etc.
The power balance can also be described in terms of the

energy replacement time. In Table I we compare for increasing
densities the global electron energy replacement time tj::,‘e as

obtained from the Thomson scattering measurement with a char-

T A (nkTe) X . )
acteristic time T'"Ee F_(HI&_GT_ of the internal disruption.
Table I
n, en™?  2.5x10" 6.5x10" 10x0™? 140" 17x10"7
¥ . . 5.2
TEe ms 2.2 3.6 5.1 5
'pe M8 4.6 6.5 8.9 14.3 17.0

This characteristic time describes the electron energy re-
placement time inside the g= 1 surface as given by the electron
temperature drop during the internal disruption. At lower den-
sities the AT, value can be strongly in error so that 'E'Ee
might be overestimated. At high densities the ft"Ee values are
quite accurate, so that the conclusion is again that, at least
at high densities, the internal disruptions play only a minor

role in the energy “alance.
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THE M=1 HELICAL MODE BEHAVIOUR DURING THE DISRUPTION
INSTABILITY IN A TOKAMAK
S.V. Mirnov, I.B, Semenov

I.V. Kurchatov Atomic Energy Institute, Moscow, USSR

Experiments were performed for further studies of the
disruptive instability in the T-4 Tokamak,

It was stated earlier /1/ that one may distinguish four
following stages at this instability development:

1. Slow (during the times exceeding the skin ones) current
channel narrowing due to helical perturbation development
or radiation cooling of the periphery. The result is the
drop of a safety factor g(r) up to 1 in the center and 2
at the periphery.

2, Pre-disruption is helical perturbation (t~s500 psec) deve=-
lopment with m=2 aziwmuth number. The formation and destruoc-
tion of the magnetic islands /2/. The process slightly tou-
ching the center but appearing outside as characteristioc
negative loop voltage spikes V(&) (0.5-10 V).

3. Mixturing is temperature and current (g(r), consequently)
profile flattening after the pre-disruption, It can be des-
oribed as m=0, n=0 perturbations.

4, Disruption itself is a monlinear external helical m=2 mode
development following the mixturing process, central plas-
ma region turbulization, the broadening of the plésma co-
lumn with mode m=2 passing into m=3 and m=4 /3/, a large
negative voltage V(t) (up to 500 V) spike generation.

Development of the instability can be stopped itself at
any of these stages considered.

Two phenomena are principally important: central mixtur-
ing and turbulization. As it was observed /1/ mixturing is
followed by an internal perturbation with uneven m (m=1 is the
most probable), It was assumed that the mixture is the develop-
ment of m=1l, n=1 /h/., This process is initiated by m=2 at the
stage of prespike, It was assumed also that after the mixtur-
ing m=2 perturbation spreads all over the plasma column and
causes turbulization, To check such a model the measurements
of the soft X-rays were undertaken in the T-4 acoording to the
scheme in Fig., la, U1=UI- T and U2=HIII"UIV were calculated,
the sum difference U3=HUI+UH)-(UHI+UIV))/2 and the sum U=
(UI+UII+UIII+UIV)/'+. U, and U, values are proportional to the

w=1 wmode, U, to m=2 and U, characte-

3
rizes m=0. The result is given in

A Fig.1lb (prespike), The m=1 mode is the

dominant perturbation near the center

W,_/\’\’\’ of the plasma column at the stage of

“":. the prespike. This is a wave propaga=
8 = ting along the 50 angle in the same di-

5 reotion as m=2 periphery mode. Both
#-d. perturbations can probably be involved
4 in joint toroidal wmotion as it was sug-
o) gested in /5/.

- Behaviour of internal perturbati-
Agpmed) ons in the stages of predisruptions and
“ disruption is give in Fig. 2. The dot=-

Fig, 1 ted field, given in Fig. 2 is curve,
normalisated to value Ul'. The comparison shows that the diffe-
rence is in the internal perturbation amplitude the external
ones (ﬁ\” V, A-A cross-section) are still equal (dotted line -
pre-disruption). Joint development of the m=0 and m=1 modes is
due the development of the m=1 helical perturbation, As it was

stated above /1/, the next rise of m=2 perturbation and appea-
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rence of the large negative voltage

spike V(t) (an arrow pointing down in
Fig. 2 happened 30-100 psec later the
set up of mixturing. In our model it
is assumed that the perturbation rea-
ches the plasma column center at the
same time, The time variation of the

following values for one disruption is

given in Fig. 3: Uu[|n=0}, Uz(mzl),
U, (m=1) /U, (w=0), Uj(m=2}, Ua(mzz)/U“

(m=0). One can see, that during mix-

turing (drop of V(t)) m=2 perturbation

?u really reaches the center. However,

" g the accuracy of this method is low at

i f low Uh. Thus we can speek of only the
2 qualitative agreement with the model,

k

,.."E.: # An example of the strong oomnec-
;ﬁ%’i tion of the m=2 periphery mode and m=1
:-fi __ central one is given in Fig. La (the
U ir ¥ level of m=2 is low in the center), A
Fig. 3 correlation of both frequencies is

usually observed in this case. The example of another kind is

glven in Fig. 4b (a pre-disruption). The w=2 and m=l perturba-

tions are obviously comnected in the initial stage, but at the
next moment this strong connection is broken, In particular,
the equality of frequencies is not observed (Fig. 3), or m=l
perturbation exists independently inside the plasma column at
a low amplitude of the m=2 perturbation at the perefery. So,
it should be noticed that the connection of the external m=2
and internal m=1 perturbations

A is more complicated than simple
toroidal superposition of modes

rn;iﬁ\/\w in the developed disruption
/\/\/\//\- stage.

i

Finally it is not clear

s00 180045 whether the disruption model sug-

gested is the real one, Is the
desruption possible at m=2 in the
centre and m=3 at the periphery?
Really, when the m=] periphery

mode exists the phenomena obser-

so0 1200 g

ved are similar to pre-disruption,
Fig. 4 Possibly they are caused by the

formation and destruction of magnetic islands at the periphery.

But the transformation of such pre-disruptions to disruptions

was not observed.
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FEEDBACK STABILIZATION OF AXISYMMETRIC MHD INSTABILITIES IN TOKAMAKS
E. Rebhan
Institut fur Theoretische Physik, Universitit Dusseldorf
A. Salat
Max-Planck-Institut fur Plasmaphysik, B04& Garching bei Munchen
Federal Republic of Germany
Abstract: ’ The possibility of stabilizing axisymmetric Instabilities in vertically

elongated tokamak plasmas by currents in toroldal loops Is investigated.

In tokamaks without material limiters, vertically elongated cto“-ucllun: as desired
for achieving higher 8 values exhibit dangerous axisymmetric instabilities. Theo-
retically, these instobilities may be stabilized by a superconducting wall sur-
rounding the plasma ot some distance. However, in practice there is little

chance of having this wall as close as needed,

The effect of stabilizing walls would be due to currents induced in the wall,
whose magnetic field impedes the plasma motion. Since these Induced currents
are not uniformly distributed, some parts of the wall are more efficient than
others. Thus, it is tempting to study stabilization by wall segments or llmpl-

toroidel conductors, both of these having better ch of technical realizati

As on idealization, in this poper we consider infinitely thin toroidal loops.
Furthermore, we do not analyze the time dependent current induction and decay

in passive conductors nor the detailed process of current regulation in a feedback
contral system. Depending on the number N and the pesition of the loops, we
determine whether complete stabilization of all unstable perturbations is possible,
what are the necessary loop currents, and what positions are optimum.

In practice, feedback must generally be supported by passive stabilization owing to
the fast MHD growth times. Conversely, since passive stabilization can enly re-
duce the growth rates-[") ], it must be supported by feedback, ot least for long-
time confinement.

As for the theoretical method, we have only considered linear stability and as-

sumed a linear dependence between the stabilizing currents ln and the amplitude

of the plasma perturbation £. On these ptions o variational principle was

derived: ¥

S (8w+5]1 $yB rds) =0
2'a-l i Pl.nur!.”l BT

where G i (GQL - agj}, t = poloidal tangent vector,

where 52W and & gvn ore, respectively, the usual plasma energy expression and

perturbational field as obtained without | stabilization, while & 1_;},
corresponds to stabilization with unit currents. Using the methods described in
[2,37], this variational principle wos numerically evaluated for the surface
current model (SCM), aond for a | = const model with elliptical cross-sections at
aspect ratio A==, |t con be shown that in elongated plasmas the stabilizing

currents must flow in loop pairs with antisymmetric current distribution os indicated

in Fig.l, because otherwise stable symmetric modes may be driven unstable,

If &2W has only one ive eigenvalue, as waos g Ily found for the SCM, a

gal

single pair of loops properly positioned may suffice for Tull stabilization. For the

SCM, Figs. 1-3 show elliptical, triangular and r gular plasma cr H

(A =3, BP =1, plasma region dotted, torus axis to the left). The stabilization
by a single pair of loops, depending on its position on several concentric surfaces

(d= A/A P “), is shown: in the shoded regions stabilization is impossible;

outside it is possible for sufficiently large cur=
rents. The shaded regions increase with the
plasma elongation e until they fill the whole
vacuum region (above e = B for ellipses), On

each surface arrows indicate the optimum loop

=
z A :
position: there, among all unstable perturbo- /ff )
27 i)
tions, the largest current needed for stabiliza- ://?? 1??
Zzz Zf
tion is lowest (I = max I(g) = Irnin}' For SN

ellipses, Fig. 4 shows I/Imin as a function of

the poloidal angle v, ond Fig. 5 shows Imln

(normalized with the product 'pi x ampli-

tude of £ in 1/(57A) units) as a function of d.

For the | = const model the results are quali-
tatively similar if e is not too large. For
e > 4,5 there are more negative eigenvalues
of &2W, and for each of them at least one

pair of currents Is needed. The pair(s) for

each eig lue must be capable of re-

acting independently of the pair(s) for the

others .
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LOW FREQUENCY RESISTIVE AXISYMMETRIC MODES OF A TOKAMAK PLASMA
T. H. Jensen and W. B. Thompson%

General Atomic Company
San Diego, Califormia, USA

Abstract: A formaliem is described for calculating the properties of low
frequency axisymmetric modes of a resistive plasma in a tokamak of arbitrary

cross section.

1. INTRODUCTION
Generally for the confinement of a tokamak plasma, stability is required
against motions on the magnetohydrodynamic (MHD) time scale since feedback
stabilization of such modes is difficult. The properties of such fast modes
may be calculated assuming that resistivity vanishes. Equilibria stable
against these modes may yet be unstable against more slowly growing modes
if finite plasma or wall resistance is allowed. One special class of
resistive modes growing on a time scale between the MHD and the resistive
scale has been described by Furth, Killeen, and Rosenbluth [1]. In the
present paper modes with the still lower resistive time scale are con=-
sidered. These are harder to stabilize, but because of their slow growth
rate they are susceptible to feedback control.

2. TFORMALISM
We give here a sketch of the ideas involved in the formalism which has been
described in more detail elsewhere [2] and for simplicity restrict our

arguments to straight geometry.

The unperturbed equilibrium is described by the usual MHD equilibrium

equation o
Vg, Fud ) =0 o8

where !llo is the flux functionm, jo is the z-component of the plasma current,
and the symmetry 3/9z = 0 is assumed. The perturbation of the flux function
and the z-component of the plasma current are denoted wl and _11, respec-
tively. Because of the low frequency, inertial forces are neglected, so
that the perturbed system is also in MHD equilibrium; therefore we have

Vo, + 1) x T +vp =0 . @
Retaining only first order terms, Eq. (2) provides a relationship between
the perturbed quantities

3= + A0 ®»
Here ' denotes differentiation with respect to § and J(wo) is an unspeci-
fied function of \]Jo only. First order perturbation of the z-component of
Ohm's law,

E+vxB=ni , (4)
and the assumption 7§ ¢ ¥ = 0, which is appropriate for tokamaks with a
strong axial magnetic field, allow determination of J(\pu)

-TNJ‘{; =l - na" Wy . (5)

lere, the flux fhnction average is defined the usual way

<s> = ..Ed._l ._d_". i (6)
19,1/ J 19

where the integrals are performed nlong_ equilibrium flux surfaces,
i = 3/3t,and N, is the equilibrium plasma resistivity assumed a function

of §, only. From Maxwell's equation and Eqs. (3) and (4) we get:

1.2 ' -1 -

u_nv ¥+ jnwl = 7 ~den, >ty 4 M
where jax represents perturbation currents other than the. perturbation of
the plasma current; j“ may therefore include a source perturbing the

plasma, such as currents from a feedback system or currents induced in

external conductors, If the plasma is surrounded by a material wall of

= MHD EQUILIBRIA

zero resistivity, induced currents in that wall are most simply taken into
account as a bhoundary condition, namely that "1 vanish at the wall.
Consider an eigenvalue equation closely associated with Eq. (7)

Vo, + 306, -0 ~dwn T -wn e rag -0 L @®
We assume, for example, that the plasma is surrounded by a wall of zero
resistivity, and mrresp.ondingly the boundary condition for Eq. (8) is that
¢V be zero at that wall. The term involving Ngs which is an arbitrary
function of x and y, mimics the effect of axisymmetric resistive material
within the perfectly conducting boundary as, for example, a vacuum chamber
wall. One can readily show that the eigenfunctions of Eq. (8) have the

fortunate property

(AV—Aqu%%u-n ; ()
where the integral is extended over the area, A, inside the conducting wall.
This suggests that the eigenfunctions are orthogonal. When enly natural
modes are considered, i.e., A = 0, one can show that w must be purely
imaginary, so that in this case all quantities of Eq. (8) are real. Thus,
the equilibrium is unstable with the growth rate ﬂl (= il.nll > 0) if there
exists an eige-nvalue such that a\v(ﬂl} = 0. Since we can show that
di/dd > 0, it is suggestive that the m.d.u:ence of any negative eigenvalue
for @ = 0 means that the equilibrium is unstable. This has been formally
proved by Tasso [3] and this result is very similar to that of the "Energy

Principle" [4] for an ideal MHD plasma.

For doublets, it has been found by Chu and Miller [5] that ideal axisymmet-
ric modes are unimportant in the sense that undcrlcondicims similar to
those of experiments, no unstable modes exist. Using the above-mentioned
formalism which allows for a finite plasma resistivity, calculations [6]

show that under conditions similar to those of Doublet ITA [7], unstable

axisymmetric modes may exist. Under the conditions surveyed, it was found

that the most dangerous mode is one with two nodes passing through the

elliptic axes. The associated defomiion of the plasma corresponds either
to an elongation or to compression of the plasma in the vertical direction.
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THREE DIMENTIONAL CCDE FOR STUDYING OF MHD MOTION
OF TOKAMAX ?L‘\EMA

A.F.Danilov, D.P.Kosiomarov, A. M Popov
Moscow State University

Yu,HNeDnestrovakii
I.V.Kurchatov Institute of Atomic Energy, Moacow, USSR

Experimental studies of the disrupiion instability in tokamaks
showed that the initieting role of the disruption falls to & helical
perturbation with m=2 (precursion), and then in the final stage of
process the interaction between modes m=1, n=1 and m=2, n=1 could
play an essential role /1/, The study of m=1 mode development con=
sidering finite conductivity (internal disruption), together with
the formation and evolution of magnetic islands during m=2 mode
exitations was investigated in /2-3/. M=2 mode instability was al-
80 discussed in /4-5/. The study of m=1, n=1 and m=2, n=1 mode )
interaction should be done both in cylindrical and toroidal geomet-
ry basing on a three=dimentional MHD system. First resulte of si=
milar siudies were reported in /6/. This paper concerns with the
development of these simulations,

The system of magneto-hydrodynamice equations Including fini-
te conductivity and vilonsity was written in the following form

CC%!‘;-wnc[w(?i?jzo , Q’H vt [UH] -VA_H’)

@_g+g»(%v)~?=-vp-[wﬁmﬁ, B-pp
The units of measurement are similar to those in /6/ = they are

alfvenous relating to the poloidal field, It is essumed that
plasma reaches the conducting shell, the latter h.aving a-aquare

o, A[-Hl
r rte=o
The computations were made in the cylindrical and tnroi.dal

-
oross - sectlon, The boundary conditions are 'Ul

geometry, Equilibrium P and ?valuea were obtained by a numerical
solution of the equilibrium equation for the poloidal field poten=
tial‘+’ « The exitation of plasma oscillations was determined by the
initial veleocity distribution,

It is observed during the experiments that the m=2 mode psci=-
llations (precursion) cause m=1 mode development at some definite
conditions when q{a)=2.5 = 3, and q(0) = 1, which, in its turnm,
flattens j(r) current praﬁ.le; In this paper tbz model of such pro=
cess 1s held by means of the aystem of equations given above, The
initiel equilibrium state of magnetic field was taken when
ql =2,9 and q(0)=1,02, This state oorraa;!:onﬂ.ad to the solution of
the equilibrium equation when 1Y) ~ +?" + The profiles q(x) and
Jp(x,0,1/2) ere given in Fig.1 for this equilibrium state, There
i1 & resonant surface for the m=2, n=1 mc_!éo. The trace of this
surface on the x-axis is equal to x;=0.T. There is no resonant
surface for the m=1, n=1 mode in the region of plasma. The equi=
librium state was initiated by a mixture of two modas: m=1, n=1
with A4=0; 0.1; 0.2 amplitudes and m=2, nal with 12-0.1 umpli‘tudu.
It was suggested that )/ =5.10"% in the computations,

The main result is the following: the stationary motion of
the large amplitude mode m=2, n=1 (in our case when H%h =8 and
IB=D.T the m=2 mode places near the marginal stability level W~0Q)
leads to the formation of current layers, and the ourrent density
greatly increases in the vieinity of the center, The current
growth and localization lead to a resonant surface eppearance
at x;=0,3 for the m=1, n=1 mode, Then the m=1 mode instability de=-
velope leading to the current flattening, The distribution of the

MHD EQUILIBRIA

longitudinal current b 1 (x,0,L/2) 18 given in Fig,2 for different
time moments. The equilibrium current distribution (t4=0) is given
in a dotted line, curve II corresponds to a pure m=2, ns1 mode
exitation with Azuo.i amplitude at %t=8, curve III corresponds to
8 mixture of modes with amplitudes Ay=0s1, Ay=0,1 Bt =8,

In Fig.3 one may see the megnetic field profile H*(x)wﬂy(x.o,é)-
k xH, (x,0,1/2) which characterises the m=1 mode at $=0 (dotted
line) and at t=4, The £ points where H*(xs)ao correspond to the

m=1, n=1 mode resonant surface,
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RELAXATION OSCILLATIONS IN MHD-UNSTABLE PLASMAS

E.K. Maschke

ASSOCIATION EURATOM-CEA SUR LA FUSION

Département de Physique du Plasma et de ln Fusion Contrilée
Centre d'Etudes Nurlénires

Boite Postale n® 6, 92260 FONTENAY-AUX-ROSES (FRANCE)

ABSTRACT : We consider a plasma which is governed by MHD equations with
finite viscosity and thermal conductivity, and which is driven unstable
by an applied heat source. It is shown that the system may exhibit perio-
dic relaxations of the temperature profile.

In a preceding papey LI7 it has been shown that in a weakly un-
stable plasma governed by MHD equations including vidcosity and thermal
conductivity, stationmary states of large—scale convective motion may exist,
which are characterized by strongly anomalous tranmsport. The investigation
of ref.| had been motivated by the discovery of anomalous heat transport
in the center of Tokamak discharges QT when the safety factor q decreases
below unity. Later experiments ii. 57 revealed that this anomalous heat
transport occurs in the form of periodic relaxations of the electron dis-
tribution. Although it is probable that in the experiments (ref.3, 4) the
instability includes the formation of magnetic islands, we wish to pursue
here the original idea of ref. | and show that a simple curvature-driven
instability in a shearless magnetic field configuration may give rise to
relaxation oscillations.

We consider a cylindrical plasma layer bounded by surfaces z = 0,L
and T = ro + d/2 (with d &« ry), and placed in a curved magnetic field
B= a%. We define characteristic times and velocities in terms of the per-
pendicular viscosity (u,) and the heat conductivity st by putting Tyige =
d2 ng nifpy o Vyige ™ d/Tyiges Vhe = #/(npd). We then normalize as follows :
t/"‘q.:u—’t, W, Y a2 J ;'./‘,'I‘-??, T}r-—bT' 3/3'-3}

and we define

a - 2
P2 e M= Ve /L‘h wel o B= nT, /5
We assume that all quantities are independent of @, and u9 = 0. Assuming also
constant density, n/n, = 1, we use the following equations :
2 -
F+370)7 = -rr+ lJ-V\'B ] -vW (1

IPE+FVT = VT o4 Sm with S(M)= 5+5T  (2)
-P8 - 77(B) @ i V¥ =0 )

Assuming all quantities to be periodic functions of z, an arbitrary
quantity X may be written as X = <X)> + % with {Xp= (I.’L)f Xdz. We assume
(?}- 0. Averaging eq.(2) we obtain

AR 32 Fw) = IR rsesm )
We derive :\m integral relnnunu for T and V. Frum eq.(2) we obtain :
194 [ae G + b P X7 = b o FVD4 Sfar (72 (6
H I{!‘_ﬁf .l.J_“"{ V">F 1% S ﬂ;-]ﬁ s )

From eq.(1) we find, neglecting terms of order 1/rq,

L AL r Tt Yt Vo %
o <+ et vy "
“wh %4 h-t

In the last term (vucuuiny term) we have used the assumption that t, is
large enough so that f“u"ts"‘"f“' “

The boundary conditions for T are T = Ty = const. for r = ry = 1/2,
?T/ir = 0 for r = ro + 1/2. The heat source then causes the temperature
gradient to increase from zero until the condition for onset of instability
is satisfied. This condition, which is derived by linearizing eqs. (1) = (4)
[see ref. 1], requires that the "Rayleigh number"R = (2 I /o) [dT / dr|
exceeds a critical value R“it(jd'l‘ldr[. is a suitable mean value of dT/d¢).
Using the boundary conditions vy = o, 3‘1!/\1- =oatr =ry * 1/2, one finds

a marginal mode of the form (assuming [S,|<<m™sh® ).
Ve s Ayt mleog) sinke vt ‘Iﬂv ¥ w{r-v;) ceskz
AT /4
s | —,é{-lr“-‘iArm wir-%) simkz
uhere at the marginal point Ay = A, = const. We now assime that for R>Rcric

the eqs. (8) are still valid if we replace A, —A,(t), Ap»Ap (t). Introdu-
cing this in eq. (7) we obtain

(8)

e - () (-, )
Due the large Factor ("2 + uz) #» 1, an approximate solution is
Al = A, () (3a)

Using (8) and (%) in eq. (6) we obtain

a

Ar

where g " (
T ATy /5 il d¢ )/;,]
Gl =| Jar uinien, o
[ I Jr as'rfen 1] N7 i (1)

1z2)ylt)
-’;%#[Glﬂ‘lfﬂy i hence A‘ = Ae i (I D)

i m,.l

gl = o [[Gm 1t
'ty
From eq. (5) we can derive an approximate equation for G(t). Using the
variable y(t) rather than G(t) we obtain

L A
:—lg'— = L - Aﬂ.f." +°¢§E t”‘)

where .
Ln;k Sy +S5T PR se=2 154
L A 769
Let to be l:hg time at which the temperature gradient reaches for the Eirst
time the critieal valua for enset of instability, that ia, {-i?/ll):‘ =
Git)=1 =0 . The time behaviour of the system is governed by the

solution y(t) of eq. (12). A Eirat integral of (I2) is

@ Ve ), itk Vige-Ey ki), zm-.ej (;‘f)at
Interpreting dy/dt as a velocity, V (y) as a potential, *{(t) as cotal !nergy,
we see that for @fF0 there are two types of solution :

1. o620 , ¥[t) decreases until'dy/dt = 0, that is, until a stationary con—
vective state is reached (Fig. Ib).

2. ® >0, ‘#lt) increases with time. The solution oscillates, with the successi-

ve maxima of Ay increasing in time and the ive minima d

asing (Fig.lc).

The second type of solution does not correctly describe the physical

-reality b at ive hrough the marginal “situation

(dy/dt = G(c) = | = 0), y becomes more and more negative so that Ap takes
indefinitely decreasing values. Physically, the minimum of the perturbation
amplitude is determined by the level of thermal fluctuations, This feature
is mot contained in our equations, but it can be incorporated in the phase
diagram of Fig. lu by observing that the First cycle of the path describes
the physical situation correctly up to the point where y = 0. At this point
the path of the physical system follows the (dy/dt) - axis until the origin
is reached, where the cycle begins again. This physical path is shown by a
full line in Fig. lc. The forms of G(t) and Ar(t) corresponding to this full
line are shown in Fig. 2, from which it appears that G(t) (and thus d{Tp/dr)

has the form of periodic relaxation oscillations.
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# The assumption of a single mode, made for reasons of simplicity, is

justified in particular geometries (e.g. toroidal) and requires in
our case that the cylinder length L be small (L ~ d).
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MHD STABILITY FOR A CLASS OF TOKAMAK EQUILIBRIA WITH FIXED BOUNDARY
W, Kermer
Max-Flanck-Institut fiir Plasmaphysik, 8046 Garching bei Minchen
Federal Republic of Germany
Abstract: The stability limit with respect to internal modes is computed
for a class of tokamak equilibria with noncircular cross-sections and essen-
tially flat current profiles. It is found that the Mercier criterion is

necessary and sufficient for stability.

Introduction: In this paper we present results obtained with a computer
code which solves for the complete spectrum of normal modes in the ideal
MHD model. The method consists in extremizing the Lagrangian of the system
connected with linearized perturbations around an equilibrium state. The
displacement vector is expanded in terms of global Fourier—Bessel
functions.

The class of tokamak equilibria considered is defined by the flux function
(1) ¥ = [22(x2-8%6) + o? (R2-R2)2/4]

and is described in detail in Ref. [1],[2] Near the magnetic axis the
flux surfaces are ellipses with a half-axis ratio

@) e=a/0-8'"2

» becoming Dee-shaped further outwards. The constant §,
which labels the poloidal current, is restricted to values & < 1-2e, where
€ is the inverse aspect ratio.

The first application of the code, Ref. [l] has given the result that
toroidal effects are destabilizing with respect to external kinks. In this
paper we discuss the stability behavior for fixed boundary (internal)

modes. The connection of gross modes with the stability limit of a neces-—
sary criterion (Mercier) is examined. It is also discussed whether MHD-
stable high-beta equilibria exist.

Results and Discussion: In Ref. [ 3] & simple form of the necessary cri-
terion for our equilibrium is derived which is valid for a small inverse
aspect ratio €. The value of the safety factor at the axis, which is neces—
sary for stability, is given by

(3) 1/q(0)? < 6/(1+e?) = 4/e(e+1) + Q[R/e(e+1) - ] ,

where Q = = §/(l+a?-8).

We begin the stability analysis for configurations with a large aspect ratio
!0,

The first interesting result is that for a circular cross-section,

e = a/(1-6)'/?

=], no unstable mode with a toroidal wave number n= | exists.
The stability limit q(0) = | from equ. (3) is approached by modes with a
toroidal wave number n + = and a dominant Pourier component 10 in the
poloidal direction lu = n = 1, Instabilities then exist for

q(0) = lu.fn = (n - 1)/n. We are able to find such unstable modes for
2s<ng lb.

Next we keep m = 1 and q(0) = | fixed and vary the clongation e. The mar—
ginal points obtained from the code agree better than 2% with the margimal
points from the necessary criterion. The corresponding eigenfunctions are
global., In Table | we have listed the computed critical elengation for
marginal stability together with the corresponding critical safety factor
from equ. (3). The two marginal points L% define an interval in e with
stability with respect to the n = | mode. If for an unstable mode the
elongation e approaches the value e the interval in q(0) for which in-
stabilities exist shrinks to one point q(0) = lufn. For n = | and ‘.I.n =]
this point is q(0) = 1, which is marginally stable according to Mercier
[4]. The conclusion is that the Mercier criterion is also sufficient for
stability. This result is confirmed for many different values of n and

q(0) where the parameters a« and & are varied.

It is an important question whether additional instabilities occur for a
small aspect ratio. It turns out that the toroidicity improves the stabi-
lity behavior. All the previous results concerning the n = | mode are also
valid for an aspect ratio l:_l = 3 or smaller. No ballooning type modes are
found. Therefore, the Mercier criterion is sufficient for stability of
internal modes for this entire class of equilibria. Then MHD-stable, high-
beta equilibria (T > 10%) exist. A diamagnetic current profile

1-2¢ > § > 0 is favorable, also a Dee-shaped cross-section.

In Fig; I the growth rates of unstable n = 3 modes, normalized to the
poloidal Alfvén velocity, are plotted versus the safety factor for a JET-
like configuration, :_l = 4 and e = 2, with two different values of Bp.

The plasma density is kept constant. The two cases with 6 = 0 and & = D.4
differ in the stability boundary of the necessary criterion, [ 1,36 for
§=0andq, = 1.18 for § = 0.4. The diamagnetic current distribution

(§ = 0.4) stabilizes the n = 3 and 1:: = 4 modes. But the 1° = 3,2 and 1

modes are unstable and strongly coupled in both cases.
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Table 13 Numerical evidence for

sufficiency of the Mercier eriterion

elaio, n=1, q = 1.0

8 e“{eodn) q"(anhr)
0.40 1.02
-2
1015 ° 1.008
0.56 1.017
=1
1.015 1.003
0.93 1.005
o
1.10 1.008
0.987 1.005
0.5
1.66 1.003
0.985 1.02
0.75
2.60 1.02
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Numerical Study of the Effect of Current Peaking on the
MHD Stability of a Small Aspect Ratio Tokamak

D. Berger, R. Gruber, F, Troyon
Centre de Recherches en Physique des Plasmas
Ecole Polytechnique Fédérale
CH-1007 Switzerland
Abstract : We investigate numerically the effect of peaking the current dis-
tribution of a small aspect ratio Tokamak with a D-shaped cross section on
theMHED stability of the n=1 modes. The evaluation of the most unstable mode

is followed as a function of q at the plasma surface, for a fixed value of q

on axis. Two different shapes and three values of By are examined.

Introduction : The low-n MHD stability of flat current, small aspect ratio
toroidal equilibria has been investigated with spectral codes {1,2}. The main
results are the sufficiency of Mercier's criterion for internal modes (at least
for Bp <1) and the presence of external kinks for all values of the safety factor
q. In a straight circular system J. Wesson {3} has shown that current peaking
eliminates the external kink, leaving presumably the internal kink and the Mer—
cier modes as the most dangerous modes. We investigate numerically the same

problem for a class of toroidal equilibria, using the ERATO {4} spectral code.

Equilibrium : An equilibrium is characterized by the shape of the plasma sur-
face and by the derivatives of the pressure p(y) and of the toroidal £lux T(¢).

The surface is given by the equation

2 2.
22, G /9
4 o =

EZ
where Ry is a length which corresponds to the radius of the magnetic axis
when the current is flat, and E is the elongation. It corresponds to an as-—

pect ratio of 3. For p'(y) and T'(y) we take
P'(¥) = polexp(-w?) - 1}
T = RE(L/B-1) ' (/T

where v characterizes the width of the current distribution and B, is the po-
loidal beta. The flux ¢ is normalized such that it vanishes at the surface.p,
is a free parameter. Anequilibrium is completely characterized by the safety

Eactor on axis q,, its value on the surface qg, By and E.

Stability : We study the influence of v respectively Ay on the stability, keep~
ing the other parameters E, Bp and R, constant. The equilibrium for each case is com~
puted with the ORNL code and introduced in the stability code. We only lock for the
n=1 modes, assuming they will be the last ones tobe stabilized just as in the straight

case.

E=1, B; = 1 ; The results for this case are shown inFigs. 1. The square of the
growthrates T2 of the most unstable mode is plottedversus the safety factor at
the surface qg, for two values of q,. The normalizing frequency ql.il given by
u:‘l T2(4,) /R¥,. Thesclid lines are resultsobtained with an infinite vacuum
region surrounding the plasma. The dashed lines are cbtained with a conducting
shell tight against the plasma surface. For qg < 2.5 themode is an external

kink. Eachmagnetic surface gives a negative contribution to the potential ener—

gy- Asthe peaking i the mode ch its ch r, becoming progresa-
sively internal. Extrapolatingthe sharp drop in growthrate of the kink (dotted
line) we can define the point where it cuts the qg axis as the stability limit
for the kink.It corresponds to qs.n‘qnm 2.Bqg. Inthe straight case it is q4/qp =
2.0 {3). For larger values of q_ the mode structure depends on q,. For large va~
lues of qg thekink limit is thestability limit. Asq,decreases towards 1, the
stability limit moves up from the kink limit and for q, <1 the instability re-
mains for all q,. When q,>1 and q.> 2.8q, themodes are called ballooning

because they correspond to q, larger thanMercier's limit (q f1). The negative con-

tribution to the potential energy mainly comes from the region inside the g=2 sur-

face. For q < 1 the residual mode is definitely an internal kink with most
of the destabilizing contribution coming from the region inside the surface

g = 1. It is interesting and surprising to note that peaking destabilizes
the internal modes (dashed lines), For each case characterized by a fixed value of
Q4, the stability limit inqg corresponds to a maximumvalue for B. For example,

for q =1.1, the marginal point at q }4.2 gives an average f limit of Em % 1.1%.

B-limitation : Because of the computing effort required (1 point=1high resolution
equilibrium) we have not yet been able tovary continuously the parameters Bp and E
but we dohave some results which showdefinite trends. Increasing BP leads to a
wider unstable regionfor the ballooningmodes and a shift to higher gg of the whole
curve, thus partially offsetting the expected gainin Em. Increasing the elong=
ation from 1 to 2 does not change the stability limit for thekink but destabilizes
the internal modes. The results for B obtained in these runs are shown in Figure 2.
They show the maximum value of 8 which can be reached for a given value of q, by opti~
mizing the current profile. We see that increasing the elongation and the poloidal
beta increases F, but more work is needed before we can ascertain the dependence of
Bpax on these parameters.

We thank the staff of the Computing Center for their help and understanding. This
work is supported in part by the Swiss National Science Foundation.
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Numerical MHD Stability Calculations of a D-Shaped

Elongated, Small Aspect Ratio Tokamak

D. Berger, L.C. Bernard, R. Gruber, F. Troyon

Centre de Recherches en Physique des Plasmas
Ecole Polytechnique Fédérale
Ch-1007 Lausanne, Switzerland

Abstract : We report here on anumerical study of the MHD stability of a specific
equilibrium met in the designof a variable configuration Tokamak (TCV)charac-
terized by fip = 0.5, an elongation of 2, an aspect ratio of 3 and which

appears to be stable up to a B of the order of 2%.

1. Introduction : One of the main objectives of the present Tokamsk fusion
program is to show the possibility of increading the maximum B value. The
FCT concept {1} relies on an increase in B, hoping that the stability limic
will not change. Another possibility consists in changing the shape of the
plasma. Reducing the aspect ratio and increasing the elongation are general-

ly believed to increase the maximum 8.

2. Equilibrium : Figure 1shows the surfaces of constant magnetic flux in the upper
half plane of such a TCV equilibrium with an aspect ratio of 3 and an elongation of
2. The plasma is surrounded by a rectangular limiter and held by 4 cuter and 8 inner
poloidal field coils. The values besides the coils denote the currents normalized
to the total current in the plasma. The equilibrium has been calculated by the ORNL
equilibrium code {3). The two arbitrary functions p(¥) and T(¥)=rBy, are given by
P = Bo + By + p¥E + paml‘”and T2) = Ty, + 8 B3 (/B,-1) p(¥). The para-
meters Poy Pys Pyr Py v L and EP are chosen such that the pressure p, its de-
rivative with respect to ¢, p', and the toroidal current denmsity j? are zero

on the plasma boundary. The half width of the current profile is 0.5.

3. Axisymmetric modes : Untﬁg our general purpose spectral code ERATO {3},

we find that the described equilibriumis unstable to n=0 perturbations whenno
conducting shell surrounds the plasma. The growthrates are typical of external
kinks, too fast to be held directly by a feedback system. These modes canbe sta—
bilized by a conducting wall. Ashell at aconstant distance of (Ryy,~1) times

the plasma radius ismoved from = toRgy, =1.5. The growthrate squared is plotted
in Fig. 2as a function of Rgyp and shows nu:l'bilizltiun of the n=0 mode for
Rgye ® 1.6. Thismeans that these modes can iu. principle be stabilized by a feed-

back systemwhich only serves to compensate the Ohmic losses of the wall.

4. Low nmodes : In Fig. 3, the growthrate of the most unstable n=1 mode is
plotted versus q,, the safety factor on axis,for the case there is an infinite
vacuum region around the plasma. Anuncertainty remains as to the precise loca=~
tion of the marginal point due to the number of mesh points used (48x24) in these
computations, hence the stability limit could be slightly lower. As g, decreases,
the mode initially located near the axis becomes more extended and, for much lflw
er q, values, will eventually become an external kink. Near the marginal point,
the mode seems to localize itself around the q=l surface. The stabilicy limit
for n=1 is around q,=0.85 which corresponds to a E = 2.3%. Then=2 modes, how-
ever, are found not to be unstable in the range q, ¥ 0.5. Forn=3 the large
number of singular surfaces within the plasma (13 fm; 4y % 1) precludes any

relisble conclusions with our present resolution.

5. High n-modes : For large values of n, Mercier's criterion provides a ne-
cessary stability condition which is in our case more stringent than the low-n
stability requirement. This had been cbserved already for the Solovev equi-
librium with a rigid boundary {4}, but there was no reason to believe it was
general. Mercier's criterion is local and it can be tested at all radii. The

region where it is violated is shown in Fig. 4 as a function of qo. Forq¥ 1

it is satisfied everywhere. For q; < 1 there is an unstable region between
the centre, where q = q,, and a surface characterized by q = qy. Since q at
the surface is of the order of 4 times q,, we see that these modes are not
important. Even at high n, Mercier's eriterion is not suifficient as there
may be ballooning modes. No information is available on these modes, which

are expected to be important only at higher values of Bp.

6. Conclusions : For a B, = 0.5 and an elongation of 2 the stability limit
for n 4 0 is of order of 9o = 1, just as in the circular case. With increas-
ing current, the first modes to become unstable are localized Mercier modes
or high n ballooning modes mear the axis, whereas n = 1 is stable up to

qo = 0.85, corresponding to B = 2,3%. The n=0 modes have to be stabilized by

a feedback system combined with a shell.
This work has partly been supported by the Swiss National Science Foundationm.
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LASER THERMONUCLEAR INSTALLATION "DELFIN®

N.G.Basov, 0.N.Erokhin, Yu.A.Mikhailov,
G.V.S5kligkov and 5.I.Fedotov

P.N.Lebedev Physicel Institute of Academy of Sciences
of the USSR. Leninsky prospect 53, Moscow, USSR

An examinatdon of different schemes of LCTR results in
the necessity of construction of lesers with pulse energy at
least 104 7 and pulse duration of 0.1-10 ns. Moreover, ldsers
must comply with a number of demands, such as high degree of
radiation contrast 107:— 108. small divergence 1074: 1072 12 .
high tempordl synchronization of optical beams, a great number
of output beams and a pomsibility of pulse shaping.

These requirements have been taken into account in the
creation of 12-channel Nd-glaes laser installation "DELFIN"
described. This installation is intended for a sphericel

2

heating of a thermonuclear target and these investigations
should enableus to optimize the conditions of the heating and
to reach sufficiently high thermonuclear yield.

The installation "DELFIN" has been constructed (Fig.1)
on the basis of successive-parellel disposition of amplifiers.
A general view of the optical hall with lamer system, vacuum
chamber and diagnostic arrangement is shown in Fig.2.

A subnanosecond pulses are formed by Nd-glass master-os-
cillator operating in the periodic pulse Q-switching regime.

A nenosecond pulses are generated by the single-mode FNd-glass
Q-switching oscillator and high-speed pulse formation system.

In the installation "DELFIN" we have chosen the following

splitting coefficients from stage to stage:n=2:;2;3;2;3:3(Fig4).

Fig.1. A block-diagram of the instal-
lation "DELFIN". 1 - target

chember; 2,3 - nanosecond and
subnanosecond master oscil-
lators; 4 - stages LPSA; 5:7-
stages PSA I+II and PFSA I+III;
8 - beams splitting arrange-
ments; 9 - stages 0SA,

Fig.3. General vie'w of

Fig.2. General view of
the optical hall, poweful stages of

amplification.

A general view of powerful stages of amplification is shown in
Fig.3. Each output stage of amplification represents a module
with overall dimensionas 72 x 96 x 135 om? containing 18 laser
heads with active rods @ 45 mm, There are 12 such modules in

the whole "DELFIN" providing 216 laser beams with equal energy

in each beam. The basic laser parameters of the installation

PLASMAS

"DELFIN" are given in Table 1.

33

From each of 12 output mo-~

dules OSA 18 beams converge to

NUHBER OF BEAMS
1 LP8A the multi-prism "mirror", which
2 PSA-I
= forms one big composite beam
4x1 PSA-TT & comp
4x3 PPSA-T with aperture 285 mm,
4x8 PPSA-IT At present two-lems objec—
PFSA-ITI
0SA tives are used to focus compo-

21

= TO THE TARGET

site beam, The dimmeter of a

focal spot is 300 jm.

Fig,4. Optical acheme of beam
multiplication.

In agreement with,the prin-

ciple goals of laser-thermonucle-

ar plasma diagnoastics 34 the

plannad investigations at "DELFIN" installation are measurement of

light energy conversion into the thermal ion energy in coronal
area (nas 1021 cm"a), a study of comulation procemses in the target

core ( n,> 1022 om"3), and the investigation of thermonuclear

burning conditions.

Table. 1,
Divergence, | Brightness,

Stage Fumber of beams | Energy,J - W/cm2 —
LPSA 1 30 1:10% | 6.5 10'¢
PSAT 2 T0 e e
PSAII 4 180 =t e
PFSAT 3 120 i i
PRSATI 6 320 2.107% | 2.8 10"°

| PRSATIT 18 880 b iz

0SA 3x18 2500 5.10-4 4:1015
OUTPUT 12 10 000 b 3.1017

The plasma dimgnostic technique st the "DELFIN™ can be

divided into the following groups:
1. optical diegnostica in the
2, aspectroscopy in the region
A=1210% 1

3. energy distribution of hard X-rays

4. corpuscular diagnostics.

wavelenght range 0.35:1.06um;
of VUV and sot X-ray

o
A< 1 A;

At present the preliminary start of the first part of the
ingtallation "DELFIN" (3 composed beams - 54 beams @ 45 mm)

have been carried out. The summary

laser radiation energy in 3

composed beams is e 650 J, and light pulse duration is o 10 ’s.

The pumping energy value is « 21 kJ per 1 rod mctive element

with @ 45 mm and pumped part lenght o 560 mm. The averaged value

of light divergence is not more than 10"3 rad. The contrast

ratio is not less than 10°,
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MULTIKILOJOULE co, LASER HEATING OF POLYTHENE PELLETS

A.C. Walker, M.W. McGeoch, T. Stamatakis, S. Ward, B.L. Willis
and I.J. Spalding

Euratom-UKAEA Fusion Association, Culham Laboratory,
Abingdon, 0X14 3DB, United Kingdom.

Abstract: A multikilojoule CO, laser ('"TROJAN') has been used to heat 4-1 mm
polyethylene cubes at incident intensities Sax 'IDI%cm'z, in preliminary
assessments for a laser plasma stellarator-filling experiment. Measurements
of transmission through the resulting laser-plasma, and of refraction and back-
reflection, indicate energy losses of = 1, 10 and 5% respectively. These and
other measurements will be discussed.

1.  INTRODUCTION

Ohmic-heating typically generates a plasma having an energy content of
~ 300J in CLEO atounratnr.l This paper examines the efficiency with which
multikilojoule CU, lasers may be used to create laser-plasmas, as an alter-
native means of filling CLED and other toroidal trapssm Earlier measurements

(3)

of reflection from plane carbon targets have indicated that back-reflection

can be small, since absorption is significantly stronger than that attributable
to inverse-bremmstrahlung uomsq‘ﬂ
by investigating transmission and refraction losses when finite targets are
irradiated. It is hoped to use free-falling cryogenic deuterium tnrgetaw) for
this cooperative Euratom pro;r;ma. but for these preliminary assessments the

targets were (suspended) polythene cubes.
2.  EXPERIMENTAL TECHNIQUE

The experimental arrangement is illustrated in Fig.l. The electrical
characteristics of the electron beam preionized laser ('TROJAN') have been
described previnnalyss) For the present experiments the system was filled
with gas at one standard atmosphere, with a He:N,:C0, ratio of 0:1:2; its
active volume wus ~ 180 cm x 20 cm x 25 cm. An unstable confocal optical
resonator having a magnification of 2.8 was used to ensure low-order transverse
mode, gain-switched, output pulses. The initial spike typically had a peak
power of 2 30 GV and exhibited mode beating; its envelope had a duration of
50 ns (FWHM) and a tail lasting some 2 ps. The energy contained in this tail
could be conveniently controlled by adjusting the duration of the electron-
gun pulse; Fig.2 illustrates typical pulse shapes generated for the present

experiments. The incident power ano energy were monitored by the photon-drag
(P1) and large area pyroelectric (El) detectors illustrated in Fig.l; simi-
larly P2 and E2 measured the power and energy back-reflected from the target.
The effective (17 x 20 cuzl crnas' section of the laser beam was focused by a
4.5m focal length spherical mirror on to the target; the focal spot size,
determined by a grating tcchniqne(,ﬂ was 750 pm (FWHM). The polythene targets
were hand cut from sheet, ‘and stuck with a minimum of epoxy resin to 10 pm
diameter glass fibres supported on & micromanipulator within the target chamber

at a vacuum pressure of 10"4- 10-'!l torr.

3.  EXPERIMENTAL RESULTS

Energy balance measurements have been made in which 0.6 - 1.5 kJ laser
pulses, of duration 50 ns to 2 us respectively (cf Fig.2), have been focused
centrally on to both 1 mm and -} mm polythene cubes. These have given repro-
ducible results showing, for all cases, high coupling of the laser energy into
the pellet plasma.

Detector E2, aampling light directed back through the focusing optics with
an effective aperture of £/17, indicated s 5% direct energy reflection. A
cone calorimeter, E3, placed behind the target and matched in size to the beam
diameter gave a response typically < 8% of that recorded with no pellet in
position. Such a device, however,.considerably underestimates the magnitude
of high energy (unattenuated) pulses, because of plasma formation at its
entrance aperture. To investigate further, calibrated film was placed behind
the pellet to give a spatial measure of the energy density of both transmitted
and refracted 002 laser radiation. (The calibration was obtained by directing
various known intensities of 10 um radiation on to the film  in vacuum k6 and
observing the colour of the resulting burn.) Fig.3 illustrates typical
energy density contours, derived in this way, for CO, radiation transmitted and
refracted through the plasma. It indicates that the direct transmission is
< 1% of the incident energy, but that refraction, confined to a cone of (full)
angle = e s contributes the major energy loss, of % 10%. Film placed at
other positions within the target chamber gave no detectable response except
when close to the laser beam direction, indicating that additional back-
Bcattered light not reaching the focusing optics amounted to no more than
1% of the incident energy.

Detector P2, sampling the reflected intensity, showed enhanced back-
reflection of the long us tail of the pulse, relative to the intense (50 ns)

the present work extends such observations

initial spike (Pig.4).
4.  CONCLUSION
These energy balance measurements demonstrate that small, submillimetre,

(l:ua)’1 targets can be efficiently heated using (relatively slow) kilojoule co,

laser pulses. Measurements of total charge, using ion probes, etc., are in
hand to establish whether pre-pulses of the type discussed in ~ 100J Nd laser
heating experiments 6.8 will be necessary to ensure full jonization in the
present higher energy, microsecond duration experiments. (A highly simplified
model suggests that this practical complication may be aveided, ° or perhaps
restricted to the use of only a 10.6 um prepulse’?)
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EXPERIMENTS ON NEODYMIUM LASER PULSE INTERACTION
WITH SLAB TARGETS IMN THE PICOSECOND REGIME

J.A., Zimmermann, J.E. Balmer, T.P. Donaldson, P. Wigli
Institute of Applied Physics, University of Berne,
CH-3012-Berne/Switzerland

Abstract  Experiments are described on the interaction with
solid targets of a short neodymium laser pulse at intensities
up to 10%° watts em 2. The dependence of reflectivity and elec—
tron temperature on laser intensity was determined and the ef-
fects of pre-pulses and self-focused filaments were investiga-
ted.

Introduction Of considerable relevance to laser fusion are
scaling laws for electron temperature and plasma reflectivity.
Scaling of coronal electron temperature with incident laser
intensity in the long pulse (nanosecond) regime has been fair-
ly well established by several groups using neodymium in-glass
lasers (1,2). However, in the short pulse (picosecond) regime
not many results on electron temperature scaling have been
published, and plasma reflectivity results are not fully in
agreement (3,4,5). Scaling laws for short pulses are reported
here and the influence of prepulses from the laser has been
investigated.

Experiment and Diagnostics Laser pulses of 35 psec duration

were generated by a neodymium:YAG mode locking oscillator. A sin-
gle transverse mode pulse was selected and amplified by a Nd:glass

chain which included a discrimination amplifier (6) to ensure
that any noise or prepulse intensity was less than 1Cl-'6 of the
main pulse intensity. Thus well "characterised" laser pulses

were focused onto slab targets located in vacuo. An £/3.75 a-
spheric lens produced a focal spot of%“80 um diameter and an
intensity of 1015 watts cm_z. Simultaneous measurements of X-
ray emission were made with two identical pairs of scintilla-
tor foil detectors using 12.5 HUm and 25 um Be foil absorbers.
Temperatures were derived from signal ratios of each detector
pair, and from absolute intensity values. These were compared
for consistancy (1). Electron temperature (Te} was derived
from signal ratio (R>1) using (7):

TB = O.SO(EB—EA)(I + /1 + 0,073 &n R(EA+EB}/(EA—EB)/1n R

valid for 1 < {EA/Te and EB/TE) < 10 and a foil with no edge
in the transmission band, EA and EB are cut-off energies of

the thin and thick foils respectively. The electron tempera-
tures of plasmas generated from transparent perspex and opaque
carbon targets were measured and compared. Examination of the
transparent targets after the interaction revealed the presence
of self-focusing filaments which were non linearly refracted as
they entered the perspex. The effect of laser intensity on the
angle of refraction of the filaments was measured, see figure 1.

LASER LASER
e ——
TARGET
{(a) Filaments showing (b) Filaments showing non-li-

total internalize- near refraction when laser
flaction beam is incident at an angle
to the target surface

(e) Non-linear refractive
index as a function of
incident laser intensity,
measured from (b)

:E n=ny+n'
2

NL refractive indexn'

Incident intensity
1

5 2
1012 108 wem?2 FIGURE 1
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To determine if self-focusing of the laser beam was initiated
before a stable critical surface was formed, a perspex target
was coated with a thin gold layer (< 500 R),preventing the in-
itial part of the laser pulse from reaching the perspex; thus
the critical surface was established before the main part of
the pulse "burnt through" the gold to the perspex. No fila-
ments were observed, implying that self-focusing began in the
early stages of the laser pulse before a stable critical sur-
face was established. It was estimated that up to 5 % of the
laser radiation energy was lost in these filaments, Laser ra-
diation backreflected into the solid angle (0.35 sterad) sub-
tended by the fochsing lens was measured. Figure 2 shows the
dependences of plasma reflectivity and electron temperature on
the peak incident laser intensity (I). To observe the effect
of prepulses on plasma parameters, a controlled prepulse of

3x10"% I was introduced A1 nsee before the main laser pulse.

: 1000
1 . : L @ Exp. points o
feExp.points | ®2e21 eV (perspex) .
[ (perspex) °__-=*" I RO
| ”,—' _",—‘Gon‘l
é? Té o
L ® .-
2 --= Classical e
g prediction s ® oo7 o cthoh
% T e
o[, 12 13 % P 10
10 10 13
01 i i o L N

Incident intensity Wcm? Incident intens. Wem™2

FIGURE 2

Discussion Electron temperature measurements for the range
1012 - 1014 yatts om~? 1ie between theoretical predictions
based on two limiting plasma energy losses: conduction (8) and

convection (9). The point (P) where these losses should balance
was calculated (see figure 2). The measured electron tempera-

4
ture scaling; Te o 10.44 t 0.05

agrees with the theoretical
scaling of 0.44 (8,9,10). On the basis of these results the
electron thermal conductivity is thought to be close to clas-
sical for I < 1014 watts cm-z, and the measured temperature
scaling of plasma reflectivity conforms to classical absorpti-
on predictions, assuming a density scale length ™ 2 um. Abso-
lute reflectivity values of up to 70% correspond more closely
to the results of (4) and (5) rather than those of (3). Note
the contrast with the results in (11) where long pulse (50
nsec) C02 lasers were used and backscattered reflectivity was
" 3-4%, The high short pulse reflectivity can be explained

by the characteristically short density scale lengths in the
plasma. When the pre-pulse was introduced the density scale
length had time to grow before the main laser pulse arrived,
and the reflectivity was seen to fall dramatically from 70%
to 40%, while the electron temperature increased correspon-
dingly. Filaments were not seen in this case because the so-
lid perspex was shlelded by the critical surface. It is con-
cluded from these results that laser prepulses significantly
affect the absorption of laser energy and therefore it is
very important to characterise the exact temporal evolution
of the laser radiation impinging on the target for the inter-
pretation of absorption measurements. Further work is in pro-
gress to extgnd the range of these measurements.
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DIRECT MEASUREMENT OF A FLUX LIMIT IN A LASER HEATED PLASMA
D.R. Gray and J.D. Kilkenny

Blackett Laboratory, Imperial College, London SW7 2B2

Abstract: A homogeneous plasma of density 6.1016 cm™? is

heated by a 2ns Coz laser pulse. The heat flux is directly
measured by ruby laser scattering and is limited to34% of the
free steaming limit. The maximum Te/’l‘i is 6 and heat flux

driven ion acoustic turbulence is seen.

We report an experiment where a homogeneous,underdense

16 =3

plasma of density 6.107 cm is heated by a 2ns COzlnaar

2

pulse of peak intensity 3.1011 Wem <. Classical thermal

conduction is not expected. Space and time resolved electron
temperature (Te) and density (ne) are measured by ruby laser
scattering. These results are compared with numerical simu-
lations by varying the thermal conductivity and absorption.
The plasma used is a weak hydrogen z pinch. The initial

n_ and Te are 6.1016 cm—3 and 4 eV respectively. A 400 MW

e
co2 laser pulse is focussed into the centre of the plasma by a
Li cm doublet. The diameter of the focal spot is measured to
be 350 # 50 um. Both the co, laser and the diagnostic ruby

laser are incident radially on the pinch column, the radii being
separated by 45°, The ruby pulse is much longer than the Co2

pulse and sychronisation is achieved with subnanosecond jitter by

electro-optically switching both lasers from a common spark gap.

On the length and time scale of the heating experiment the
plasma is essentially homogeneous, constant and unmagnetised.
Thus there is cylindrical symmetry about the co, laser beam.

The scattered light is resolved by a grating spectrometer.
Time resolution is achieved by a 1.2 ns risetime photomultiplier.
Reproducibility is good enohgh to plot spectra on a shot to shot
basis. The spatial resolution is 200um and results are taken
with various displacements (&) from the centre of the coz beam.
The scattering vector is usually parallel to YT , i.e. radially
outwards from the coz laser beam. Data is taken for §=0,
§= 400 ym , &= 700 ym and é= 1200 um. The electron feature is
used to derive values for ng and Te from Salpeter curves.

A one dimensional two fluid simulation is used to compare
with the experiment. The ponderomotive force and the saturation
of inverse bremsstrahlung absorption are including since Vo=
eEolmuo A As in previous work (1) the multiples
w(absorption) and s (thermal conductivity) (2) are varied to fit
the experimental results. Thus s=1, w=l is the purely classical
situation. Alternatively, the experimental results can be com-
pared with a simulation using an artificial limit (f) to the heat

flux (q), so that g cannot exceed f (nc/4) 2 kTE.

For previous low power results (1) the best fit was achieved
with s=0.4, w=1. However, these results can also be interpreted
(3) with £=0.06 and w=1. Some of the present results are shown

in Fig. 1. The density changes very little. These results

can be fitted by varying s and w. The fit is poor but is best
for 8=0.1 , w=1l. A better fit is obtained by varying f and as

shown in Fig. 2, the best fit is with f=0.0410.02, w=110.2 .

By fitting the experimental data for several different
displacements both the absorption and the conduction have been
measured. It is interesting that we can interpret both
experiments with a similar flux limit.

The values of n, and T, deduced from the measured electron
feature defines a thermal level for scattering in the ion

feature (S The observed ion feature (siol is enhanced to

1en!
»10. S,,, at the peak of the co, laser pulse as shown in
Fig. 3. This is interpreted as ion acoustic turbulence driven
by the conduction return current along T, This was not

observed in the low power expariment presumably because there the

long timescale (70ns) allowed equilibration of T, and Te. In

i
contrast for the present experiment ‘1‘1 is constant to 10% during
the electron heating. Thus we expected Te/T.l to be as large as

6 , and ion acoustic waves to be driven by the return current.

Although, the ion acoustic turbulence could be inhibiting

the thermal conduction for the high power experiment, this could
not explain the flux limit seen in the low power experiment. A
more consistent explanation might be that the degree of turbulence
is insufficient to greatly inhibit conduction and that the flux
limit of ~5% is due to collisional effects. It should be noted
that Spitzer's (2) perturbation treatment of transport coefficients
becomes invalid when g > 0.1 (;E ) ZkTa. Under these conditions
the total distribution function becomes negative in the region
of velocity space where the net heat flux occurs (1.5v , <v< 3vth!.
Acknowledgement Thanks are due to M.S.White for help in the

early stages of this work,A.W.R.E. for the use of their CO,

laser, and the §.R.C. for supporting this work.
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SELF-SIMILAR DEFLAGRATION IN LASER HALF-SPACE PLASMAS
J.R, Sanmartin and A. Barrero
E.T.S.Ingenieros Aeronfuticos

Universidad Politécnica de Madrid, Madrid-3, Spain

Abstract: The self-similar motion of a half-space plasma, gen-
erated by a linear pulse of laser radiation absorbed anomalous-
ly at the critical density, has been studied. The resulting
plasma structure has been completely determined for [pulno du=

ration ¥ (eritical dansity]zfmaximum irradiarion] larga anongh.

In laser fusion schemes, laser radiation is absorbed in a
plasma at electron densities less than, or around, the critical
density LS If :Snc/nu<<i, n, being the initial density, absorp-
tion occurs in a hot and rarefied corona, ablated by the laser
[1]. Entropy (which is generated there) should be kept low in-
side the dense plasma, where mass and enargy should converge ef-
ficiently; in addition the energy coronal outflow should be min-
imized. Thus, hydrodynamics plays an essential part in microfu-
sion.

We have studied the self-similar motion of a plasma under
irradiation of a laser pulse linear in time [2], [3]. The plas-
ma at t=0 is assumed to occupy the half-space x>0, with uniform
density n, and negligible temperature; the pulse irradiation

b=, t/T 0<tsT (1)
is assumed absorbed at the plane where the electron density n,
equals L The analysis allows for electron thermal conductivi-
ty and different temperatures, T, and T (an electron flux lim-

iter, viscosities, and ion heat conduction could be also in-

cluded in the self-similar solution); we consider neither nucle-
ar fusion, nor radiation pressure and emission.

We make the ansatz (verified in the solutiom) that the
plasma is both quasineutral and collision-dominated. From neﬁniin

we then get equal {on and electron velocities, v _=v.Zv. For the

electron thermal conductivity and the ion-electron relaxation

time we may use the classical results [4]

oze KD . 3l2
k=K, T, s to4=F 4T, /m

where the Coulomb logarithms in Ee and ?ai are assumed to remain
constant.

Defining appropriate dimensionless variables

E=x/wr(t/m)%3 | uE)=av/mu(esr)l/?

FE)=n/n,, °1=T5/To(t"32/3- a=9KT /U

2 (2)

the equations of continuity for either species, momentum for the
ion-electron fluid, and entropy for each species, read

(E-u)dn/dE=n du/dE

u-s (E-u)E w-2 & [Fte +8)]

o 4 du 104 e b
n[ei(1+-3- H)-!(C-u)-a-r] =u4,3an W?
e

LU o 8.8y
?E)-b.:lun S 72 +6(E-E )
e

a0

= 4 du (] d 5/2
n[Bu(i*-a- R)-“E_")W]:R(ee
with boundary condition

8 =8,=u=n-1=0 at E==

e 1 (u)

F=u'€v‘° at  E=g,
where Ev is the position of the plasma-vacuum boundary and Ec
is given by

nlg )=m e .

In Eqs. (3) we have chosen w and T, to satisfy

wets K 20 0, 1 acp 2e/E kn )P0

and then
- 22 T y2/3
a=(9k/4m ) (k"n “T/¢_K,)
k is Boltzmann's constant and my the ion mass.

I""'3>>1.] we find that

Assuming as>e™t/3 [that is, a Saln_/n_)
the flow presents three main regions. An isentropic compression
to the right, beginning at a shock bounding the undisturbed
plasma at Ef, and ending at ﬁEf, where

1/6,1/3 &

Eg=.53¢ n=,82 .

A much larger isentropic expansion to the left, lying between

ﬁEf and Ev=—2.152_1f25

g» 80 that in this region, HEE is indis-
tinguishable from zero. A deflagration layer (where absorption
occurs, conduction is important, and Seiﬁs) separating the isen-

szu-alz

tropic regions; its width is of the order of €~ Ef. so

that deflagration and isentropic expansion merge into each other
-4/3
I s

when a=0(e while the relative size of the deflagration and

the isentropic compression depends on the value of gT5/2,-8/2

Detailed results are given in the figure.
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COMPUTATIONAL STUDY OF SOME RADIATION AND NUCLEAR PROCESSES
IN LASER=-PRODUCED PLASMAS
L.Drskea ,R.Dragila,J.Krepelka
Faculty of Nuclear Science and Physical Engineering,Technical
University of Prague,Brehova 7, 115 19 Praha 1,Czechoslovakia
Abstract: Results of two computational studies in the field
of laser-produced plasmas are presented: (1] Absorption and
reflection of solid spherical targets irradiated by laser
1light, (2) Electron screening factors for nuclear reactiona

in inertial oconfinement systems.

(1) Correct treatment of the mbsorption and reflection
of laser light leads to the solving the consistent system of
the hydrodynamicel and Maxwell equations,as there is some cut-
of f neighbourhoud where the geometrical spproximation fails
/1/.In present work, the problem analogous to that treated in
/2/ is dealt with,but for a spherical system and with the flux
limited ion thermal conductivity. - The absorption mechanisms
taken into mccount are both collisional inverse bremssatrahlung
end collective effects,the latter through the effective col-
lision frequency var.Genernlly,bha collision frequency is de=-
fined as vef = max () : , v: ), where y:‘ is the usual
value of the collision frequency corresponding to the inverse
bremsstrahlung mechanism and V: [ Ve’f or 0 ,according to
/2/. - To check the role of the collective effects,the calcu-

lations have been done for the cases without and with the ano-

malous absorption respectively. The reflectanoce /V.r/zgf"/zko('t).

the laser pulse and prepulse (dashed line) versus time for
both cases are plotted in Figure 1. -~ To demonstrate some pos-
sibilities to optimalize the laser pulse for given size of the
target and laser energy,sSeveral shapes of the laser pulse have
been chosen.Two examples are given in Figure 2.The absorbed
energy Ea and compression ratio f? "x/ FO evaluated for
these cases were as follow: (m) 85 % , 242 ; (b) 95.5 % , 4200,
- All details concerning this study ere given in /3/.The results
of the study will be used in & more general code for the simu-
lation of radiation processes in laser-generated plasmas /4/,

(2) Calculations of rates of thermonuclear reactions in
laser-generated plasmas (and in inertial systems generally)
have been based on the mssumption that the Coulomb interaction
with all the other nuclel and electrons can be neglected.It is
the aim of present paper to check this assumption regarding
advanced and special inertial systems. - The calculation of
screening effects for nuclear reaction of charged particles
immersed in a dense plasma requires the evaluation of the
electron screening factor f s.(a-v)- /{q-v}o swhere {0 'v)l
and (rv)o are reaction rates per particle for screened and
unscreened system respectively. /5/. - General methodology de-
veloped for astrophysical applications /6/,/7/ have been used
to solve the problem.Illustrative results of calculations for
some binary systems being of interest in CTR are presented in
Table 1. Several speculative,more complicated systems have
been also examinated, typical results are given in the Table 2.
= All details of the calculations are explained and more gene=
ral aspects of the problem ( two-temperature systems eto.)are

‘studied in /B/.
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TABLE 1. SCREENING FACTORS OF BINARY SYSTEMS
SYSTEM | () | N i/om-j/ T/K/
1.000 +7 1.000 +B 1.000 +9
DD/TD 1.0 | 1.0 +26 | 1.034 1.002 1.000
1.0 +27 1,510 1,002 1.000
1.0 +28 | 2,678 1.016 1.000
1.0 +29 3.738 +1 | 1.073 1.001
Li6D 2.0 | 1.0 +26 | 1,624 1,013 1.001
1.0 +27 3.390 1.042 1,002
1.0 +28 7.212 1,189 1,004
1.0 +29 8.524 +2 1.564 1.014
B11H 3.0 | 1.0 +26 | 2.439 1.039 1.002
1.0 +27 | 4.686 1.160 1.005
1.0 +28 | 3.270 +1 | 1.384 1.012
1.0 +29 2.154 +3 2.348 1.041
TABLE 2, SCREENING FACTORS OF COMPOUND SYSTEMS
SYSTEM | ¢z} | N, /em™3/ T/%/
1.000 +7 | 1.000 +8 | 1.000 +9
TD+B11H 2.0 1.0 +26 1.272 1.005 1.000
1.0 +27 | 1.747 1.018 1.001
1.0 +28 2,204 1.062 1.002
1.0 +29 | 6.305 1.249 1.006
TD+Fe 13.2 1.0 +26 5.355 1.198 1.012
T:0.4 1.0 +27 | 3.994 +1 | 1.579 1.037
D10. b 1.0 +28 3.035 +3 2,108 1,069
Fe10,2 1.0 +29 - 5.355 1.196
B11H+U 20.8 1.0 +26 5,068 1.216 1.016
B11:0,54 1.0 +27 3.452 +1 1.692 1.051
H:0. 4 1.0 +28 - 2,081 1.078
U:0.2 1.0 +29 - 5.068 1,225
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THE REXIMPLO EXPERIMENT: HICGH FREQUENCY
PULSED COMPRESSION OF PRE-IONIZED DEUTERIUM GAS
E. Panarella
National Research Council, Ottawa, Canada, KIA OR6

Abstract: REXIMPLO is a new plasma compression experiment characterized by
high-frequency explosive and implosive discharges that respectively preheat
and compress deuterium gas in cylindrical geometry. The main features of
the design of the experiment as well as the technological innovations will
be described and initial results will be shown.

REXIMPLO is an acronym for the repetitive-explosion-implosion exper-
iment of the National Research Council of Camada. Basi-
cally, the experiment aims at heating deuterium gas in a cylindrical vessel
by means of a rapid succession of compression waves each preceded by an
ionizing expansion wave that drives the gas towards the wall of the vessel
thus creating a strong density gradient towards the centre of the vessel.
The idealized phases of the process are summarized in Fig. 1. At time t=0
a linear discharge along the axis of the vessel is triggered via two elec-
trodes plugged into the centre of the end windows. The linear discharge
generates a diverging wave which, at the time it reaches the wall of the
vessel (t=t;), produces a distribution of gas density decreasing from the
wall to the centre of the vessel. At this particular time the first con—
verging shock wave is launched by means of a theta-pinch discharge. The
imploding wave travels now in a decreasing demsity medium, hence, it
accelerates and, at collapse time t=tj3, a large thermal energy is obtained
from the conversion of the kinetic energy of the ordered gas motion.
Immediately after this cycle a second linear discharge is fired. The shock
wave moves outward and redistributes the gas density according to the
figure (t=ty). At t=ts, when the diverging wave has reached the wall of the
vessel, the density distribution appears as at t=ty. A second imploding
shock wave is now launched and the entire succession of events as previously
described is repeated. This scheme promises that the temperature of a gas
can be increased by periodical energy dumping. The experimental apparatus
designed to achieve this result is described in Fig. 2. Basically, it is
made up of three parts: the explosion and implosion circuits, the discharge

control unit and the flow visualization system. The explosion and implo-
sion circuits are in all respect the same. A 24 uF condenser bank (Main
Bank) is charged to 10 KV. A much-smaller d bank (! y Bank,
2 uF) receives periodically a charge from the Main Bank through a SJIJE
inductance and 1s discharged into a single turn coil (in the implosion

eircuit) or into the linear axial eircuit (in the case of explosion). The
flow visualization system is made up of a Mach-Zehnder interferometer, a
Nd:glass laser and an image converter camera operating in the streak mode.
The discharge control unit has the purpose of triggering alternately explo-
sions and implosions. To this end, two photomultipliers are coupled by
fiber optics light guides to an interferogram of the discharge. A differ-
entiating circuit (Logic) coupled to the photomultipliers produces a strong
signal only at the time of detection of passage of a shock wave which, on
the interferogram, appears as a raplid shift of the fringes. Hence, by
positioning the fiber opties light guldes near the axls and the wall of the
vessel, an explosion and an implosion can be triggered respectively. In
operation, the entire apparatus works as follows (see lower right part of
Fig. 2). At t=0 the laser is fired and the light pulse is monitored through
a photodetector. This is coupled with a Triple Delayed Pulse Generator.

The first pulse (A) triggers the spark gap switch of the Main Bank of the
Explosion Circuit. After n5 usec a second pulse (B) appears that triggers
the Main Bank of the Explosion Circuit. At the peak of the charge of the
Secondary Bank of the Explosion Circuit a third pulse appears that triggers
the first explosion. After this, all other discharges are triggered by the
Discharge Control Unit and the firing ceases when the voltage of the Main
Bank is reduced to the point where the Quenched Spark Gap Switch of the
Secondary Banks cannot become conductive any more. These switches are the
main technological innovation of the apparatus. They have been described

in detail in ref. [1]. Basically, they are high voltage spark gap switches
where the single switching spark has been replaced by a series of elementary
sparks separated by a set of copper plates. The elementary sparks, being in
contact with the copper plates, are cooled and deionized as soon as the
current flow reduces to zero in the oscillatory circuit. Hence, the current
flowing in the circuit, rather than being a long damped oscillation, lasts
only for the time of the first halfwave (Fig. 3). The switch is then ready
to fire again immediately thereafter and the firing fraquency can be as high
as several hundreds kilohertz. The second findamental innovatlion of the
apparatus is the insertion of an intensity stabilized laser system, described

in detail in ref. [2]. Basically, it is a Nd:glass high power laser on
which an electronic feedback system is inserted in order to convert the
spiky light emission into a smooth near rectangular output of adjustable
intensity and duration. Figure 4 shows a typical pulse out of the modified
laser where the light pulse has a power of 150 KW and a duration of
w14 psec.

Some preliminary experimental results are shown in Fig. 5.
Figure 5a shows an image converter streak photograph of the plasma luminos-
ity during the first cycle of the discharges, i.e. an explosion followed by
an implosion. The gas used has been deuterium at 200 nTorr pressure. The
most notable result is that an implosion can occur at a gas pressure which,
without preionization, would not allow it. The current sheet (or shock
front) velocity is quite high, 4 x 106 cm.sec™!. Figure 5b shows a streak
interferogram of the same discharge. From the shift of the interference
fringes, which is due to the refractivity of free electrons, it appears
that the gas (deuterium) is fully ionized at collapse time.

[1] E. Panarella and V. Guty, Journ. Phys. E: Sc. Imstr. 7, 835 (1974).
[2] E. Panarella and L.L.T. Bradley, IEEE Journ. Quantum Electr. May 1975,
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MODELING OF AN THERTIAL SYSTEM WITH GAS-KINETIC CONFINEMENT
OF MAGHETIZED PLASMA

8.G.Alikhanov, V.P.Bakhtin, I.5.Glushkov, A.D.Musychenke
and V.P.Hovikov

The Kurchatov Institute of Atomic Energy.

Inertial cenfinement by limer is an inherent approach for almest
21l pulsed thermomuclear systems at present. Differences between these
systems are mainly in the techniques of liner acceleration and, also,
4solation and heating of plasma. Here, the scheme is considered /1 / »
where the plasma confinsment and heating are achieved by means of
cumulation of e cylindrical shell, i.e. liner. The presence of an axial
magnetic £ield considerably reduces heat conduction in radial direction
and as it has been shown u:.uer/2/ a plasma flow to the wall origi-
nates, which is ry to te the radiative losses from the
dense plasms being in contact with the wall (n!-come,ﬁﬁ"l_). The cal-
culations performed show that ~ 10 MJ] energy storage is required to
@t the efficiency nseded for practical applisation (‘n'r?,"!oﬁuclolj).
Por realisation of this considerable progress should be made in deve-
loping faet ensrgy storages, low inductance ensrgy leads, initial plas-
ma preduction, etc. Therefore, in the mearest future only modeling
experiments at available ensrgy levels are possible aimed at obtaining
a 1% burmup of I -—T mixture at 10 kev.

The calculations were dons for a 30 kj storage capacitor with
U =300 kv and t > V052,108 sec. The 1% burmp has been shown to
require a plaswa with the foilowing parameters: a = 2.10%, 5 = 200
kG and ¥, = 400 oV in the volume d=2=0.2 cms Such a plasmma could be
easily produced by laser irradistien (Q=500 j) ‘of D-? targets placed
at the epposite ends of the eylinder to be compressed. At the initial
moment of cumulation the limer outs off the inlets for lafier beams.
Since the mean free path of particles is less than the cylinder lemgth
thile are no problems associated with plasma thermal relaxatiom by
shook waves. Figure 1 shows the calculated demsity distribution ot
the moment of mexiwum compression (T, =12 ke¥, E = 2.10° c).
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4
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The experimental results on the plasma injection into the chamber
Dalm12 cm and liner afceleration up to 10° cu/sec are given below.
These model experiments enable to study physical processes forming
the basis of the scheme under development. The plasma was injected
by two coaxial electric duscharge shock tubes. The shock wave velooity
amounted to 107 cw/mec. The plasma jots wore injected imto the chamber
through the circular slits at the ends. The experimental valus of
pu(£(t) (Pig.2) agrees with the expected emergy loss machaniem, i.e.

2e

e
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electron thermoconductivity aleng the magnetic field (B =10 ki) .Though
the streak cemera spectrum (Fig.3) shows the impurities to be negli-
gible, one cannot be assured that the radiative ensrgy losses are dus
to the hydrogen only.

[Oatm ~ SMec
o Hy Ha M 4
¥ —— [
g T
Fige2. Fige3.

Acceleration by meens of a magneto-compressed discharge has been
proposed for a real pulsed reactor with Z-pinch limer; however, for
modeling experiments a well-checked techmique of metal limer accelera-
tion can be used making the velooity up to as high as possible. The
maximal velocity is limited by liner heating by curremts im it. Simce
the increase in the temperature and momentum of the accelerated liner
is proportional to the current squared, then for a planar case one
can defins the so-called current integral which relates the velocity
st a given thickness to the temperature and phase state/3/ . Ina
cylindric gecmetry the liner thickness is not constant. In this case
the maximum attainable velocity is certain to be higher. Indeed, a
value of 10% cm/sec has been obtained which doubles thy maximum ons
for a planar case. The photos made with a high speed framing camera
distinotly show that the liner does not explode till the stop. All
the measurements ingnding those on the amplification of the initial
longitudinal magnetic field and the singularity on the curremt ourve
are in good sgreement with the calculations.

The authors thank E.P.Velikhov for support and interest in the
work.
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PLASMA EFFECTS ON THE ABSORPTION SPECTRUM FOR THE
ORDINARY MODE IN A MAGNETIZED PLASMA

T. A. Casper and J. L. Shohet
The University of Wisconsin, Madison, Wisconsin 53706 USA
and
J. A, Tataronis
Courant Institute, New York University, New York, NY 10012 USA

Abstract: The rate of energy absorption for electrons in
a plasma is calculated from the emission, including plasma ef-
fects through the index of refraction. The net absorption is
obtained for the case of propagation perpendicular to an ap-
plied dc magnetic field. The dispersion relation for cyclotron

harmonic waves is solved numerically.

The net absorption [1], that is, absorption minus stimu-
lated emission, for waves in a magnetized plasma has been ob-
tained for the special case of propagation perpendicular to the
dc magnetic field. The plasma is assumed to consist of a sin-
gle species of electrons in a neutralizing background of infin-
itely massive ions. The electron temperatures are considered
to be relativistic with electron density high enough so that
the electric and magnetic fields produced by the plasma may not
be neglected.

The coefficient of spontaneous emission from which the
absorption is determined corresponds to cyclotron emission from
the electrons in a dc magnetic field. The plasma effects are
incorporated into the calculation through the index of refrac=-
tion resulting from the plasma dispersion relation.

As a measure of the net absorption, the coefficient, a(8),
is calculated which gives the decrease in intensity along a ray

.8 inunits of reciprocal length as determined from the difference

between the stimulated and spontaneous emission and absorption.
For the case of a relativistic, anisotropic plasma, the emis-
sivity associated with the ordinary mode (8=n/2) can be written

as (Ref. 1, p. 193),

22 =
o ne‘w 2.2
ng{n/2) = —=— Budg (RB,) 6 (Rw ~w) . (1)
o B EqC l£1 L W a

Using this in the definition of the absorption coefficient (Ref.
1, p. 60), the ordinary wave absorption can be expressed as,

212m4u3 “2

o, » —2cop 143 82 32 (4ng, )ee | an (2)
i = :
o c|Re(k) | gm1 1 Pag b +27%p, B

where BL28[1~B"2-(hN/$Nc°3211/2

must be a real valued parameter
to prevent the occurrence of imaginary velocities. This results
in the range of integration, I, for B, becoming smaller than -1
to +1. Also, the above makes use of the symmetry present at
8=1/2 in equating the ray refractive index with the index of
refraction, that is,

nil = |n|2 = |e Re(k)/u]z . (3
The remaining unspecified parameter is the wave number k.
This is determined from the plasma dispersion relation which

at B=v/2 can be written as,

2 2 2
(+n +szz)[exxt-n +eyy)-eyyl = 0. (4)
The ordinary mode then satisfies the dispersion
2
-n“ + gzz =0, (5)

For a hot p;uamn. the permittivity tensor elements involve
infinite sums of Bessel function integrals [2]. Since numer-
ical results to be presented here only involve the ordinary

mode, the pertinent quantity is

‘

2
") = b1 kcB
¢ =1+-E2 2mmic! a2 (—2 ) (w-nu )L
zz w? n-z-- £ {1 ntow, c
Bfa Bu Bfo 5 163
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The infinite summations can be converted to finite integrals by
use of Bessel function densities and analytic continuation.

Employing the identity

=na = i £ exp(=i(w-nw_ )tldt; Im(u) < 0 (7
the infinite sums are converted to integrations between 0 and
= valid for all Im(w). The Bessel function periodicity allows

the elimination of the infinite integration yielding,

a g af ke
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(8)
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with a = 2'1ru:°/m, z = ykeB,/u__, £ = 2z cos(1/2).

co’

The complicated nature of the -dispersion relation and ab-
sorption coefficient presented in the previous section requires
a numerical approach to find the absorption. A zero search
for complex k roots of the dispersion relation provides values
of k required in the evaluation of “34‘ The absorption spec=
trum (az* vs w) is obtained for a range of frequencies, tem-
perature and density assuming a 1 kG dc magnetic field. For
the results presented here we hgve used an isotropic Maxwellian
distribution truncated at a circle of radius ¢c. No attempts
have been made to renormalize the distribution nor to remove
the effects of truncation.

The search process. involved in evaluating the absorption

coefficient effectively solves the dispersion relation thus

providing k(w) including the self-consistent fields. The dis-
persion relation for a temperature of 100 keV at various den-
sities are shown in Figure 1. The "noisy" wave numbers at fre-
quencies below the plasma frequency are due to a lack of suf-
ficient precision in the numerical integration scheme, The
existence of low frequency propagation bands is consistent with
results presented by Tataronis [2]. Absorption obtained for the

100 keV case is shown in Figure 2 at various densities.
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POLARIZATION OF X-RAYS FROM LASER-PRODUCED PLASMAS
J.L. Shohet
The University of Wisconsin, Madison, Wisconsin 53706 USA
and
D.B. vanHulsteyn, §.J. Gitomer, J.F. Kephart and R.P. Godwin
Los Alamos Scientific Laboratory, Los Alamos, NM 87544 USA
Abstract: The first measurement of polarized X-rays from
a laser-produced plasma is reported. The degree of polariza-
tion is related to the net anisotropy of the hot electron

velocity distribution.

If is the purpose of this paper to show the first success-
ful measurement of the polarization of the X-radiation from
laser-produced plasmas, and to show the relationship between
the anisotropy of the velocity distribution and the degree of
polarization of the X-rays.

The experimental apparatus is shown {n Fig. 1. A 5 joule
Nd-glass laser was used to produce plasma using a flat poly-
ethylene target. The laser system is a mode-locked Nd:YAG
oscillator from which one 30 psec pulse is switched out and
amplified by two Nd:YAG rods followed by two Nd:glass amplifier
rods. The £/3.5 focusing optics yielding incident intensities of
the order of 10"s w[cmz at the target. An 8 percent energy pre-
pulse was introduced 30 psec or more in advance of the main
laser pulse.

The polarimeter incorporates five scintillator-photo-
multiplier detectors. Detector #5 is arranged to detect unscat-
tered X-rays. The remaining detectors are divided into two
separate polarimeters: one set has covering foils of 0.1mmAl.
X-rays incident on the scatterer which are polarized horizon-

tally are scattered vertically, due to the Compton effect, into

the top and bottom detectors (#2 and #4) while vertically po-
larized X-rays are scattered horizontally into the two side
detectors (#1 and #3). The Al absorbers result in a lower en-
ergy cutoff for the X-rays of about 6 KeV. An upper energy cut-
off for detection of the X-rays is at about 200 KeV.

In order to select an appropriate observation angle, some
initial assumptions regarding the nature of the hot electron
velocity distribution were made. It was assumed that the dis=-
tribution was either an anisotropic Maxwellian with the T, >T,.
(n & 1 refer to the target normal, or a drifting Maxwellian with
an :ugefimposeﬂ on an isotropic Maxwellian distribution func-
tion). Free-free electron-ion bremsstrahlung produces X-rays
of varying intensity and polarization depending upon the angle
of observation relative to the target normal. The intensity,
and more strongly, the polarization are affected not only by
the anisotropy of the electron velocity distribution, but also
according to whether the X-rays are produced by small or large
angle scatterings, and whether the electrons are relativistic
or non-relativistic. Given the distribution function mentioned,
the X-ray polarization should be predominantly parallel to the
target normal.

Figure 2 shows experimental results for a shot in which
polarization was measured at an observation angle 5° with re-
spect to the target surface. The traces correspond to signals
measured by calibrated detectors #1, #2, #3 and #4. Detectors
$#2 and #3 have the Al absorbers. Note that the signals on
detectors #2 and #4 are larger than those on detectors #1 and
#3, respectively. This implies that the X-rays are polarized

predominantly parallel to the target normal. A comparison of

the unscattered to scattered X-ray intensities indicated a
scattering efficiency of roughly 1 percent. Single photons
could be detected, but in the case shown here, all the detec-
tors were measuring at least some tens of photons. The degree
of polarization seems to be roughly the same for either the
uncovered or Al covered detectors.

The intensity of X-radiation produced per shot depends on
the energy of the laser pulse. In fact, X-ray intensity ap-
pears to be greatest for laser energies below the highest
energy available from the system. This may be due to self-
focusing of the laser beam at the higher energies, thus cutting
down the intensity of laser light striking the target. Given
a sufficiently large measured X-ray intensity, the polarization
was always parallel for the orientation shown in Fig. 1.

Two additional angles of observation were used. The first
was such that the polarimeter observed X-rays emitted along the
target normal. In this configuration, no trend to the polariza-
tion was observed. The second orientation placed the polari-
meter so that it observed X-rays emitted parallel to the target
surface but perpendicular to the plane of the laser beam and
the target normal. The indicated polarization again appeared
to be parallel to the target normal.

By computing both average polarization from the experi-
ment and a comparable average from theory for a range of per-
pendicular temperatures and anisotropies (anisotropic Maxwellian
distribution function assumed), we conclude that the expa;i-
mental polarization data implies a net anisotropy T,/Ts = 0.2-
0.3, BSuch anisotropy i1s in reasonable dgreement with particle
simulation results [1,2] and may indicate that resonant absorp-
tion [2] is the process by which laser light is absorbadrand

hot electrons produced.
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INVESTIGATION OF ERERGETIC ION BEAMS
IN THE PLASMA FOCUS DISCHARGE

F.V.Filippov, V.A.Bezbatchenko, I.F.Belyaeva, T.I.Filippova
I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

TRACT Studies of the characteristics of a high current deute-
ron beam (DB) was carried out by three methods of the "time-of-
flight" spectrometer, of nuclear emulsions and by activation methode
on the base of C'2 (d,n) B'? and 2127 (a,p) 1128 reactions. The
energy distribution (maximum near E; = (1... 1.5) MeV) has & repro-
ducible fine structure close to a periodicel type.

Soale of the ourrent beam is 3.10% % and time of it's gene-
ration 15 ns.

As it was shown before /1/ there are regimes in system of
Plesma Focus (PF) type which are determined by slipping of current
shell along the electrode surface in which current contraction ta-
kes place without noticeable common coniraction of substence. Energy
and intenmsity of generated under such conditioms high power eleci-
ron beam (EB) are determined by the value and density of contracted
current and also by thermophyeical properties of a contect enode
zone.

Studies of characteristics of a high current deuteron beam /2/
propagating towards cathod has been continued in regimes close to
the conditions of EB generation. The increase of the length of the
current contracting zone and stopping of ite direct contact with
the anode allowed to get DB substantially exceeding the previous-
ly observed omes in intensity and bardness /3/.

The purpose of the present paper is the compaerison of ra_aults
of DB studies by activation methods on the base of C'2 (d,n) §'2
and 4127 (a,p) 4128 reactions emd by muclear emulsion method. Fig. 1

presents a of measur te. A drift tube (2) is mounted

on the discharge chamber (1) of the "MG" device /4/ which operates
at Py = 0,6-0,8 torr D2 + 0,15 mtorr Xe; uo = 15-17 kV, 'I‘uw 80 kJ.
veutron flux originated in "PF" having
covered the digtance of S5=245c¢cm reach the
target (3) (AL, O or AL+0), p - activity
of which is measured by a counier (4). A
combined target is made of double ribbon
(e graphnite cloth and an aluminum foil)
which is stretched between the barrel for
realing of the working section of the area
of 6 x B onZ. Original number of 4128 and

813 atoms is found from the curve of ra-

dioaoctive decay (the sum of two exponents
of ®/2 = 138 sec. and T/2 = 600 sec.). In

© Pig. 1

the case of monochromatic DB their ratio determines the energy of

deuterons and in the present studies it determines representation
of the hard (Ed = 2 MeV) part

-5—‘5_‘—-. | = = of the spectrum. From curves
i e S5 similar to those represented
'5“' in Fig, 2 the DB hardness and

power can be preliminarily
evaluated.
The neutron irradiation

2 (@,n) 8'3

Plg. 2

intensity of the C
reaction of the carbon target was registrated by photoscintillation
detector (5) in the method of the "time-of-flight" spectrometer. As
it wae shown in paper /2/ the instant of DB appearing coinsides
with the pulee of hard X-ray radiation and the generation length
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(10-15 ns) is smell compared with the path time to a target. The
pulse oscillogram dNn/dt (Fig. 3,8) was treated using the depen-
dence of the reaction section on deuteron energy. Fig. 3 (3) pre-
sents differential energy spectrum of deuterons obtained by the
above method. An absolute scale of similar distributicns was found
from calibration in terms of a standard source (gold-activated foil
of the area of 6 x 8 cmz) and was checked by direct measurement of
the number of neutrons from the target by a counter (6) with the

109). The coun-

help of an ordinary method of silver activation (Ag
ter (6) is quite identical to the block (7) used for measuring the
bulk neutron yield from PP which influence on the counter reading
(6) was determined while the beam was interrupted by a 1id (8). DB
symmetry wae checked by tourf.! - counters (9) which was placed be-
hind sluminum screens limiting the beam section in front of the
turélt.

Exposure of nuclear emulsions was carried out simultaneously
with activation methods of measurements in the chosen regimes of
operation. A part of DB through the window (10) near the target
center (3) was taken out through an opening (11) 151.‘ in diameter
(in a plate 0,1 mm thick) and got on a nuclear emulsion (12) set
at an angle of 45° to the beam axis, Obtained energy spectra are
shown in Pig. 3 (1,2). (3,2) and (3.3) spectra correspond to one
and the sasme discharge. The
absolute value of a carbon
target activity in the dis-
charge (3,1) is mpproximate-
1y one order of magnitude
higher than that in the case

Pe8 rramapras

DOREERENTIL DuTERIE Fisy

P
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(3,2). Une should pay atten-
tion to fine and close to a

Pig. 3
periodic one ptructure of a spectra reproducible in a set of dis-

charges, In spite of some averaging resulting from the procedure
of the photoeleotric signal treatment of a neutron pulse the same
structure is noticed in the spectra (3.3). This states a sufficient
adequacy of the "time-of-flight" spectrometry method. Periodic
structure of deuteron spectra can result from the discreteness of
the acceleration zone. It is interesting to note that in the given
regimes a PF natural neutron radiation is characterized by high
degree of stability (~ 10%) and ite value (~ 1,5 x Iﬂm) is not
connected with the presence or absence of DB.

In conclusion the authors would like to express their gratitu-
de to V.V.Komisearov, 0.S.Kudryashov end R.A.Tyulyaeva for their
assistance in carrying out the experimentis.
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ANOMALOUS RESISTIVITY AND SUBSEQUENT FAST PARTICLES IN THE PLASMA FOCUS

A. BERNARD, A, COUDEVILIE, J.P. GARCONNET, A. JOLAS, J. de MASCUREAU, C.. NAZET

Commissariat & 1'Energle Atomique, Centre d'Etudes de Limeil
B.P. n® 27 - 94190-VILLENEUVE SAINT-GEORGES - FRANCE

Abstract : Magnetic probe measurements show that the electrical singularity
is caused by a resistive effect occuring in a large volume current sheath,
Later the current is carried by fast particle beams.

Previous experiments have shown /1,2/ that the current sheath is
e broad structure, A small part of the current (about 15 %) flows in the
dense and luminous front, the largest fraction flows behind in an extended
zone of lower density. Recent results also obtained with magnetic probes are
clear evidence of a strong resistive term in the plasma impedance, This
effect is followed by the acceleration of fast electrons and ions.

Various types of probes have been used to measure &—‘f . Two are
drawn in Fig. 1,their risetime is about 1 ns, It is difficult to have probe
holders in glass or ceramic withstand the shock caused by the focus discharge,
mainly when they are located to observe the radial phase close to axis. The
second type, with small outer diameter and metallic strength, is well suited
to observation in this zone,

Measurements have been done with a 530 kA, 30 kV, 27 kJ machine
operated at 3 Torr Hy with inner electrode positive. Electrode diameters
are 50 and 100 mm, length is 250 mm.

Typical waveforms of % are shown in Fig. 2 for probes located in
the axial propagation phase of the discharge, For all waveforms shown the

%wf negative peak coincides in time with the (14 negative peak (as measured

from a Rogowski coil outside the plasma ch.mb::) which allowed the time
positionning of the various probes in Fig. 2. With the probe located at

2z = - 20 mm the first part of the signal between Y and ty reflects essen-
tially the passing of the current sheath, as the current intensity is then

a slowly varying function of time, From the constant sheath velocity Vz

(1.2 x 107 em s_l as measured with the probes) it results that % is directly
proportional to the radial current density j,. After the current sheath has
gone by the probe entirely ( :—1: returns to 0) one observes later at t* (Fig.2)
that % becomes negative. Now the variation of B is due to that of the
current I flowing in the anode at z = = 20 mm.

The change in g% waveforms as & function of probe location is
shown in Fig. 2. For probes at z = - 10 , = - § , = 0 the two phenomena are
not time separated any longer. Rather the decrease of current occurs while
the sheath, approximately constant in width in that propagation phase, is
still passing across the probe,

The same observation is done on % waveforms taken with probes
located to look at the radial phase (Fig. 3). On the three probe signals the
decrease of % is correlated to the negative peak in the tot,n‘l current time
derivative 5= . Approximate sketches of the current sheath (with the dense
and temuous zones) are drawn in Fig. 2 and 3. It is then quite clear that the
strong increase of the plasma impedance typical of the singularity (negative
peak in é‘% » overvoltage measured across the insulator) is not caused by
an inductive effect, which implies gathering the current sheath on diameters
of 1 mm or so, but rather by a high value of the plasma ohmic resistance.

Each series of measurements was done with the same probe. Quite
similar results have been obtained on a smaller machine (250 kA ; 40 kV ;

3.4 kJ) with other probes. Relative calibration only is assumed in the
measurements just discussed. As there is complete consistency between all

of them it is worth while to consider the absolute calibration as well.From the
probe located at r = 20 mm the current gathered in front of the anode on a

B0 mm diameter zone is only 200 kA, It corresponds to an average current
density J of 15 Kh.om2, Following Ref. 2 the voltage across the pinch
reaches approximately 100 kV. It develops on distances of a few centimeters

Which makes the field E,1 to 5 times 10“ V.cm']', So that the conductivity

18 in the rangs of 202 45 2 x 10 gac"l, to be compared to Spitzer's
value of 2 x 1012 seat

at '1‘Q = 50 eV. Even though Te is not known precisely
the resistivity 15 strongly anomalous.

o m“:‘: t‘-ﬂ::nw:d experimentally that the emisa;;n of hard X-rays
o) .um .zzth:tused} usually starts at the ac Pesative peak.
i e time display a pusitive surge (Fig. 4,a) which
Gl iy :: does not emit X rays and neutrons (Fig. 4,b).
Mlnh."“t increase ® to the lower impedance met by the beams of

that
SATTY the current at that time,

Thus there appears to be two

Phatioy1 1 .h,.n; 1: the same discharge. In poor discharges

" to B i + In other discharges the beam régime
counta for the multiple X-ray and

Let us summarize the main conclusicns.The current sheath is a very
broad structure extending over more that the central electrode area. Strongly
anomalous resistivity takes place creating a large voltage drop between the
anode and the cathode (or & virtual cathode). This plasma diede is suddenly
shorted by fast beams of electrons and ions leading to the emission of X rays
and neutrons.
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ENHANCEMENT OF NEUTRON YIELD FROM FOCUS DEVICES

Y.H. Chen*), G. Decker, L. Flemming, W. Kies, T. Oppenlénder, G. ProB,
B. Riickle, H. Schmidt, M. Shakhatre, M. Trunk

Institut fir Plasmaforschung, Universitit Stuttgart
Federal Republic of Germany

Abstract: Enhancement of neutron yield by the following methods was
investigated: Variation of voltage, geometry, pressure and gas mixture.
The gain of an 85 kV device (12 kd) in comparison to a.20 kV device of
equal energy is 3. Reduction of radius of the center electrode of a 20 kV
device permits operation at increased pressure values with a gain of 1.5.
Argon addition does not improve the yield for an optimized device.

Efforts in the low to middle energy range have been undertaken /1/ to
improve the remarkable neutron yield of focus devices. It is hoped that
the trends found here may further the yield and application also of large

devices.

1. From MHD calculations we conclude that the available pinch current
for condensor banks of constant energy may be increased by using banks with
higher voltage than used typically so far, maintaining as low external
inductance Lo as possible /2/. Enhanced current should result in enhanced
neutron yield Y /3/. These devices will have inherently short quarter cy-
cles for the current scaling with «/4 ~1/U for Ln= const. or t/4~ 1}V T
for Louu. To test the technical feasibility and the predictions as to
enhanced yield, we operated an 85 kV device (HV device) with Ly = 35 nh,
12 kd, t/4 =600 nsec. For comparison, we used our 20 kV, Lo = 50 to
70 nH, 12 kd device "Minifokus" with v/43 psec.

We found that for our HV device it was necessary to adjust the plasma
dynamics to the current quartercycle not only by varying length and fill-
ing pressure as usual but also a variation of center electrode radius r
was necessary for the following reason: Due to the short quarter cycle,
the radial compression takes up an appreciable part of the available time.
Experimental efforts to match the motion of the plasma by using very low
filling pressures failed due to spoke formation and current loss in the
accelerator. No neutron yield for r = 33 mm for the broad length and pres-
sure range investigated, an average value of 4. l[)a per shot for r = 25 mm
(filling pressure =1 torr) and an average value of ~3.10° for r = 12.5 mn
(pressures between 7 and 15 torr) were obtained. Figure 1 shows the im-
provement (factor 3) obtained for the energy values 6 kd, 9 kd and 12 kJ
if the energy scaling law according to Rapp /4/ is employed. The scaling
with current fits into the Y~ I -3 law established by Bernard /3/. The
discharge current was increased from 420 kA ("Minifokus") to 560 kA for the
HV focus partly due to the decreased inductance but also due to decreased
accelerator dimensions leading to less damping of the current.

2. Operating at comparatively high filling pressures and small c.e. radii
with the HV focus has Ted to good reproducibility and high yie1d.‘Therefnre.
we tried to improve our "Minifokus" by reducing the c.e. radius. Figure 2
shows that indeed a shift to higher operating pressures can be obtained
(from 1.8 torr to 10 torr) and an increase of the neutron yield by a factor
1.5 is found. For comparison the pressure range and neutron yield of the HV
device with the corresponding radii are indicated. Additionaly, we studied
the following parameters and ascertained their effect on neutron yield and
operating range: o.e. diameter (quoted as example in Figure 3), o.e. struc-
ture (bars are better than perforated material), o.e. length (weak influence
for bars), c.e. length (may be used for fine tuning), c.e. material (copper
and silver giving about equal yield, silver less standard deviation, alu-
minium Tess yield and high standard deviation).

3. It seems likely that the important breakdown phase and the following
current transfer /5/ and possibly also the pinch formation and neutron yield
may be influenced by adding different gases /6/. Figure 4 indicates that
for certain operating ranges (higher and lower than optimum pressure) an
increase of Y is possible but the .maximum yield never could be surpassed.

For operation with c.e. negative (which normally produces very few neu-
trons) an enhancement by a factor of 30 was found. Generally the effect
was the stronger the less the device was optimized.

In conclusion we may say that higher voltage clearly results in higher
maximum current and thus increased neutron production. On the other hand,
there is evidence that high voltage has other effects such as improved
breakdown behavior, current transfer and reproducibility, culminating in
increased neutron production. The different efforts to improve focus
devices will, however, eventually have to be accompanied by appropriate
diagnostics in order to understand the influence of all parameters inves-
tigated here on the neutron production and neutron production mechanism in
general.
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PLASMA FOCUS DISCHARGE INVESTIGATIONS IN
A ZETA-PINCH GEOMETRY

N.G.Reshetnyak, R.D.Meladze

Sukhumi Institute of Physics and Technology of the State
Committee on Utilization of Atomic Energy,Sukhumi, USSR

Abstract. The paper deals with the experimental results of
studies on a short zeta-pinch. It is shown that during a single
discharge pulse, plasma can have several states with high ener-
getic parameters accompanied with intense neutron and hard X-ray
emissions, The experimental data allow us to conclude that the
neutron emission is related with the accelerated deuton beam
interacting with a gaseous target.

The discharge system desecribed in/I/ has been used in the
experiments. The discharge was ignited between the tubular elec=—
trodes (the inner diameter and the length of hollow electrodes
being 6 + IOcm and 20cm, respectively).The gap between the elec—
trodes (I + 3cm) is shorter than their diameter, The electrodes
have been located within the vacuum chamber of large volume.Gas
pumping into the interelectrode gap is accomplished by means of
a pulse valve, In the process of compression the plasma configu-
ration hecomes noncylindrical.This leads to appearing axial cu-
mulative jets. At the moment of the plasma layer compression at
the system axis theme arises an anomelous high resistance of
the current channel rélated with the turbulent processes. This
stage of the discharge is called the plasma focus (PF).

The main results are obtained in the device with the following
parameters: the voltage at the condenser bank is 20 kV, the dis-
charge current is I MA, the discharge halfcycle is close to
9 psec and the energy stored amounts to ~ 38 kJ.

The discharges have been investigated in different gases (Da,
Ha. He) with various distribution types of neutral gas densities
in the interelectrode gap. Magnetic probe measurements obtained
in the discharge optimum regimes show that there is no seconda-
ry ignition of the discharge in the system after the maximum
compression stage for ~ 3 msec. This result is confirmed by
streak photoes of the discharge. A typical streak photo of the

discharge taken from the side with the slit oriented the axis

is shown in Fig.l.
After bright flashing at

the moment of the maximum
compression the luminosity
vanighes in a visible area

of the spectrum. "A dark
pause" takes place. The "dark
pause” duration during which
the neutron emission is ob-

Pigl. The discharge streak served amounts to~3 Jpsec.
" photo showing the absence It should be noted that the

of secodary ignitions for "
~1 psec. Time scanning dark pause" has been obser-
performed left to right. ved by several authors study-

ing the systems of plasma focus type /2,3/; however, itas duration
(0,1:0,3 psec) has been coincided with the neutron pulse duration.
The subsequent bright flash of luminosity corresponds to visusl
appearing of ionized vapours of electrode materials.

Fig.2 shows typical current-voltage characteristics illustra-
ting the type of discharge current and voltage variations.

The current-vol-
tage characteristiocs
indicate that the
current radial compPI-
ession to the axis
is accompanied with
the voltage sharp
splash of 50:80 keV
and the discharge
current drop. The
first singularity

Pig.2. Current-voltage nharactlriatioagor Eppeard in yolluge
the ﬁiac&gge rorn:gnguP? (5&10 and current curves,
neutrons/discharge). Upper trace
shows the dischargs current; lower  .fter this character-
trace reflects the voltage. istic moment of time,

the currentt rapidly increases up to the former level (~400 KA)
and past a short interval of time, the current drop and the vol-
tage growth reappear, resulting in the second singularity and so
on,

In optimum stages of the discharge, the current curve shows
four or five subsequent singularities. Up to the moment of the
mazxdmum uumpraeaian'; the voltage divider reflects the plasma
shell dynemics with a sufficient accuracy /At the moment of the
current shell stopping c¢lose to the system axis the voltage
should drop down to zero (if to neglect the active resistance).
When the plasma column expands the voltage should change in sign.
However, this does not occur, Examination of the splash shape on
the voltage curve shows that the voltage drop tekes mearly 250
nsec. That means that after the maximum compression stage, a con-
siderable growth of the current channel ohmic resistance occurs.
/4/. In optimum regimes of the discharge, the neutron emission
total duration is I + 2 msec, while hard X-ray radiation takes
~4 2 Smsec. For the discharge regime investigated, four or five
neutron pulses are characteristic; the pulses do not much differ
in amplitude and duration,each of them existing for 250 = 300msec
and being accompanied by the splash of hard X-ray radiation(Pig.3).

The present results allow to
draw a conclusion about an entire
character of the mechanism re-
sulting in generation of hard
I-ray and neutron radiations.

PF is a source of soft X-rays,
On a photo in soft X-rays, the
sccumulation zone appears as a
fibre stretohed along the axisd
Iateral and longitudinal dimem=
sions of fibers are ~ 0,6cm and
Fig.3. Traces of neutron(upper I 4 3 cm, respectivelyl The ele-
trace) and hard X-ray emission otren temperature in plasma

pulses, changes from 0,8 to I,2 keV,
Electron and ion beams forming
during the discharge are ed directiy.

The mass-spectrometric analysis of the iom beam extracted
along the dimcharge axis (towards the cathode) showed that the
energy of accelerated deutons is in the region of ~ 80keV. It is
comparable to the energy of accelerated electrons defined from
the hard X.ray measurements, and corresponds to the splash amp-
litude value of the voltage curve.

The experimental data indicate that in PP regimes investigat—
ed,neutron fluxes towards the zeta-pinch axis (42,0) are I,4
times greater than in the perpendicular direction ‘ga‘ « The
anisotropy factor is k = 2n0,64

The neutron output observit (~51109mu1:rm per discharge)
can be accounted for by the interaction of intense deuton beams
generated due to the considerable rise of the discharge chamnmel
resistance with a gaseous targets'

It has been exverimentally demonstrated that.there is a ree
lation between the discharge current drop d.opth, the beam cur-
rent magnitude and the neutron output level,

The present experimental results witness that during a single
pulse of the discharge, plasma can have several states with a
high density and high energetic parameters. In such states
plasma is an intense source of neutron and hard X-ray emissions,
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PLASMA=FOCUS DYNAMICS INVESTIGATIONS BY MEANS OF MULTIFRAME
INTERFEROMETRY AND SHADOWGRAPHY

S.Denus, S.Kaliski, A.Kasperczuk, S.Kowalski, M,Paduch,
L.Pokora, Z.Wereszczyfeki
Institute of Plaema Physics end Laser Microfusion, Warsaw,Poland

and M,Sadowski
Inatitute of Nuclear Research, Otwock-3wierk, Poland

Abstract. The paper presents results of interferometric and
shadowgraphic studies performed on the F-150 plasma=-focus de-
vice. The velocitied of current layers and plasma expansion

are determined. Also determined are electron concentration dis-
tributions. Multiple generation of plasma bubbles is shown.

A diagram of the experimental setup is shown in Fig,1,
The measurements were performed on the Focus device /PF/ with
copper electrodes of the fol-

P:I-".I”r K‘:.ﬂ lowing dimensions:(f,=100am,

¢} =50mm in diameter and
RuBay LASER o 200mm long [1] . In the face.
...... } of the central electrode there
X NEUTRON was made B-mm-i.d, hole ena=-
p PROSE bling introducing the CO_-laser
PHOTODIODE At 9 aosng Xhe tUa=ie
beam /during the focus-laser
experiments [2] /. To supply
Fig.1

the setup use was made of

a condenser bank of a capacity C-112FF and nominal energy
E_=150k3J, The studies under consideration were conducted at

a emaller energy of about 60kJ. Formation and dynamice of the
plaema-focus were studied with a laser Mach-Zehnder interfero-
meter which enabled a series of three interferograms to be
made in the course of one discharge. Time-lags between the
diagnostic laser pulses were controlled by changing the dis=-
tances between the mirrore of the delay line /LO/. The inter=
ferometric or shadowgraphic images were registered with the
eid of a special three-freme camera /KF/. The light source

in the interferometric setup in question was provided by

a ruby laser [3] which generates pulses of about 2ns duration,
When synchronizing the laser with the plasma discharge,the
onset of the pulse of the hard X-ray radiation /X,/ way consi-
dered as the moment t=0, Fig,2 presents an example of a se-
ries of shadowgrams. In Fig.3 a sequence of interferograms
ey A=-7ns -5ns -40ns -30ns -15ns
: AVERAGED

NEUTRON YIELDS:
4+10° PER SHOT

one shot

there is shown in comelation with the neutron-radiation pulse
averaged on the basis of 20 discharges .

SHOT
ONE SHOT ONE Fig.3

The redial and axial velocities of the converging current
layer, as determined on the basis of the interferograms and .
the shedowgrems, were v _=/1.4£0.2/x107cn/s and v, =/0.8+0.2/10Cn/
respectively. The value of v, was approximately constant,
whereas the of v_ varied bo:g in time and space., The maximum
value of V. wae about 2.5«10"cm/s end was observed at some
distance from the central electrode /about 0.5 - 0.8 cm/,

The convergence phase under study was followed by the collapse
of the current layers on the symetry axis, As a result of this
collapse there occurred a formation of a high-density plasma
focus of a length of 0.8 = 1,2 cm and approx. 2mm in diameter,
In the last phase of this process a very fast /Vz>1oa¢m/a/
axial outflow of plasma in the direction from the electrodes
was observed,

The lifetime of plasma of & maximum density was estimated
to be only about 10 ns, After the plaema attains its maximum
density,there is observed its guasistable radial expansion at
a velocity of about 1,5 x 107cm/s. At the first opneet of the
expansion there occur the hydrodynamic instabilities of the
m = 0 type. The exemplificatory spatial distribution of ele=-
ctron concentration,determined on the basis of a chosen inter-
ferogram,is presented in Fig.4, The faet,axisl outflow of
plasma gives rise to the formation of the plasma bubbles.
Numerous instances were observed of the formation of a few
bubbles which grapag-tu along the axis at a velocity of
/1.0 - 2,5/x10°¢cm/e, Fig.5 illustrates such a multiple gene=-
ration of the plasma bubbles,

On the basis of the measure=
ments performed it has been
found that,in the course of
the axial expansion of pla~-
sma,as early as about 40ns
after the maximum compres=
sion has been attained,the-
re is formed at the central
electrode,a layer of conta=
mined plasma wherein viole-
nt turbulence takes place,

The thickness of this re=

gion along the symmetry axis
increases with the time and
attains sbout 2cm,After about
120ne this layer starts to 3
detach itself from the cen- +10ns +20ns

rlcml

At=-40 hs.

tral electrode,In the later Fig.5
stages of the diecharge the release is observed of increasingly

larger amounts of plasma which is likely to contain a large
quantity of impurities resulting from the erosion of the electro-
de surface.This plasma is formed in the shape of a conic stresm
and can exist for a few microseconds,

All phases of the plasma=-focus were investigated from the
momant of the collapse of the current layer up to the disintegra=
tion of plasma,The results of the studies under consideration
are consistent with those presented in Refs [4] and [5],but
special attention should however be paid to the observed multi-
ple generation of the plasma bubbles,The measurements have also
demonstrated that,for the purpose of heating the plasma=focus
along the symmetry axis,it would be profitable to use a CO,-la-
ser pulse shorter thandOns,since after thie period a layer of
plasma can be teared off from the central electrode and screen
the plasma~-focus,Furter detailed investigations of plasma=focus
dynamics are being continued especially in connection with
focus-laser expsriment,
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HIGH-EBETA TOKAMAKS SURROUNDED BY FORCE-FREE FIELDS

D.A. D'Ippolito, J.P. Fraidherg'), J.P. Goedbloed, J..Rem

Association Euratom-FOM, FOM-Instituut voor Plasmafysica,
Rijnhuizen, Jutphaas, The Netherlands

*) Los Alamos Scientific Laboratory, Los Alamos, U.S.A.

Abstract: An MHD-analysis of the surface—current model of a toroidal high-
beta tokamak shows that shaping of the cross-section favourably affects the
equilibrium, while force-free currents make a new stability region acces—

sible when the cross-section is elongated without increasing the curvature.

Application of the high-beta ordering in an MHD-analysis of the sharp-
boundary model of an axisymmetric tokamak has been shown to provide a rea-
sonable description of global kink modeul). Here we report on some results
concerning effects of shaping the cross-section and addition of force-free
fields on the equilibrium and the stability of elliptical and racetrack-like
cross-sections. The equilibrium quantities describing the plasma are:

p = constant , B= B"’Eq, 5 B¢ = RuBufR 5 )
On the plasma surface C, currents produce a jump in the magnetic Field com—
ponents such that the pressure is balanced:

P iBg = 4B« 4R, @
where hats refer to quantities in the exterior region. In the latter region
force-free currents are permitted to flow:

UxE=of ; a = constant . (3)
In the high-B ordering the various quantities are ordered as follows:

e=a/k <1, By/B, 1\¢nu = 4 )

ﬁp.’nn“'e, 5529[35"'5. ol e

Application of the ordering to (2) leads to:

- 2

B /en =2 /A7E [1—5 (l-x)]b .

P o k 2 (5)

B,/8, = i¢.rau = [1+ex]"! .
where x = (R—Roj.fn (see Fig. 1). The parameter k? represents the freedom
that we still have to choose the toroidal current or the safety factor gq. It
is chosen so that k? = 0 corresponds to low-8 (B = 0(e2)) and k? = | corres-
ponds to the maximum allowable B, i.e. the beta for whi.c!': the separatrix
touches the surface (x = -1).

It is tempting to choose as physical parameters describing the

equilibrium: A, the safety factor q, and aR. There is, however, a serious
disadvantage in selecting q. This quantity varies strongly when the separa-
trix approaches the plasma surface while the quantity that really is fixed
in an experiment, the current, varies only little. This has led us te intro-
duce a new quantity q*, related to the current:

q* = Zvasc§¢ll¢ = snu!<ip> 3 6)
where c is the elongation of the cross-section with respect to the circle:
e = L/2ma and <§P> is ﬁp averaged along C; L= length of circumference=¢§ dl.
This definition has the advantage that at low B the stability boundary is
in the neighbourhood of q" = | (Fig. 2). )

It is now logical to measure the pressura with respect to q%?, i.e.

=B, = 2=p/<ip>2 = (B/e)q*? 7
instead of with respect to B2; similarly the force-free field is measured
by I' = uﬂuq'.

Table |
1 - h+m
L 1[-L-£ /Tex dl] z be0 [ e=1 [y | 270
i = 72 — _—
circle 2 Eﬁp,cth’. n2/16 .617 | .617
ellipse zb .563 | .617 | .617 | .673
b-1+7/2)2
racetrack | 2b 5% T — .617 617 ]
triangle | Zb b+ 3be4 563 | .426 | .422 | .360
6b+ 4T+ 4
r 3b+ 37+ *
triangle b R 563 | 114 | 1.8 | 2,25
L Whi+h
Since €8

- EBP(EI-I) corresponds to the equilibrium limit, this rela-
-

pyerit

tionship points out that any B is possible if q“ is not restricted by sta-

bility. Table | contains EBP for various cross-sections. It shows that

,Crit
shaping of the cross-section can yield a gain of a factor 2 to 3 in
;) . A D-shape with the flat side at the inside of the toroid is seen

pyerit
to be the most favourable.

The force-free currents do not affect the equilibrium. Their influence

on the stability is, h » quite pr

d. Figure 3 shows the results
for an ellipse with b/a = 3. Qualitatively this stability diagram is similar
to that for the circular cross-section (Ref. 2). The two stability regions,
one at large q* and one at small q*, are seen to approach each other when I
is increased from a low value to a value between 1-2, whereafter the left
region remains stationary and the other region withdraws to large q". Since
the stability diagram is valid for any toroidal mode number n one must con—
clude that the stability region for small q* is inaccessible and that the
maximum possible B is found at the intersection of the right-hand-side sta-
bility boundary with the equilibrium limit, Consequently, there is an opti-
mum value of T.

From plots of the marginally stable surface perturbation of an elliptical
cross-section at various values of the parameters q", I, and b/a the follow-
ing picture emerges. At low values of I' the perturbation is localized near
the top and bottom of the cross-section, the more so the larger the elonga—
tion. Increasing ' diminishes the localization and the perturbation becomes
that of an m=] kink mode. Together with the stability results this suggests
that elongation as well as force-free currents enlarge the range in B and q*
where the plasma is stable, and that for an elliptical cross-section the
stability decreases when b/a is large,due to the increasing curvature at the
top and bottom of the cross-section. The results for the racetrack b/a = 2.7
(Fig. 4), with the same value of c as the ellipse with b/a = 3, confirm this.
These results also show a basic change in the behaviour of the two stability
regions. There is now & range in I' for which both regions overlap, so thar,
as far as the global kink modes are concerned, almost the entire B-q* space
is stable (Figs. 4 and 5).

This work was performed under the auspices
of FOM, ZWO, Euratem, and USERDA.
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APPLICATION OF IDEAL MHD STABILITY CODE ERATO
TO HIGH BETA TOKOMAK EQUILIBRIA

R.A. Dory, D.B. Nelson and Y-K. M. Peng
Dak Ridge National Laboratory, Oak Ridge, Tennessee 37830

D. Berger, L.C. Bernard, R. Gruber amd F. Troyon
Centre de Recherches en Physique des Plasmas
Ecole Polytechnique Fédérale, 1007 Lausamne, Switzerland

Abstract: An initial survey of the MHD stability of FCT equilibria has been
done with the ERATO {1} spectral code. When the plasma is surrounded by

vacuum extending to infinity, a f-limit of 1-2% is found. A conducting shell
at about 1,1-1.2 times the plasma radius can stabilize the ballooning modes

and increase the B-value to 3-4% for an unoptimized case.

The ERATO code {1}, written by the Swiss authors of this paper, analyzes the
stability of axisymmetric plasma toward small perturbations. The model
used is an evaluation of the quadratic perturbation energy &W from ideal
(non-resistive) magnetohydrodynamics. This evaluation uses a twodimensional
finite hybrid element technique (2) with the resulting matrix solved by vec-
tor iteration, which can provide as eigenvalues the (squared) growth rate,

2

y? = -w?, and as eigenfunctions, the mode structure of the perturbation.

The high beta equilibria {3} found at Oak Ridge and used in this study are for
plasmas shaped by external lumped conductors. Figure 1shows the plasmaboundary
(outermost solid line) and two locations considered later for placement of a "con—
ducting" shell supposed to be effective in the time scale of the instability.
(The shell is assumed to carry images of the perturbation plasma currents, but
is not required for equilibrium.) The equilibria are characterized by the val-
ues for B, the volume-averaged plasma pressure scaled by the vacuum magnetic
pressure Bél?un at the center R » Ry and Z = 0, of the discharge cross section,
and by the value q,/q,, ratio of safety factor (inverse rotational transform)
at the plasma edge and magnetic axis. The usual Oak Ridge scaling {4) is
applied so that one equilibrium calculation can be used for many values of

q, and corresponding values of B. This secaling varies the total plasma
current, while holding fixed the geometry, toroidal field outside the plasma,

and the shape of the pressure profile.

Figure 2 presents growth rate curves for five ostensibly different equi-
libria from a sequence approximating the FCT model {3} of tokamak response
to strong ;xt:mal heating. Curves labelled FCT 2, 4, 6...represent cases
with q.lqg = 3.7, and Fl values of 2, 4, 6...12% (the subscript 1 means
that the E, value applies to the case qg = 1). It will be seen that, in
units of the Alfven velocity (using Bu) divided by the major radius of the

torus, the growth rates of the modes are as high as 0.6 for the higher E_

cases when the ducting shell is d to infinity except for "‘,‘ con—
ducting line along the cylinder axis Z = 0. A single case (FCT9) is also
shown in dashed lines to indicate the behaviour when the shell lies directly
at the plasma edge (no vacuum). The change of B with q, complicates the
interpretation of these data, so a cross plot has been made in Figure 3. Here
the data between qp = 1 and g, = 1.5 are shown in a graph of y versus the
appropriately scaled values B. The near-coincidence of the lines for the

case FCT6, 9 12 motivates the "ostensibly" used early. Values of y well

above zero suggest extrapolation to give a B limit of 1-2%.

Corresponding data are also shown for the case with shell at the plasma edge

suggesting that the B threshold can be raised substantially by taking advan-
tage of stabilization by a nearby cun'ducr,iug shell. The threshold § appears
to be about 3-4%, somewhat in agreement with conclusions in Ref. 4, and itis

tempting to think that higher values may obtain as we test other plasma shapes
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and as we vury_ q_-.fqn, ameasure of the profile widths. We may hope also that broaden-
ing the current distributions will make the system more stable near the thres-
hold where the modes have a somewhat localized ballooning nature, relying on
proximity of the conducting shell to control the global kink modes. Since the
ERATO code has provision for analyzing the effect of conducting shell at a fini-
te distance from the plasma, we have studied this for the FCT6 case withq, = 1.22.
‘The data in Figure 4 show that the transition from infinite vacuum regionto no
vacuum i essentially complete when the ratio of average shell radius to aver-

age plasma radius is reduced to about 1.1-1.2,

It should be mentioned that the indicated uncertainties in the y values result
fromartificial restraints (computer time, money, etc.) on the resolution of the
present calculations and that work is underway to reduce the uncertainty by a better
resolution of the cquilibrium, by an improvement of the analytic treatment around
the axis and by a judicious choice of grid intervals. This is specially necessary

for high B cases where the distortion of the magnetic surfaces is great.

Future study is needed of optimization vis a vis cross section shaping and con-

trol of the plasma pressure profile width.

*Research sponsored by the Fonds Wational Suisse de la Recherche Scientifique
and by Energy Research and Development Administration under contract with
Union Carbide Corporation.
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PROGRESS IN EQUILIBRIUM AND TRANSPORT THEORY OF
THE FLUX CONSERVING TOKAMAK™

D. J. Sigmar

Oak Ridge National Laboratory, Oak Ridge, Temnessee, USA
(on leave of absence from MIT)

and ORNL Fusion Energy Division Theory Group
ABSTRACT

After reviewing the physical origins of the idea of flux
conserving high beta Tokamak equilibria and recalling their basic
global and local properties we report on recent advances. The
equilibrium theory is extended to include the time dependent
coupling of the inner (plasma) solution to the outer (vacuum)
solution, as will be required in any strong beam heating experi-
ment. After showing a mumerical simulation of flux conserving
adibatic heating to high beta, the transport theory is extended
to study the resistive decay of the safety factor profile q(y¥,t)
and poloidal flux driven by a generalized Ohm's law.

The physical origin of ‘the flux conserving tokamak concept
derives from the fact that successful auxiliary heating to "high"

beta (i.e. B v a/R) has to occur under the timescale ordering

T ST ST ST, 1)

. a: -1 .2
where T, is the Alfven time, the heating time o= n"] e |
nT, the energy contairment time TE-I = KlTlaznT with K the
effective heat conductivity, and the poloidal skin time ':;1 =
138 , where Y(R,z) is the poloidal flux function. This follows
vEt

from the heat equation

3 3 52
EEM‘-V- ) VT =TT+ Py (2)
the flux diffusion equation [1]
2
g-hn"c AN - Ve T 3
t 4w = (

and the experimental evidence that for typical chmically heated
higher density Tokamak plasmas K is close to the neoclassical ion
heat conduction and 11“ is practically the classical resistivity.

-1
From (2), the ratio Tth o (1 + PpauxJ can be made small with
ol

large auxiliary power and from (3) it follows that TE/TS <1,
thus confirming Eq. (1). Recalling the definition of the safety
factor as

an? Q) = FW) \{%

BPR

where F(y) = RB¢,
it follows that also q(y) decays on the resistive timescale (3)
so that if the auxiliary heating is faster than T the flux is
frozen in.

The solution of the equilibrium equation is then obtained
with p'(y) determined by auxiliary heating and q(y) frozen to its
initial low B profile [2]., Such a choice of the two free functions
with increasing p'(¥) profiles yields a series of neighboring
equilibria with novel and desirable properties [2,3]1, such as
complete absence of the so called equilibrium limit BI = R/a
(since the separatrix cannot enter the plusma on 2 timescale
faster than rs] , a pressure driven rise in toroidal plasma current
and onset of an absolute minimum B region in the vicinity of the
magnetic axis. This can be gleaned from the resultant form of

the poleidal field [2]

BETA TOKAMAKS

WD
RBP » 2 = p/(1 + d cos 8) 4)
a

dé

v
where d = —g p T &(}) being the pressure driven Shafranov-shift
a

of the flux surface Y such that for high beta d + -1. [wo is the flux

at the boundary p = a.) Consequently, at the outside of the torus
(p=a, 8 =0) one obtains Bp"’BT = Riq,f(i + d), which can become of
0(1), thus compensating for the R'l drop of BT.

For a more complete understanding of strongly beam heated
Tokamak plasmas it is necessary to connect the "inner' solution (4)
to the vacuum solution, including the effect of a casing and/or
external field windings. For low beta equilibria where the denomi-
nator in Eq. (4) can be readily Pourier expanded, this has been
accomplished by Shafranov et al. [4]. However, as d + -1 in the
high beta limit of the flux conserving Tokamak, the Fourier series
does not converge. Following the generalization of the circular
cross section work of Ref. [2] to an elliptic cross section [5]
the scaling with B of the self consistent vertical field inside
an elliptical casing is presently under investigation. Numerieal
calculations [6] indicate that the dependence on major radius R of
the field index -(R/B ) (dB, /dR) changes from pesitive to negative,
as B exceeds a few percent. The ensuing vertical stability problem
and its dependence on plasma elongation is also under investigation.

For the questions discussed so far, knowledge of the standard
global plasma parameters BI‘ uI. Ei and of the function BP on the
plasma surface were sufficient. The local values of the plasma
current and pressure profile so important for MHD Stability are
controllable via the heat deposition profile of the neutral injec-
tion system. By tailoring the beam direction and penetration
depth, a wide variety of more or less stable profiles can be produced,
Numerical solutions [7] using the adiabatic heating theory of Grad,
Hu and Stevens [8] will be shown. (The linear and nonlinear stability
behavior, particularly with respect to pressure driven kink-ballooning
modes [9] will be presented in a separate paper.)

Assuming MHD stable equilibria have been obtained under the
constraint of flux conservation it is then of interest to study
their diffusive decay. In particular, from Eq. (3) one expects the
edge region to diffuse relatively more rapidly than the center, and
the safety factor profile to change, thereby affecting the MHD
stability p-rop_ertfl.es. Hirshman [10] has recently derived—the equation

{;wqw,:) =‘ﬁaiw"""’} [<§'£>—'J[t) F<Rr? >] (s
T

where V(§) is the plasma volume, E the electric field in the plasma,
V(t) the induced voltage on the plasma surface, and the angular
brackets denoting a flux surface average. When Eq. (5) is comhined
with a simple [1] or generalized Ohm's law [11] to express <E * B >
in terms of j" and pressure and temperature gradient driven collisional
fluxes one obtains an analytic estimate of the f-dependent decay

time of q(y,t). Supporting exact mumerical solutions obtained by

Hogan [12] will be shown.
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INFLUENCE OF PREDISCHARGE CONDITIONS IN SPICA

A.A.M. Oomens, C. Bobeldijk, J.A. Hoekzema,
A.F.G. van der Meer and D. Oepts
Association Euratom-FOM, FOM-Instituut voor Plasmafysica,
Rijnhuizen, Jutphaas, The Netherlands

Abstract. A study of the predischarge conditions in SPIChl) has
been started to improve the reproducibility of the screw-pinch
discharges. Measurements on three types of predischarge plasmas
are reported, together with a first comparison of the associated
main discharges, characterized in the most favourable type by
peak B-values of 0.2.

Introduction. In an earliet publication of the SPICA rasulLaz)

it was reported that a marked difference in behaviour of the
screw-pinch plasmas was observed with the same external condi-
tions. It seemed therefore appropriate to study the values and
the reproducibility of the plasma parameters resulting from
different predischarges.

Predischarges. Three types of predischarges, summarized below,
have been studied. Here hl is the start of the predischarge,

tz is the start of the bias field, both
with respect to the mail discharge,
and g the time in which 90% of the
energy content (9.0 kJ) of the pre-
discharge bank is dissipated. Density
profiles in the outer half of the
torus were measured at t=0 us by means of Thomson scattering.
The results are given in Fig. 1 for P, = 10 mtorr and

By = 5 mtorr. Type H has an approximately Homogeneous density
profile, good reproducibility and a high degree of ionization.
Type E also shows good reproducibility, but a very Eccentric
density profile. Type L is not reproducible and has a Low
degree of lonization. The electron temperatures are the same
for L, H, and E (about 3 eV) and constant over the tube radius.
At Py = 2 mtorr breakdown is not reproducible, but for all

Type| t,; £, g (s
L |-100 | -110| 55
E |-150 | =-110| 30
H [-100 [ -110]| 30

types the plasmas seem to be homogeneous and fully ionized.

100% p,,

— 1, (10Mm?)

3 7
0O 4 B 12 %6 20 0O 4 8 12 6 20
—r lcm) —=r lem)

Fig. 1. ng-profiles in the ocuter half of the torus obtained

in three types of predischarge. The dashed line re-

presents a 100% ionized homogeneous plasma.

a) Py~ 10 mtorr, b) P, = 5 mtorr.
Main discharges. The main discharges following the L, H and E
predischarges have been compared at B,y = 10 mtorr, Bﬂ' ~ 1,2 T,
IzP = 250 kA, and an initial bias field B, ranging from 0.1 to
0.15 T. Most of the discharges were done with type H, some with
E and only a few with L. The time hehaviour of the electron
temperature and the local B are shown in Fig. 2. Up till 26 us
there seems to be no difference in time behaviour for the three
types: T, remains constant and there is a slight decrease in the
measured value of 8. This decrease may be due to energy loss but
can be explained as well by a broadening or shift of the pro-
files. Another common feature of the discharges is the large
D-shaped deformation of the plasma column at times early in the
discharge, as derived from poloidal field measurements.
Type_E. Most of these main discharges show a gradual loss of
equilibrium at times varying from 20 to 50 us. Measurements
of Inadl confirm these lifetimes. The frequency of the m=1,
k=0 oscillations as observed on the streak pictures indicates
that the mass in the column equals the total mass of the fill-
ing gas. The poloidal field fluctuations indicate a current-
carrying region extending to 15 cm (Ref. 3).

"

~ 60 30 ~
3 e 'O " "] # rType H. Hain aischarges of this
o % x 1% = type are always unstable. At
| R x 1o | low values of Bg this often
S PR | leads to violent wall contact,
g sol ﬂ?ﬁo T T ThJso # visible on the streak pictures
) I~ 0= = and giving rise to strongly in-
40F —20
} F oo - ! creasea impurity radiation
B x
? 20_ % _10 T (mainly Si). There is always an
sg R :0 abrupt loss of compression at
E : L K 4 IE— 2 times varying from 10 to 50 ps.
pC 2 °  ,7%%a A stabilizing effect on the
g 2ot o %10 i plasma is obtained by an in=
o 1 1 1 1 1
I o 5o s 205 30° | cremse of By or quuy;.

Type_L. The main discharges
associated with this type of
Fig. 2. predischarge are the same as

Measured values of Ty and  at dif- those described in Ref. 2,

ferent tim~s in the main discharge £

for the three types of predischarge. except for an increase in bias
field from 0.12 to 0.15 T.

Again stable and unstable discharges are observed; better pre-
ionized plasmas are more likely to be stable. Some parameters
of a stable discharge are presented in Fig. 3. As compared to
Ref. 2, the time during which the plasma is in equilibrium and
shows no MHD-instabilities is increased from 100 to at least

200 ps. From the inductance measure-
ment we conclude that the radius of

— t (us)

n
m
T
1

the current-carrying region is com-
parable, but the rate of decrease
is considerably less.

200 = Fig. 3.
Toroidal plasma current, plasma inductance,
and /n_dl measured in the equatorial plane
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Theoretical developments. As was shown in Ref. 2, force-free
currents surrounding the main plasma core substantially raise
the equilibrium and stability limit of @ in a high-B tokamak.

An extension of the theory towards non-circular cross-sections?!
shows that vertical elongation (racetrack) enhances this tendency
with respect to the stability limit. For the equilibrium limit
an additional weighting of the shape of the cross-section towards
the axis of toroidal symmetry is favourable. Equilibrium calcu-
lations taking into account a circular conducting wall and
force-free currents in the screw-pinch mode (roughly constant
pitch fields) have ahuwnS) that this elongated D-shape of the
minor cross-section quite naturally appears in a screw-pinch
discharge, in accordance with the above-mentioned experimental
observations. It is possible that this can be further improved
by reshaping the conducting wall into a moderately elongated
one.

Conclusions. Stable screw-pinch discharges have been obtained
with a predischarge Plasma having a homogeneous density profile
and an ionization degree of 40%. These discharges with g=1.5
and a peak B of 0.2 are in equilibrium and show no gross MHD-
instabilities during about 200 us. The electron temperature

(v 40 eV) remains constant during the first 25 us, the measured
values of B slightly decrease.
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FINITE-GYRORADIUS EFFECTS IN SCREW PINCHES*
[31 H. R. Lewis and K. R, Symon, Bulletin of American Physical Society
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University of California, Los Alamos Scientific Laboratory
P. 0. Box 1663, 14;5 Alamos, New Mexico B7545 [4] B. L. Buzbee, G. H. Golub, and H. R. Lewis, in Proceedings of the
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7th Conference on Numerical Simulation of Plasmas (Courant Insti-
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Abstrac e effects of finite ion gyroradius on the behavior of screw ture, New York University), pp. 196-198.
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[7]1 H. R, Lewis, to be publisled.
The effects of finite ion gyroradius on the behavior of screw pinches .

are being studied numerically and analytically in the -context of the Vlasov-
fluid model [1,2 ]. Of particular intaerest ara the modificationn of the
predictions of ideal MHD theory and the guiding-center-plasma model due to
finite gyroradius. Under study are instabilities in screw pinches and,
more recently, the possibilities of magnetoacoustic heating.

In our Vlasov-fluid model [1,2 ], the lons are treated as collisionless

(Vlasov approximation), the electrons are treated as a massless fluid,

charge neutrality is d, and displ current is neglected. We
are investigating the model computationally and analytically. The compu—
tational approach is based on a numerical method that has been developed
for linearized systems in which one or more components are collisionless [ 2-4].
This method has been applied to the m = 2 instability of a sharp-boundary
a;:rw pinch [2 ], and the computer code is being modified to treat screw
pinches with diffuse profiles. Two analytic approaches are being used for
the Vlasov-fluid model applied to a screw pinch. For a sharp-boundary screw
pinch, a theory has been developed which relies on certain assumptions
regarding the region within about an ion gyroradius of the boundary [5,6 ].
With these assumptions, the theory is valid for small values of l:rL and
u/mc compared to unity, where w is the eigenfrequency, u, is the equilibrium
cyclotron frequency, and k is the largest relevant wavenumber. This
theory has provided valuable insight into the physics of the model, and
good agreement between the theory and numerical computations has been
obtained for the m = 2 instability when the conducting cylinder surround-
ing the pinch is infinitely far away [2 ]. However, discrepancies be-
tween the theory and computations have been noted when the conducting
wall is near the plasma, and some difficulties have been encountered
with convergence of the numerical method in that case.

The problems that have been encountered with a conducting wall close
to a sharp-boundary pinch may be clarified by another analytic treatment
of the Vlasov-fluid model [7 ]. This theory is applicable to diffuse-
profile screw pinches as well as to the sharp-boundary case. The Liouville
equation is solved for small values compared to unity of er and m.fwc.
Finite gyroradius effects are kept to first order; and, in the case of
a sharp boundary, the solution is valid up to the boundary, so that mo
further assumption is required for the boundary region of the size of
Ty This theory is expected to provide a good set of expansion functions
for £ (&(n =Ex _B_(O)) that can be used in the numerical code for the
diffuse case as well as the sharp-boundary case. It also provides a
differential equation for §, valid in both cases, that is a finite-gyro-
radius correction to the MHD equation for E.

Currently, both analytic treatments are also being applied to study

the possibility of useful magnetoacoustic heating of pinches.

*Work performed under the auspices of the United States Energy Research
and Development Administration.

[1] J. P. Freidberg, Physics of Fluids 15, 1102 (1972).

[2] H. R. Lewis and L. Turner, Nuclear Fusion 16 993 (1976).




"PLASMA FORMATION IN THE BELT-SHAPED SCREW PINCH SP IV

E.J.M. van Heesch, A.E. Prinn® and A. Verheul
Association Euratom-FOM, FOM-Instituut voor Plasmafysica,
Rijnhuizen, Jutphaas, The Netherlands
(*University of Liverpool, during part of the experiment guest at Jutphaas)

Abstract. The SP IV experiment investigates the possibilities
for elongation in a force-free current screw pinch. The first
results show that relatively high ellipticities and B-values can
be obtained. The currents observed between conducting wall and
central plasma may be responsible for this favourable behaviour.

Introduction. In a new experiment the well-known screw-pinch
configuration with force-free currents'“ is combined with an
elongated minor plasma cross-section. From theory it can be con-
cluded that aquilibriumZ) as well as stahiut.y” are improved

by this combination. A high ellipticity of the plasma is possible
by the presence of a copper shell. The quartz vacuum vessel fits
closely in the copper shell, thus allowing force-free currents to
be 1nducsd”. High-g values are obtainable by the applied implo-
sion mechanism. The geometry of SP IV is given in F:Lg.. 1. The
copper shell and the vacuum vessel have a minor cross-section

) shaped like a racetrack
with ellipticity e=b/a=4.
windings The primary windings,
wound helically around the
copper shell, are connect-
ed to a 40 kv, 120 kJ ca-
pacitor bank. Since plasma
current I, and toroidal
magnetic field BO are ge-
nerated simultaneously, the
g-value at the wall is ap-

nelgnt

proximately constant in
time. The ringing main
discharge has a quarter
period T/4 = 10 us. For
the described experiments

w1l
Lﬂm&.

0.24m 3 L

Fig. 1. The geometry of SP IV.
the initial pressure Py = 30-50 mtorr Hz' Pre-ionization is ac-
complished by h.f. pulses (30 MHz, 50 kV) and a toroidal pre-
discharge (20 kJ, 80 kHz). A toroidal bias field tniu) can be
trapped in the plasma to control 8.
Results. The results presented here are obtained at I, up to
220-260 kA, g*= B¢E;ol"’“olop"¢ between 1.8 and 2.0 and B, up to
0.73 T. n, varies from 1 to 2x10?2 m~3 and T, from 10 to 60 ev
at B ™ 30 mtorr. The first guarter period of the main discharge
is characterized by a formation stage including implosion and
compression (6 pus) followed by a more stationary period which
terminates in a fast decay after 10-12 us. We can distinguish
two reproducible major types of plasma (see Fig. 2); type-A
shows: 1) weak implosion, 2) radial compression slowly reaching
2a =~ 3 cm after 4 us, 3) very high elongation obtained after a
“weak vertical compres=-

t10.5em) | (@) T

sion which reaches

2b ~ 27 cm after 7 us,
4) low-f value during
the gquasi-stationary
phase. Type-B plasmas
show: 1) strong effec-
tive implosion, 2) radi-
al dimensions relax to
t418em) 2a®~3-4 cm, 3) compara-
tively low elongation
caused by a strong ver-
tical compression which
stops after 6 ps at
2b=~15 cm, 4) high B~
value during the gquasi=-
stationary phase. The
properties of the im-
plosion are investigated

— A¢ (102Tm?)

——1 by means of streak photo-
o 2 4 6 8 10 12 graphs. Besides, during

an effective implosion
the diamagnetic signal
A¢ shows strong oscil-

— t (us)

Fig. 2, Streak photograph and diamagnetic
signals of two plasma types.
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lations due to inertia effects (see Fig. 2). The efficiency of
the implosion in sweeping up mass has been estimated for type-B
plasmas from the radial oscillation frequencies immediately after
the implosion. According to a simple model T= v{c (po/elo'sila_.
where ¢ 1is equal to 1.89%1077 for SP IV; V depends on the shape
of the density profile and equals one for a homogenecus profile.
We find v = 0.93 which indicates that a large mass fraction is
swept up. A characteristic of type-A implosions is given by the
difference Mx found between 21rJ’Bx rdr and Nloop,tordt‘ At 9 us
this difference, which is caused by ohmic dissipation in the ini-
tial stage, amounts to 0.01 TmZ. The compression following after
the implosion can be seen clearly on the streak photographs and
also influences the measured value of Lyg = ZﬂIBx rdr/!w. The
measured values of ._Ahi’Mb (-4.3 nH/cm at Py = 30 mtorr and
-3.1 nH/cm at 40 and 50 mtorr) are in reasonable agreement with
a simple model. During the guasi-stationary phase we determined
volume average B-values by application of the relation between
8 and A¢. In the A-type discharge the B-value of 6% + 3% is
mainly due to a B -correction whereas in the B-type the A¢-term
dominates, resulting in B = 15% + 2% at " 30 mtorr, B‘o = 0,
down to 11% + 2% at Py = 50 mtorr, Bin = 32 mT. These values
indicate that in (B) the column-B is close to unity.
The poloidal magnetic field profile (type A) at 9 us is given
in Fig. 3. The toroidal current profile and g-profile are also
presented. The g-profile in the low pressure outside region was
evaluated by solving the equation V ¥ B = aB (Ref. 2), where a
was determined from the probe measurements in' the midplane and
the shape of the central plasma from the streak pictures.
Comparison of streak photograph and current profile shows that
some 50% of the total toroidal plasma current flows in the re-
gion outside the dense central column. This fact as well as the
flatness of the _q——proﬂ.].e in a region arcund the central plasma
confirm the presence of a well-conducting and probably low den-
sity plasma in a part of the outer region of this elongated
discharge type for at least 9 ps. The conditions that lead to
the reported different discharge types have been investigated.
The properties of the initial plasma at t=0, especially the
initial degree of ionization Y and the homogeneity, have a

0.4

™

T T dominating influence on
‘%?% the subsequent behaviour
0.2~ @ ] of the main discharge.
Palpldal (B, The bias field as well

¥ as the predischarge
energy have a strong in-
ZCaa fluence on Y. The highly
elongated plasmas are
produced after a weak
preheating, while plasmas
with moderate elongation
are preceded by a very
effective predischarge.
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STATIONARY MAGNETIC FIELD CONFIGURATION
IN NON-CIRCULAR CROSS SECTION SCREW PINCH, TPE-la
K. Sugisaki
Electrotechnical Laboratory

Mukodai-machi 5-4-1, Tanashi, Tokyo, Japan
Abstract: A magnetic field configuration desirable to confine
a high beta plasma is obtained in a stationary stage of a non-
circular cross section screw pinch with a metal shell, TPE-la:.
No global modes are cbserved.
Introduction: It has been shown that in an axisymmetric
toroidal system with a moderately elliptical crnss section, the
beta value of the plasma can be higher than in a system with
circular cross section [1]. Additional increase of critical
beta value is expected in a plasma with a broad current profile
as in a screw pinch with a metal shell. The positional insta-
bility can be avoided in case of use of the metal shell.
Apparatus: The schematic diagram of TPE-la [2] is illustrated
in Fig. 1. A quartz discharge chamber is 40 cm in length,

COPPER
SHELL |

L_TOROIDAL

il DISCH
il CHAMBER FIELD COIL

INDUCTION COIL

PLASMA TOROIDAL
CURRENT BANK FIELD BANK

£

Fig.1 Schematic diagram of TPE-la,
while the major and minor radii are 13.5 cm and 6 cm, respec-
tively. The copper shell of 1.5 mm thickness covers the dis-
charge chamber. A toroidal magnetic field and plasma current
are induced by separate capacitor banks of 30 KJ. The maximum
toroidal field of 6 KG and plasma current of 120 KA are gener-
ated with rise time of B us. The experiments are almost
carried out for deuterium of 10 mTorr.
Dynamic stage: After implosion and subsequent large displace-
ment toward the wall, the plasma column returned rapidly near
the center of the discharge chamber. At the stationary stage,
the toroidal shift of the plasma column was 1.5 cm. The plasma
temperature determined from pinch speed was 70 eV. The
electron temperature determined from the soft x-ray foil ab-
sorption technique was about 40 eV at 10 us.
Stationary stage: The plasma current was kept nearly constant
for 50 us by power crowbar circuit. The magnetic field con-
figuration was also unchangeable during this stage. The
typical magnetic profiles on the medium plane are shown in
Fig. 2. The plasma current density was nearly uniform over the
discharge chamber. The plasma paramagnetism was also observed
during this stage. The beta value of the plasma was about 3 %
from magnetic field measurements. The magnetic flux surfaces
obtained from magnetic field measurements are shown in Fig. 3.
The safty factor g was 2 on the flux surface A and 3.5 on the
flux surface B. The electron density integrated on the medium
plane was measured with a He-Ne laser interferometer and was
2x10'%cm?. The electron temperature at this stage was de-
termined from the ratio of Dg line to continuum and was 5 eV.

For g <3, magnetic probe measurements indicated the existence

PINCHES

of small amplitude plasma motions with n=0 mode (axial dis-
placement) and n=1 mode (kink-like deformation). These plasma
motions were not growing but oscillatory. The streak pictures
taken axially did not indicate the existence of global modes

during this stage. The flux surfaces were approximately

5, (KG) RBy
" RB, (KG-cm)
—— ———5.
40
-1
Bp 20
i _ A(cm)
10 15 i
Inner wall Quter wall
Fig.2 Typical magnetic field profiles.
R

Fig.3 Typical magnetic flux surfaces.

symmetric in regard to the medium plane in this stage.
Decaying stage: The plasma current begins to decay at 50 us.
In this stage, magnetic field measurements showed that the
plasma current decayed rapidly in the outer region, while it
decayed slowly in the inner region. Therefore, the current
flowing region was limited near the magnetic axiﬁ and the cross
sections of the flux surfaces tended to be circular. The
plasma current channel was separated from the wall and the
poloidal magnetic field is stronger at the outer wall than at
the inner wall as in an ordinary Tokamak configuration. The
toroidal field profile tended to be vacuum field like.
Conclusion: The magnetic field configuration at the stationary
stage should be able to confine a high beta plasma. However,
the beta value obtained experimentally was smaller than that
predicted theoretically. The beta value and electron temper-
ature decayed rapidly at the transition phase (10 ~20 us) from
the dynamic to stationary stage. The decay time was not af-
fected by the small amplitude plasma oscillations. Therefore,
it seems that the beta value is limited not by a stability
condition but by energy transports.
REFERENCES
[1}] J.P. Freidberg and W. Grossmann, Phys. Fluids 18 (1975)
1494,
[2] T. Shimada and others, 6th Conf. on Plasma Physics and
Controlled Nuclear Fusion Research, CN-35/E4,

Berchtesgaden (1976).
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Measurement of the Poloidal Configuration

in the Lausanne Belt Pinch

J.~M. Peiry, M. Altmann, G. Tonetti, F. Hofmann
Centre de Recherches en Physique des Plasmas

Ecole Polytechnique Fédérale

CH-1007 Lausanne, Switzerland
Abstract : The three components of the magnetic field (By, By, By) were mea-
sured in the plasma of the Lausanne belt pinch, as functions of radius, axial
distance and time. Maps of the poloidal flux function § and the toroidal cur-
rent density jg, as well as radial profiles of the safety facter q are pre-
sented. The results show that the poloidal field diffuses axially through the

plasma.

Introduction : Belt pinch plasmas are still far from being understood. Axial
contraction {1,2,3}, radial compression ratio {4,5}, and axial displacement
instabilities {6} are just a few of the phenomena that have not yet been sa-
tisfactorily explained. In the Lausanne belt pinch, plasma parameters have
been measured in the midplane (z=0) but up to now little was known about their
dependence on axial distance. In the present paper we report the first de-
tailed measurements of magnetic fields in a belt pinch plasma, as functions

of radius, axial distance and time.

Measurements : Experimental parameters for the set of measurements reported
here were as follows: Charging voltage of the main capacitor bank: 30 kV,
filling pressure: 20 mTorr Dz, maximum toroidal field at r=16 cm: 7.5 kG,

/4 =5 us, D™ 6x101Sem™3, ‘l‘.mu-lo() eV. Access to the plasma in the Lau-
sanne belt pinch is difficult. There is only one radial port at z=0. Therefore,
the field measurements had to be done by introducing a long probe through one
of the axial ports. The probe has two small pick-up coils in ies tip. It can
be rotated about its axis to permit measurement of either (nr.n,) or (Be.nz).
It can also be moved radially and axially, such that one half of the poloidal
cross-section (z»0) can be completely scanned. The field components, B.,Bg and
B,, were measured by radial scanning at 6 different axial positions (z=0, 100,
200, 250, 300, 350 mm). The radial resolution was 5 mm in the dense plasma
and 10 mm in the tenuous plasma near the walls. Vacuum fields were also mea—
sured at each point. The measurement of B, is extremely sensitive to the
alignment of the probe. A very small error in the orientation of the probe

produces a large error in By, since Bg® B..

The flux function ¥ was computed by assuming a polynominal expansion of the

form
m n
v = 1 1 %4 et o
i=0 j=0

with m=6 and n=5. The coefficients uij were obtained from a least-squares Ei_l:
to the measured data. Fig. 1 shows the ¥ = const. surfaces for 20, at various
times during the discharge. It should be noted that the last frame in Fig. 1
is taken at a time after the onset of the axial displacement instability.
Since the onset time is not exactly reproducible from shot to shot, this last
frame had to be composed of measurements taken at & = const., rather than

t = const., where & is the axial displacement obtained from a differential
probe (Fig. 3). The differential probe signal also shows that, at t = 15 us,
the configuration is still symmetric with respect to the midplane (z=0).

Discussion of results : It is quiteobvious from Fig. 1 that, during the stable
phase of the discharge, there is a rapid axial contraction of the ¥ = const.

surfaces. The plasma itself, h » does not an equivalent axial

contraction . We deduce this from the following observations : (1) the edec-
tron density at z=0 decreases with time, (2) the radial pressure profile at

2z = 200 mm indicates a beta value of 5-10%Z, at time t = 15 us, and (3) the
toroidal current density, as shown in Fig. 2, remains rather high near the ends,
its axial distribution being very wide. We must, therefore, conclude that the
poloidal field diffuses axially ghrough the plasma. Assuming the plasma to be
stationary, one can compute a "loop voltage", V = 21 %% . At £ = 15 us and

z = 200 mm, we find V X100 Volts, which corresponds to a Spitzer temperature
of ¥ 10 eV, This is consistent with rough estimates of the energy balance at

that point.

Fig. 1 also shows that, at t = 15 us, a large fraction of the poloidal field
lines intersect the walls of the discharge vessel. This is due to the absence
of a conducting shell. Consequently, the ends of the plasma must be cooled by
thermal conduction along the field lines. This effect could easily explain
the "axial contraction" observed in the Garching experiments (1,2}. In our

case, the shrinkage of the plasma due to the cooling of the ends camnot be

observed during the short time available (20 ps) before the onset of the axial
displacement instability. In summary, we note that the poloidal field confi-
guration changes rather drastically during the "stable" phase of the dischar-
ge (Fig.1l.), and it is not too surprising that the pinch switches from a
stable to an unstable phase at t ~ 20 us {6}.

Fig. 4 shows radial profiles of the safety factor, q. They were computed by
integrating along the ¥ = const. lines, according to the prescription

1 Bg ds
n foZ+52
r B‘ 1-Bl=

It is interesting to note that q at the wall reaches values which are usually

considered dangerous for belt pinches {1}, whereas q on axis always remains

above the critical value for internal modes, i.e. LI

Yaxis
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Toroidal Confinement with Reduced Energy Losses in Belt-Pinch lla
G, Becker, O. Gruber, H. Krause, F. Mast, R, Wilhelm
Max-Planck~Institut fur Plosmaphysik, B044 Garching, Fed.Rep.Germany
EURATOM Association

Abstract: In the Garching Belt~Pinch lla discharges with strongly reduced impurity con-

tent resulted in improved energy confinement { Twe=60 ps, initial parameters T‘ + Ti =%
100eV,n,  F3Sx 'lOM cm-3,<ﬂ> ~0.6). With a modified multipole system ver-
tical displacement instabilites could be avoided. At g-values above 2.5 no signs of

extemal kink instabilites were observed for plasma elongations b/a =5 - 10,

Intreduction: In recent years growing interest in the optimization of the cross-sectional
shape for axisymmetric configurations led to the Belt-Pinch experiments in Garching, They
produced high-8 plasmas whose energy content decayed in some 10 ps dominantly caused
by impurity line rodiation /1/, In this paper we present results of discharges in Belt-Pinch
lla with light impurities (C and O)the content of which was reduced from 7% to 1% only.
This allows now to observe the effects of additional energy loss mechanisms, like neutral
gas cooling or an enhanced energy transport due to internal MHD-modes. Furthermore,
medifications of the multipole system resulted in a clear separation of the plasma ends

from the walls. Under these new conditions plasma confinement and equilibrium are
studied and compared with theoretical investigations. The stability behaviour will be

discussed.

Experimental results: The BP lla device /1/ has a toroidal coil system of rectangular eross=
section: coil height 2 b, =260 cm, distance between inner and outer coil: 2 Lkt Ry=R; =
47 em and average torus radius: Ry = (R, + Rj) /2= 52.5 cm. In all cases o maximum
shock vol tage of 140 kV is opplied and a filling density of 2 mtorr deuterium is used.
Typical confinement parameters at the end of the dynomic phase at 10 ps are given in
Figs. 1, 2, 3, 4 and in the following table:

toroidal field BRy) =1kG <B> = 0.6

toroidal plasma current I = 150 kA ﬂP = 8w (p?/'ﬂ; 2. 4.1
plasma helght 2b 20em p = jpdf/fdr
plasma width 20 ® 2cm 'B; = 2wl / (2a +2b)

The radial profiles of the toroidal and poloidal mognetic fields measured by probes in
the torus midplane and the evaluated p

and toroldal current density are shown in
Fig. 1. As the Bp-vnlua is comparcble with the plasma aspect ratio A the toroidal
current density maximum is strongly shifted to the torus outside with respect to the
magnetic axis, which colnclénl with the maximum plasma pressure, Note, that the
toroidal plasma current already has o smooth profile at this early time and does not
resemble @ surface current, The q-value at the plasma boundary is q =§“ o 45,
whereas the q-value on the magnetic axis Is above 1 according to equilibrium calcu-
lations.

Fig. 2 shows the radial profiles of the electron density ot 10 ps measured by Ashby
interferometry, According to the broader pressure profile from the magnetic probe
measurements the sum of the electron and fon temperature should have a hollow structure.
The n.-pmﬂle shows further that about 80% of the initial filling density is jonized. The
ionization of the neutral gas outside the dense plasma and/or an additional gas influx
from the walls produce shoulder: in the n.-pruﬁle, (Due to limited access for the end-on

density measurements only the shoulder on the right hand side could be observed at t = 10 psh

The shoulders rise with time to about 60% of the central electron density at 25 ps due to
neutral gas copture. At 40 ps the line density corresponds to nearly 100% of the filling
density ond does not decrease for the rest of the discharge.

In order to maintain the strongly non-circular equilibrium a teo large radial compression
ratio has to be avoided. With the vertical coil system used the present compression ratio
of a. / u % 2 results In a modest axial contraction. This can be seen in Fig. 3 where
vertical B, (z) - profiles near the outer (B“) ond inner m:i) coils are plotted for three
different times. The corresponding equilibria are investigated by means of a free boundary
equilibrium code /2/ which matches the measured B, (z) = profiles and the <> and 8 -
values, For t =10 ps and B_22 A the plasma boundary is roughly race=track shaped with
topered ends (b/a = 10) and the toroidal current density is "flat” with small ¥ - ingre-
dients (Y poloidal flux function). This results in extremely elongated inner flux surfaces
with a half-axis ratio of about 25. Fig. 2 shows that at later times (90 ps) the plasma
contour deviates from the race~track shape with 2 b 22130 cm, b/a 5 and g, = 2.5.
Detailed equilibrium calculations are in progress.

Plasma confi t and stability: As a
evident improvement of the confinement properties has been achieved. From diomagnetic

of reduced impurity level an

flux measurements it has been derived that the plasma energy of 7 kJ at 10 ps decays

to 1/e in about &0 ps. This energy loss is consistent with the time behaviour of the
central el P d by Tt scattering (Fig. 4). At the beginning
Ti® Te holds and Ty, rises due to lon-electron energy transfer, After 30 ps both Tg and

T; d i with the d energy decay. The obtained data are not in
agreement with preliminary results from a numerical transport code /3/, which predicts
larger 1/e decay times. Moreover, the experimental increase of plasma line density
due ta external neutrals exceeds the predictions from the present thecretical model.
Nevertheless, the development of shoulders en the ne-pmﬁ'lﬂ is demonstrated by the
transport code. A more detailed particle and energy balance will be presented at the

conference,

The main result on plasma stobility again is the fact thot fost growing external modes are
not observed, Obviously, o vanishing current density ot the plasma boundary combined
with a high shear (according to gy, /qo > 2 to 3) is sufficient in order to suppress external
kink modes even for strong elongations and high beta, This result, which is qualitatively
confirmed by recent numerical calculations /4/ clearly indicates thot most of the previous
stability calculations, e.g. /5/ ore not able to give an adequate description of the
elongated high-beta tokamak .

On the other hand, a certain influence of intemal modes on energy confinement cannot
be excluded, One indication for the occurrence of such modes are fluctuating Br-ﬁaldl
inside the plasma at about 50 ps which amounts to 20 to 30% of the local poloidal field.
At approximately the same time there is o rapid decay of the diamagnetic signal and o
drop of the electron temperature from 25 eV to a210 eV,

The problem of vertical displacement instabilities has been solved by modifying the verti-
cal coil system. It has been shown that these axisymmetric medes are sensitive to the
current distribution in the outer short-circuited multipole windings. A suitable current
distribution has been found, which, due to the stabilizing properties of the outer flux
conserving shell, provides stability at least for the experimental time scale, The re-
strictions on strength and position of multipole currents do not appear to be very
stringent,
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EXPERIMENTAL INVESTIGATIONS OF THE STABILITY OF A BELT-PINCH
TO VERTICAL DISPLACEMENTS

E. Graffmann, F. Hoenen, A. Kaleck, L. Kinen, M. Korten and J. Schlliter
Institut fiur Plasmaphysik der Kernforschungsanlage Jiilich GmbH
Assoziation EURATOM-KFA, 5170 Jilich, Federal Republic of Germany

Abstract: In the belt-pinch TENQ stability to axisymmetric modes can be ob-
tained now at low densities, where ion temperatures larger than 100 eV are
observed. This density regime was made accessible by an appropriate shaping
of the preionized plasma and by compressing the plasma near the outer cy-
lindrical shell, thus stabilizing it to vertical displacements.

Introduction: Recently, confinement with beta values larger than 20 % has
been reported from different belt-pinches (11, [Z. However, the density in
all these experiments was so high, that temperatures larger than 30 eV were
not obtainable. Instability to vertical displacements, which should be ex-
pected for the geometries studied, was normally not detected. On the other
hand, at low densities stable confinement was not observed up to now. Either
only the heating by shock-waves was studied [3], or a closed configuration
could not be obtained [2]. In the following we report on some alterations
of the experimental set-up of TENQ, which should facilitate the accessibili-
ty of stable equilibria at low densities.

1
Apparatus: The vertical field configuration _—_Is' Tnm
(fig. 1) is produced by a multipol coil system P77 veasa
Su. Sl and SZ‘ Su is a helical part of the main 4
coil, which generates a toroidal field B, up to N
7 kG at the magnetic axis. The plasma current 5'I o :0 ethe
(Ip = 110 kA) is induced by the currents in o 1 up N =
Sl and SZ‘ In all 4 coils the currents are I - Igh
flowing in the same direction, thus providing I
an octopol configuration, After crowbarring So' L' i 52
S; and S, at current maximum, S, and S, become

opaque, whereas Sn remains transparent to the 5 Ruby Loser
poloidal magnetic field. In the course of our
investigations the length of the vessel was re-
duced from 116 cm to 80 cm. The major radius

Fig. 1 Apparatus

R, was varied between 40 cm and 55 cm, the lengths of the half-axes were
a=~7cm, b<S30 cm at g-values of 3.5 - 4.5.

T! and ng were measured by Thomson scattering, T1 by Doppler broadening of
impurity lines. Radial profiles of p‘ By, j.r and p were obtained from
measurements with local magnetic probes. The axial position of the plasma
column was measured by streak photos and external magnetic probes. The data
acquisition system consists of a PDP 8e computer with 20 k core and a CAMAC
instrumentation with 200 ns ADC's, store and amplifier modules.

Results: At low densities the axis ratio b/a exceeded in the initial phase
of the discharge a critical value (h/acﬂ.§=5) resulting in a fast loss of
the plasma in the region of strong curvature. This is shown in curve 1 of
fig. 2: after a short axial compression, the axis b increases, indicating
the fast end-losses. To avoid Targe b/a-ratios during the initial phase, the
compression length (not the linear compression ratios) should be equal both
in radial and in axial direction, e.g. 2h - 2b = 2d - 2a (2d = width of the
vessel). To fullfill this condition, the vessel height 2h was reduced from
116 cm to 80 cm. Curve II in fig. 2 shows, that now the half-axis b reaches
an equilibrium value,

With low densities now the m=1 instability (vertical displacement) could be
observed with growth-rates larger than lﬂssec—l. On a first glance, wall=
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Fig. 2 Time dependence of b for
large (1) and small (II)
height of the vessel

Fig. 3 Profiles of the toroidal
current density
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stabilization seems to be not promising in a belt pinch, where the com-
pression results in a large plasma-wall distance. However, by lowering the
vertical field, the compressed plasma might be positioned near the outer
coil S,. Then image currents in 5, might prohibite a vertical displacement
of the plasma column.

This presumption was confirmed by Zlem]

the experiments. Fig. 3 shows the

time development of the current

density profile. In the initial

‘phase, the plasma is compressed

near the outer wall, Ry ® 60 cm al |
(the radius of the coil S, is 75 cn). Vi R0 SO IR ]
Then the major radius Rc shrinks '
monotonically due to- the decreasing
B. The difference .’_\.Br in the values
of the radial magnetic field measured
at z = ¥ 46 cm and R = 50 cm remains
zero for 50 psec (fig. 4b), indi- b |
cating that there is no vertical dis- 0 20 40 60 80 100120 %0ty
placement of the plasma column. At

t =50 ps (R, # 50 cm), the plasma
starts to move in vertical direction,
ABr is now increasing. Side-on
streak pictures (fig. 4a) demonstrate
this transition from stable to instable behaviour even more convincingly.
End-on framing pictures-mot reproduced here - show axisymmetry 411 the time,
e.g. the instability is identified as the m=1, k=0-mode. The sign of ABr
~Az in different discharges might be positiv or negativ. This behaviour
was observed down to filling pressures of .8 mT I:r2 at axis ratios 2=b/a=3.

LY

Fig. 4 a) Streak-picture side-on.
b) 0szillogram ofABp-u.z

The Doppler broadening of the 2297 R CIII-line (fig. 5) gives Timax = 160 e¥
at F'e =5 .10 "em ™7, T; decreases with an

e-folding time of 10 psec. For technical ‘“Imw

reasons , Te and Ng could be measured by a0 /\\
Thomson scattering only at R = 46 cm, L

z =0 cm, e.g. only on the slopes of the i >
corresponding profiles because R >50 cm 9 . » » Ll
for t <50 usec (see fig. 3). The measured Fig. 5 Ion Temperature

Temax (%30 eV) can therefore be considered as a lower limit for Te. It de-
creases with an e-folding time of 40 usec.

Conclusions: In belt-pinches, where an octopol field is superimposed on the
vertical field, confinement and stability to vertical displacements can be
obtained also in the low density-high temperature regime, where the plasma
parameters are approaching the Tokamak regime. The equilibrium configuration
can be achieved by a fast magnetic compression, if a strong elongation of
the plasma cross-section is avoided during the compression. Stabilization
of the axisymmetric m=1 mode is possible, if the plasma torus is surrounded
by a cylindrical conducting shell. The distance 1 of the plasma boundary
from this shell should fullfill the condition 1 <1.5 a for b/a = 3.

It is interesting to note, that Haas [4] calculated nearly exactly the same
condition for the plasma wall distance at z = 0, however, he assumed the
plasma to be surrounded totally by an elliptical conducting shell. Alsc we
want to mention the results reported from the Lausanne belt-pinch [5] ,
where the plasma-wall distance was presumably too large for an effective
stabilization.
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FIELD REVFRSAL IN PINCHFS

A. Sykes and J.A, Wesson
Culham Laboratory, Abingdon, Oxon, UK
(Furatom/UKAFA Fusion Association)
The aim of this paper is to describe a numerical simulation which shows
(1) how the axial magnetic field in a pinch can become reversed through a
helical instability, (11) how the configuration can return to a more axi-
symmetric state and (1i1) that this reversed field configuration can remain

indefinitely.

A three dimensional simulation has been carried out using the non-
linear, resistive mhd equations with ohmic heating and an energy loss term
includadu . The calculation is carried out in a straight system of square
cross-gection, and the code uses a Lax Wendroff technique based on a 14 X 14
% 13 grid. The neglect of toroidal cffecta is appropriate Llu Lhe case of a

large aspect ratio pinch since the poloidal magnetic field B, im of the

same magnitude as the toroidal magnetic field B_ and the aqgarl cross-

section does not introduce any essential differences from the circular cross-
section of the experiments. The length of the box i8 ma (where a 1is the
half width of the cross-section) and can be regarded as a section of a large

aspect ratio system.

The cuurluctivity!:lu taken to be paramagnetic, so that o = ¥ LA and
is proportional to T ,’. Initially the axial plasma current has the form
L cos(m/2a) cos(my/2a) with a central value of G lﬁlava. The
energy loss term includes a part proportional to the plasma pressure and a
part giving an approximate radiation loss.

The axial flux, ,,fnz ds, is kept constant and an axial electric field
is applied at the surface according to the chosen circuit conditions. The
unit of time is 7 = ..f(ﬂ".fpo), B“ being the initial uniform axial mag-
netic field and p the initial density.

Figures 1 and 2 give the results of a calculation which show all of the
effects described above. Figure la gives the form of the imposed current
variation, the current being kept comstant after the initial rise, and also
glves the applied voltage required to produce this current. Figure lb shows
the time variation of (II“>. the average value of Bz at the surface of
the plasma, It is seen that during the time up to t =35 (B“> is consider-
ably reduced. This is due to a combination of pinching and the paramagnetic
effect.

During this time the plasma column has remained almost axisymmetric.
This and the subsequent deviations from axisymmetry can be seen in figure 2
which gives the trajectories of related magnetic field lines as viewed from
the side of the box. The lines shown are chosen on the basis of their proxim-
ity to the magnetic axis at the end plane of the box. At time t = 1.1 the
configuration is close to the initial state and is still axisymmetric. At
t = 4.8 a single wavelength helical instability is just appearing. The
growth of this instability is shown in figure lc where the kinetic energy of
the plasma is plotted,

It is seen that just after t = 5 the kinetic energy grows rapidly and at
this time- (I“) reverses strongly. The reason for this is the helical form
of the current channel which acts as a solenoid, increasing the flux within
it and, because total flux is conserved, removing flux from the outer region,
The form of the helix at t = 5.3 1s shown in figure 2.

At t =9 the helical plasma column itself becomes unstable to a mode
having half the wavelength of the initial instability. The growth of this
n =2 instability is clearly seen from the growth in kinetic emergy and from
the magnetic field structure at t = 9.8,

The second instability is followed by a remarkable change in the mag-
netic fleld structure. It can be seen from figure 2 that by t = 13.1 the
plasma has become almost axisymmetric again, but now the magnetic field at
the surface has the more stable reversed magnetic field configuration. This
increased axisymmetry is borne out by a detailed analysis of the overall
magnetic field, The process by which this has occurred is indicated by the
magnetic field plot at t = 10.7 where the magnetic axis is seen to have
formed two loops. It seems that these loops neck off and decay resistively
leaving an almost straight magnetic axis.

Because the structure is now almost axisymmetric the reversed field
starts to decay resistively, being almost lost at t = 1§. In the absence
of further instability the reversed magnetic field would disappear completely.
However this process is prevented from occurring by further instability and
the reversed field is, in fact, then maintained by a series of damped relax-
ation oscillations as can be seen in figure lb. It appears therefore that a
rteverse field configuration can be maintained indefinitely, the key question
then being whether the loss of confinement arising from the level of insta-
bility required to maintain the reversal is acceptable or not,
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Big. 1
Time variation of plasma parameters. The six arrows indicate tue times
of the field line plots of Fig. 2,

(a) Total axial current I maintained by applied voltage V.
(b) Surface average of axial magunetic field, B: .

(c) Total kinetic energy. The small increase around t=2 is due to
pinching. The first peak at t= 6 is the large m=1 n=1 insta-
bility which, due to the solenoidal effect of the helix, produces
the rapid reversal of <{(Bz)adge . The second peak at t~ 1l is the
secondary m=1 n=2 instability which culminates in a return to
approximate axisymmetry. Resistive diffusion then causes the {Bzledge
to decay until, at t ~ 14, the reversal has almost disappeared.
However the plasma mow becomes unstable again and the reversed field
is restored. At large times diffusion and instability produce a
series of damped relaxation oscillations which maintain the reversal
indefinitely.

Fig. 2
Trajectories of selected field lines viewed from the side of the box at the
gix different times indicated by arrows on Fig. 1.

T = 1.1 : Initial axisymmetric compression phase

T=4,8, 5.3 : development of m= 1 n=1 helical instability

T=09.8: start of m=1 n=2 kink on fully developed n=1 helix

T = 10,7 : combination of n=1 and n=2 helices : 'necking off' process
starting in centre

T = 13.1 : 'necking off' completed : return to axisymmetry as at T = 1.1

but now with reversed B,, .
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CHARACTERISTICS OF SPONTANEOUSLY GENERATED RFP IN ETA-BETA

A. Buffa, S. Costa, R. De Angelis, G.F. Nalesso, 5. Ortolani and G. Malesani
Centro di Studio sui Cas Ionizzati
del Consiglio Nazionale delle Ricerche e dell'Universiti di Padova
( Associazione Euratom-CNR) -Padova (Italy)

Abstract: Studies of RFP produced by spontaneous reversal have beea done
under different conditions of current rise time (TI) and filling pressure.
Two regimes are found: at 40 mtorr and 1-'I~ 1-10 ps an instability is asso
ciated with the reversaljat 5 mtorr and 1:1-‘ 10 ps a turbulent regime is ob
served during the whole time of the discharge.

Introduction: The spontaneous relaxation of a pinch to a Reverse Field Pinch
(RFP) configuration has been observed in many experiments [_1, 2, 3]. The
most relevant evidence has been obtained in ZETA where after the field re-
versal a quiescent phase was observed [-1_7. The theory for the relaxation
of a pinch to a minimum energy state has been discussed by Taylor [_4_7,119
wever as pointed out by Kadomtsev [_5_7 the basic phenomena related with
this process are common to a wider class of magnetically confined plasmas
(e.g. Tokamaks ). Experimental studies on this subject have been done recen
tly on devices ,[HB'['KI at Culham and ETA-ETAJ designed primarily for the

study of programmed RFP, The expected p of spon s reversal
has been observed, but its characteristics are quite different from the one
observed in ZETA mainly because of the low temperature (i.e. low magnetic
Reynolds! number § = 'Fn/tA , typically 100) which does not allow to reach
a quiescent phase and because of the large external flux reservoir which
imposes a large internal flux enhancement to obtain the field reversal.

In this paper we describe experiments performed on ETA-BETA with
various current rise times and filling pressures, In this way we could ob
tain conditions which differ for the ratio tI/rA where TA is the Alfvén ti
me which is a measure of the timescale for the instability and the relaxa-
tion process to occur. In particular by modifying the connection between
the condenser bank and the load it was possible to obtain the following con
ditions: a) tI-ul us (tI/cAAlZ at 40 mtorr); b) 1:1~6 1s (‘rI/rA-w 10 at
40 mtorr); «c) Vo 10 s (fI/rA-v 20 at 40 mtorr; rI/rAH 60 at 5 mtorr).
Experimental results: The results obtained in the case (a) have been repor
ted elsewhere ['3_7 and show that a strong kink inatability is usually as-—
sociated with the appearance of the reversal which occurs after the current

maximm and is subsequently lost on a short time 3ps

BEFORE REVERSAL
Bz

scale due to disruption of the magnetic configu-
ration, We point out that with the same machine
conditions it is possible to obtain by field pro
gramming RFP configurations which decay without
instabilities / 6 /.

In the case (b) the characteristics of
the configurations obtained by spontaneous re-

versal can be summarized as follows. The rever-

sal is attained during the current rise, lasts
for about 20 psec and is usually limited by fi
eld diffusion which cventually leads to an insta
bility. As in case (a) a highly compressed con-
figuration has to be produced before the rever-
sal due to the large flux reservoir, Field pro-
files before and after the reversal are drawn
in figure 1. The ideal MHD stability analysis

6 =1
gives gross fast growing kink modes (Y10 sec ,

k~45 m_l] for the profiles measured before the
reversal, whereas only localized slowly growing fig. 1

modes (ye lUs aec_l.‘l are found for the profiles measured after the rever=-
sal. The radial component of the magnetic field shows an instability, with
growth rates and axial wavenumber in reasonable agreement with the theore-
tical analysis, starting~1 psec before the spontaneous reversal, After the
strong unstable phase, which characterizes the periocd before and immediate
ly after the reversal, a RFP configuration is obtained and the fluctuation

level of the magnetic signals is substantially reduced (by a factor of §-10).
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For the case (c) we report here the results obtained with 5 and
40 mtorr of filling pressure. At 40 mtorr the results are similar to those
discussed previously for the case (b). As we see in figure 2 there is a
clear kink instability before the reversal. The local Bg field measured just
inside the vacuum chamber, the sinusoidal coils signal, the radial field com
ponent (near the axis) and the light signal of an OII line are well correla
ted in time and all show a gross instability. The current e-folding time is
about 20 psec as in case (b).

At § mtorr of filling pressure a quite different behaviour is ob-
served. In particular, as is seen in figure 3, during the whole time of the
discharge a turbulent behaviour characterized by high frequency fluctuations
is observed. The current e—folding time is less by more than a factor of 2
as compared to the 40 mtorr case, The losses associated with the magnetic
field fluctuations [_7_7 and the anomalous transport due to microinstabili
ties are more important in. this case and could then account for the
observed behaviour.

The oxygen impurity concentration has been evaluated by measuring
the intensity of OIT and OTIT lines. As long as the plasma does not hit
the wall an impurity concentration corresponding to 0.1 mtorr is generally
deduced, This impurity level is consistent with the limitations of the pre
sent vacuum system, When the plasma interacts with the wall the discharge
is in all the cases comtaminated by several percentages (3-5% at 40 mtorr)
of oxygen, A quantitative difference between the'various cases discussed is
not deducible within the experimental errors,

Conclusions: RFP configurations generated by spontaneous reversal have been ob
tained in a wide range of values for the current rise time and the Alfve;l
time, Different characteristics in the plasma behaviour have been observed.
At 40 mtorr in the range of 'r:[/r.‘M 1-20 a strong instability is associated
with the reversal, In particular for 1.'1,/ =A>>l the reversal clearly follows
the instability and afterwards a RFP configuration characterized by a low
level of magnetic field fluctuations is obtained which decays similarly to
programmed RFP with comparable parameters Z-ﬁj.

A different regime, characterized by high frequency fluctuations,
is found at lower values of the filling pressure (5 mtorr, ¥I/=A~6{!). The
situation is in this respect somewhat similar to the one preceeding the guie
scent phase in ZETA but on the other hand it is very different because the
energy limit of the machine and the large energy losses lead to a very low
temperature plasma with short lifetime.
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PERFORMANCE PREDICTIONS FOR REVERSED FIELD PINCHES

J P Christiansen and K V Roberts

Culham Laboratory, Abingdon, Oxfordshire, UK
(Euratom/UKAEA Fusion Association)

Abstract. The time evolution of two slow reversed field pinches is studied
during the current sustainment phase, starting from a low-B force free
Taylor state. The calculations use a IDMHD equilibrium and diffusion code,
with anomalous transport coefficients chosen to simulate a central Suydam—
unstable core surrounded by MHD-stable region with enhanced electron

thermal conductivity.

1. Introduction. The reversed field pinch (RFP) is a high-B containment
configuration. Formation of an RFP during the setting-up phase is com
plicated, but theoretical predictions by Taylor [1] and Kadomtsev [2]
suggest that a force-free Bessel-function RFP configuration should tend to
develop as the plasma tries to relax towards a minimum energy state. Start-
ing from this configuration

B, =3B, JD(2 Of) s Byg=3, Ji(z 8%) (1
we use a IDMHD equilibrium and diffusion code to study the evolution during
the subsequent current sustainment phase. Here By is the axial magnetic
field, a is the minor radius, and the pinch parameter © = na{n)/ 'iz. The

initial B is assumed small.

- Configuration (1) with & = 0 is ideal MED stable for ® ¢ 8 = 1.587
and tearing-mode stable for © g 91. = 1.552. Limiting values 31(8). 8,(8)
can be calculated by adding pressure while conserving magnetic flux [3],
and the maximum Suydam=stable axial f'o = f(o) is obtained by inward inte-

gration of the marginally stable pressure gradient
Vo = = (/828  (ve/E)? @

with P = tllee. Fig.! shows the maximum value BS for BB. and the maximum

value 91 for B, (Tearing-mode sta-

bility [3] requires only slightly i
smaller B). We study which of the

high-8 configurations can be reached

and maintained during the sustain-

ment phase starting from (1) with

1.2 <8< 1,6, !
2. MHD equations. The plasma is Fig.l

Maximum values (85,91) of (B ,9)
for the pressure inflate
Bessel function model

described by electron density n,
temperatures Ta' T; and effective
charge and mass numbers Z, A. It evolves through a sequence of states in

pressure equilibrium with the fields BB' B:' Each new equilibrium Vp = JxB,

p = nk(T, + T;/Z) is reached after solving the equations

3B/oc-Vx¥YxB=-Vx(n.?xB/y, 3)
ok/(y=1) DT /Dt = -9 . F -K+Q, (4)
nk/(Z(y-1)) DI;/Dt = - ¥ . F, + K+ Q )

where D/Dt is a Lagrangian derivative., The resistivity n includes parallel
and perpendicular terms “n' Mye The transverse thermal fluxes L, Ei have
the form x 3T/3r. K is the equipartition rate and the terms Qﬂ. Qi include

ohmic and turbulent heating and Bremsstrahlung.
3. Transport coefficients. The coefficients used are

Drsk, ™ -:: + nk(ﬂ.'iﬂ)a} Pk = x; + nfZk D;'
(6)

o o
My =y 3 T'J--“.I."“a L

where (o) denotes classical. Turbulent diffusion (T) is switched on
locally in Suydam-unstable regions and is discussed in [4]. Anomalous (a)
electron thermal conductivity is given two alternmative forms D. = ce D:
(pseudo-classical, D: - K:In!r.), and D = C, D, (poloidal Bohm, Dy = xT /16e
Ba). the constants Ce. l.':a being adjusted to straddle energy-loss values

determined from empirical Tokamak scaling laws.
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4. RFP device parameters. Two proposed devices HBTXIA and RFX are dis=

cussed, both using programmed wall fields BB(B)' Bz(a), with parameters:

Parameter HBTKIA RFX
Liner Radius a [m] 0.26 0.6
Major radius R, [m] 0.802 1.8
Current I, [MA] 0.3-0.5 0.7
B, = B,(0) [r] 0.6 - 1.0 0.55

Line demsity 8 [w 11 25x 10" 2.5x 10"

The RFX calculations vary the anomalous electron transport using 0 < C, < 100
or 0 < Cy < 0.15, while the HBTXIA calculations vary I, and use C, = 100,
(corresponding to an energy containment time 7, below half the empirical

Tokamak value). In both cases Z = 2,5, A = 4.

5. Predicted performance. In the tables B, = I6-2(1—|)W(uu 122) where
W is the total plasma energy, and the configuration time T, is the time at
which & > UI. Times in ms, axial temperatures in eV, Be in %, current in

MA. Values of Tgs Te’ Ti' Be are calculated for HBTXIA at t = T and for

HBTX1A
I, [Ma]
& Te Te Ty By
0.3 0.75 0.8 174 156 17.1
0.4 1.50 1.5 295 261 16.0
0.5 2.46 2.4 438 383 15.1
Electron RFX
thermal
transport T % Ty Tt BB
Classical 81 60 898 645 16.9
0.05 19 25 720 609 13.5
CB = 1 0.1 14 20 651 585 12.5
0.15 11.5 15 608 565 11.9
C = 50 15 12 154 617 12.5
e 100 12 10 702 603 11.8

RFX at t = 20 ms. The current I is maintained constant. If I, is allowed

to decay T, can be prolonged but at somewhat reduced temperature.

The main conclusion is that HBTXIA should attain central temperatures
of order 300 eV with a stable lifetime | - 2 ms. Corresponding figures
for RFX are 600 eV and 15 = 20 ms. The case Iz = 0.3 MA for HBTXIA
corresponds to RFX if Iz scales with minor radius a, so our results

emphasize a strong dependence of the performance upon a.

References
[11 Taylor J B (1974). Phys.Rev,Lett. 33, 1139,

[2] Kadomtsev B B (1976). 6th Int.Conf.on Controlled Fusion and Plasma
Physics, Berchtesgaden. CN-35/Bl.

[3] Robinson D C (1976). Ibid, CN-35/E2.

[4] christiansen J P and Rober'ts K V (1977). 'Turbulent Behaviour of the
Reversed Field Pinch'. This conference.




PINCHES 83

TURBULENT BEHAVIOUR OF THE REVERSED FIELD PINCH

J P Christiansen and K V Roberts

Culham Laboratory, Abingdon, Oxfordshire, UK
(Euratom/UKAEA Fusion Association)

Abstract. The central region of the reversed field pinch (RFP) has a small
shear but a high ohmic heating date and is expected to become Suydam un-
stable during the current sustailnment phase. This paper discusses the
turbulent transport coefficients to be used in a IDMHD equilibrium and
diffusion code which simulates the time evolution of the RFP. Arguments
are based on numerical calculations of linear eigenmodes and estimates of

subsequent non-linear behaviour.

1. Introduction. A qualitative picture of the RFP in low-g ecylindrical
approximation is provided by the Bessel function model [1] which exhibits
an essential feature of this type of system: the ohmic heating rate & |i]z
has a maximum at r = 0 where the shear VP = V(rﬂziﬂe) is zero. During the
current sustainment phase we therefore expect the Suydam condition

L= VpIVps = 1 <0 to be consistently violated near the axis so that the
RFP should have an MHD turbulent central core. Here p is the plasma

pressure and
Vpg = - (rvaa)Bzz(VP!P]z m

is the marginally Suydam-stable pressure gradient.

To predict the performance of the RFP we follow its evolution through
the sustainment phase using a IDMHD equilibrium and diffusion code [2],
and this paper discusses the turbulent transport coefficients to be used
when [ > 0. Ideal MHD stability theory is used to compute growth rates
and eigenfunctions of unstable linear modes and 52 summarizes results
from numerical calculations. We comjecture in §3 what happens in the non-
linear regime and estimate the turbulent transport in §4. The evolutionary
behaviour is however expected to be insensitive to the turbulent transport
coefficients over a wide range and this is confirmed in practice. Numerical
values refer to a toroidal device with minor/major radii 0.6/1.8 m, axial

field 0.55 T and central demsity 3 x 10'° m 2.

2. Pressure-driven instabilities. Departure from equilibrium is described

by a Lagrangian displacement vector £ which in the linear regime can be
analysed into eigenmodes

£= :é'i‘ 5“&) exp i(mé+kz-wt) (2)
each eigenmode satisfying an equation of motion - puz_g_ = F{g} where w is the
frequency and p the density. To study Suydamunstable modes we comstruct
pressure equilibria with E(r) > 0 in the centre to represent the over-
heating due to high current density in a low-shear region and solve this
equation numerically. This is done for a sequence of pressure equilibria

with I(r) chosen as

E(E) == 0, + 0, expl- (T /) 163}
For given (m,k) there is an infinite set of radial eigenfunctions [ = sl_
characterized by node number n, but the growth rate y decreases exponentially
[3] as n increases so that only n = 0 is important. For fixed k/m (i.e. a
given singular surface rn-) v reaches an asymptotic limit as m + = [3] if

non-ideal effects are ignored. Fig.| shows E£(r) for m = 1,2 and 5. In a

toroidal device of major radius Ro only

surfaces with k = l!llo (L integer) are
allowed, but the critical m-value at

vhich finite Larmor radius stabilizes |
a mode is likely to be sufficiently }'”
high that in practice a large number

of localized modes will compete.

ne=0, ka=-5/3 meigen-
functions of Suydam unstable
modes with m = 1,2,5

3. Rearrangement of field topology. When a mode of the type shown in

Fig.] grows the field structure undergoes the Lagrangian transformation
E+x mrwg . (@
*
Eventually the Jaccbian 3r /3r can become zero or unbounded so that (4)

becomes singular. This will happen if the radial Jacobian a:‘!ar = 1+3E/ar
approaches zero corresponding to 135/3:1 = |, which will occur when §(r)
has grown to the order of its width A in the neighbourhcod of Tg- Fig.2
sketches the rearrangement of the magnetic field structure which is com~
jectured to occur near the singular surface. Modes which are not affected
by FLR -have comparable growth rates [3] but la log Efaﬂ increases with m.
The change in topology shown in
Fig.2 should therefore occur first

for some radially localized mode

m > 1. Outside the region r, ta,
the functions £, 3E/3r remain small

so that the topology remains un~

Qualitative interpretation of the
transformation (4) corresponding to
|agfar| + 1. Arrows show the direction
of the field component transverse
to B at r,

altered. Therefore the radial
transport of plasma and thermal
energy is expected to be confined
to the immediate neighbourhood of the singular surface for each individual
mode, justifying the use of a turbulent diffusion coefficient which depends

on the local stability criterion.

4.  Turbulent diffusion coefficient. The usual Dy = ylkz e ynz estimate

for the diffusion coefficient is difficult to apply in our calculations
since y is exponentially small near L = 0, so that Dy would start small
and then increase rapidly as the excess pressure gradient built up. A
marginal stability argument is also not straightforward, since once the
sequence in Fig.2 has occurred starting from I > 0, the turbulent transport

should flatten the local profiles resulting in I = = 1. Subsequent

"healing' of the magnetic surfaces may restore I > 0. Hysteresis may
therefore be expected so that the marginal condition I = 0 is satisfied
only as an approximate time average. A further complication is that
flattening of the profiles near r, will steepen them on adjacent surfaces,

so triggering off a random sequence of 'microdisruptions’.

Numerical estimates for a number of modes show that D; is of the
order of the Bohm diffusion coefficient D, = kT/16e By: in fact using the
Bennett pinch relation we find the scaling DB - DI(BH-l) where N is the
line density. We model the hysteresis and healing effects by turbulent

diffusion coefficients

L
l::,l. T l:re (£ >0 , unstable)

o = (5)

0 (L <0 , stable)

where (:T is a constant of order unity which may be different for different
transport processes. This switches on tha turbulent diffusion smoothly asm
L increases from zero. Results from the evolutionary calculations [2] are

found, as expected, to be insensitive to the values of C.l. over a wide range.
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EXPERIMENTAL STUDY OF MAGNETIC FIELD DIFFUSION IN A
HIGH-B-PLASMA OF A 7 m B-PINCH AT LOW DENSITIES

K. Hothker and J. Downing?
Institut flir Plasmaphysik der Kernforschungsanlage Jiilich GmbH
Assoziation EURATOM/KFA, D 517 Jiilich, Germany

Abstract: The magnetic field diffusion of a broad sheath
()tﬂupi) for T,/T,< 1 is measured to be two to three orders of
magnitude faster than classical. The diffusion seems to be
faster for the lower B region than for the higher B region. The
results are compared with theory.

1. Introduction: The confinement of a high-B-stellarator is
largely determined by the time development of B. It has e.qg.

a major effect on the equilibrium and stability of a high-B-
stellarator f1/. It is therefore of particular interest to
study the processes which dominate the change of B, e.g., the
energy losses by charge exchange neutrals and magnetic field
diffusion. The sheath width (>cﬁ~hi} and the temperature ratio
(]ijTe> 1) in these devices are such that ion sound turbulence
is not expected. Nevertheless, there had already been experi-
mental indication that in a sheath of a helically shaped high-
B-plasma with the above mentioned properties magnetic field
diffusion occurs significantly faster than classical /2/. 1In
the present paper we present more detailed experimental in-
vestigations on the magnetic field diffusion. We have done the
investigations on a plasma with a low compression ratio, which
is required for a wall stabilized high-B-stellarator of reaso-
nable dimensions /1/.

2. Apparatus and diagnostics: The plasma is produced in “HELIX",

a straight discharge tube of 900 cm length and 30 cm diameter
which is surrounded for the presented measurements by a
straight coil of L=700 cm length and 2 RD=JE cm diameter /2/.
It was of interest for the magnetic field diffusion studies to
generate an initial plasma with negligible temperature gradient

in the compressed plasma.and with neutral density as low as
possible so that charge exchange neutrals had no dominant in-
fluence on the sheath properties of the compressed plasma. The
scattering of laser light was used to measure the electron den-
sity n, and electron temperature Te' Radiation measurements
were employed on charge exchange neutrals to determine the ve-
locity distribution of the ions . Magnetic probes determined
the magnetic field profiles./2/.

. Hesults, J.1 General properties of the plasma: The filling
presijrn fis 0.5 mlorr DE and the initial density was L

410 cm .
perties of the plasma at the beginning of the guasistationary

The radial compression ratio was R /a=2. The pro-

phase are typical of theta pinches, e.g. anisotropic velocity
distribution of the ions T‘"( T|Lb 350 eV and Ti> TE = 50 eV.

A uB-Lsz(o]fulext-al plasma is generated along the axis at the
time of maximum current. The time development of Bu is shown in
Fig.l. We note that Ba stays constant for t> h!us. Correspon-
ding measurements with the same initial density but 1 mTorr b,
o' This dif-
ference may be due to the different densities of neutrals. The
average value B=l61 dhknkT/R2uUzelt decreases alﬁ o$er the
obsgrvation time. There is no substantial temperature gradient

filling pressure showed a continuously decreasing B

across the radius. This feature persists during the rapid de-
cline of the temperature with time eventhough the gyroradius

of the ions becomes distinctly smaller than the sheath width by
the end of the observation time. Fig.2 shows the decrease of Ty.
We note that the rate of decrease of the local value T, is prac-
tically the same as the rate of decrease of the line energy EL'
which is an average across the radius.

J.¢ On the diffusion of the magnetic field: The sheath width 2a
increases slightly at the beginning of the postimplosion phase

and scales as Z‘“("B)cl“bi' The ratio va/ V1 increases across

the radius from U at the center to=~1 at theiedge (Vd=alimuthal
drift velocity, vy =thermal ion velocity). [Li/Te> 1 for t<

lUIus and becomes _L$/]E<l for t lD/us. The diffusion coeffi-

cient U, has heutl#elermined by L:u procedures. In the first
one the equation [dR'R'IB/ =0, f 4R R P80 R% was evaluated
o o

for the experimental profiles B(R). The integration has been
extended to different radii R, to give some information on the
radial dependence of the diffusion coefficient. Results for DH
are shown in Fig.3. We observe that all the measured diffusion
coefficients are by more than two orders of magnitude larger
than the classical one. kventhough, the accuracy of the mea-
surements 15 expected to be not better tham a factor 2, a gene-
ral characteristic can be determined from the measurements. The
diffusion coefficient obtained for a larger limit of integra-
tion R is systematically larger than for smaller R. We conclude
that there is substantial diffusion of the magnetic field at
the low-B-edge of the plasma. In addition, the observation that
B, is constant for t 6 us (cf. Fig.l) indicates that there is
no significant diffusion in the high-B-center of the plasma. As
a second method, the diffusion coefficient was obtained by com-
paring the difference between the measured change in the radius
of the plasma and the expected change. The expected change was
calculated from the change of AT, ., a Bext' and AN (N=line den-
sity). The resulting diffusion coefficients are also shown in
Fig.3. These values are, too, at least two orders of magnitude
larger than the classical diffusion coefficients; but they are
systematically smaller than those from the first procedure.
This is expected if the diffusion at the edge is faster than in
the cepter of the plasma. The Bohm diffusion coefficient is Dﬂg
1u] cmz/s. The collision frequency related to the experimental
diffusion coefficient from the first procedure is of the order
of W - Preliminary results on the electric field fluctuations
show that the turbulence level is distinctly higher than the
thermal one.

Summary and discussion: The measurements show that the sheath
in the postimplosion phase of a theta pinch exhibits a diffu-

sion which is by two to three orders of magnitude faster than
the classical one. The sheath width is larger than :fa%i and
the diffusion is stronger in the low B part of the
sheath than in the high B part. Although the sheath width be-
comes >4 times the ion gyroradius, the radial temperature pro-
file appears to remain uniform in the radial direction until
the end of the observation time. Comparing the experimental re-
sults from the first procedure with theory /3/ an order of
magnitude agreement is found for D”, when Fowler's estimate

for the turbulence level is used.
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EXPERIMENTS ON END-LOSS PHENOMENA AND MATERIAL
END PLUGS IN A 5-M LINEAR THETA PINCH

K. F. McKenna, R. J. Commisso, C. A. Ekdahl, K. B. Freese
R. Kristal, W. E. Quinn, and R. E. Siemon

Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico USA
ABSTRACT. End loss from a collisionless theta pinch plasma has been studied
interferometrically and with a local pressure sensitive diagnostic. The re-
sults are compared with theoretical predictions. End stoppering experiments,
using quartz end plugs, are reported.
I. INTRODUCTION. The linear theta pinch is an attractive alternative ap-
proach to a fusion reactor due to its ease of plasma heating, high plasma
beta and density, demonstrated plasma equilibrium and neutral stability prop-
erties, and simple geometry. However, particle and energy loss from the ends
presents a fundamental limitation on the plasma containment time. The Scylla
IV-P theta pinch was constructed to facilitate studies of end loss physics
and to investigate end-stoppering schemes.
II. EXPERIMENTAL ARRANGEMENT. Scylla IV-P has & maximum energy storage of
2 MJ at 60-kV main bank voltage. Six-hundred 1.85-yF capacitors feed the
500-cm long 11.2-cm diam compression coil. Bank operation at 45 kV generates
an Eg of 0.6 kV/cm at the inner wall of the 8.8-cm i.d. quartz discharge tube
and a peak crowbarred compression field of 50 kG is obtained 3.3 ps after dis-
charge initiation. Plasma experiments were carried out at 45 kV main bank
voltage and with a 10 mTorr D, fill pressure.
IITI. PLASMA PARAMETERS. The plasma parameters measured at the coil midplane
at maximum compression are: 1) plasma density v 1.6 x 1[)lﬁ cm_s from end-on
interferometry; 2) plasma radius of ~ 1.0 cm from luminosity profiles; 3)
plasma electron temperature of 600 eV from Thomson scattering; 4) plasma ion

temperature of 1.8 keV from both pressure balance and prompt neutron

diagnostics; and 5) plasma beta on axis BA = 0.6 from excluded flux and
luminosity data. The plasma stability characteristic at the coil midplane
were identified with a side-on viewing streak camera. A low amplitude (v 1
plasma diam) m=1 "wobble" instability was observed with an onset time of

4-5 ps after discharge initiation. The wobble never totally damps out.

IV. END-LOSS MEASUREMENTS. The particle end-loss time was obtained using
the standard end-on interferometric technique.[1,2] Figure 1 presents the
time history of the plasma column electron inventory. In the interferogram
data analysis, the plasma contained in the low density "halo" which surrcunds
the main pldsma column was not included in the electron inventory. Also ne-
glected were the fringe-shifts near the discharge tube wall which are be-
leived to result from the plasma-wall interaction at the theta-pinch ends.
For t 2 5 ps, the data yield an e-folding end-loss time T of 13.1 %+ 1.0 us.
The periced of zero inventory decay rate, t £ 5 ps, has also been observed in
previous experiments.[1,2] The plasma flow near the theta pinch ends was
studied with a 2 mm diam acoustic delay line piezoelectric pressure sensor.
The pressure probe was inserted axially into a 20-cm diam, 50 cm long vacuum
vessel located at the theta pinch coil end. Figure 2 presents the measured
pressure profiles at t = 5 us; Z = 0 defines the coil end and -Z values indi-
cate positions external to the coil. The ejected plasma does not rapidly ex-
pand, as is usually assumed, but remains radially confined with 1/e radius
less than the discharge tube radius. The radial confinement of the ejected
plasma results in the initial period of constant electron inventory.

In Fig. 3, taken from Ref. [3), the theoretically predicted normalized
end-loss time n = t/L(L/2) (nj?.'l')uz, where T is the total plasma temperature
and L is the coil length, is plotted against B. The experimental data, an-
alyzed as discussed above, for the present and previous experiments are
shown as barred points and the X's mark the results of a recent numerical

MHD computation.[3] The only experimental result which agrees with theory

is that obtained in the collision dominated Scylla I-C device [4], the col-
lisionless plasma results are not well described by exixting theories.

V. END STOPPERING EXPERIMENTS. In the present experiment 5-cm diam, 3.8 cm
thick quartz plugs were used as end stoppers. The front face of each plug
was inserted 5 cm inside the theta pinch coil ends. Stereo-streak camera
photographs (viewing the plasma from the coil top and front simultaneously),
taken at the coil midplane are shown in Fig. 4. The plugs result in the
stabilization of the m=1 "wobble" instability and increase the lifetime of
the observed plasma light intensity 20-30% over that obtained without plugs.
Time integrated photographs of the end vacuum vessel show that the intense
light generated by the end flow plasma is completely absent when the plugs
are inserted, indicating that end-flow is eliminated, Axially arrayed time-
integrated neutron counters show that the presence of the plugs has no signi-
ficant effect on the total neutron yield; a slight increase in neutron yield
is observed near the coil ends. The plugs showed very little visible damage
after twenty-nine plasma discharges, the plug surface being slightly glazed
with small pit marks barely visible to the naked eye. The plasma energy per
unit length at the coil midplane, szﬂABZ,fB where a is the plasma radius and
B the external field, was determined from excluded flux and luminosity mea-
surements. The time history of the central energy line density is shown on
Fig. 5. The line energy maintains a higher value for a longer time and the
instantaneous decay rate (slope of the curve) is less with the plugs inserted.
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IBVESTIGATION OF DENSE PLASMA HEATING IN LINEAR
THETA-PINCH WITH STRONG FAST-RISING MAGHETIC FPIELD

D.V,EFREMOV SCIENTIFIC RESEARCH INSTITUTE OF
ELECTROPHYSICAL AFPARATUS, LENINGRAD, USSR

Burtsev V.A., Berezin A.B,, Zukov A.P., Kubasov V.h.,

Salrmov Aotr, Shivacy TG, Peiakove Vby 7

ABSTRACT., The paper presents the results of the heating of
dense deuterium plasma in linear & =pinch. For producing the
strong fast rising magnetic fields in the one turn coil the
inductive energy accumulation has been exploited with switch-
ing ef the curremt into the load by using fast foil breakers.
As a charging device for the inductive accumulation the low
induotive condenser bank has been applied.

In recent experiments carried out omn 8 =pinch "Utre® [1-3]
it was shown that application of strong fast rising magnetic
fields( B,=40 kgs, 7T=0.2 meec) allows %o obtainm in li-
near theta-pineh witheut preliminary ionization the suffici-
ently hot ( 7% 1 keV) and denss ( /e = 3.1078ca™3) plasma co=
lumn with a small ceefficient of the radial compression
( ol= 243)s

This paper presents the resulis of the further experimen-
tal study of the astaged heating of the dense plasma by the
atrong fast rising magnetic field. These experiments were
carried out at the discomnected condenser bank, using which
the initial reverse bimsed field has been formed in the pre-
vieus set of experiments. Equivalent electric cirecuit ef the
device is shown in fige.1. The basic parameters of the device

"Utre™ are presented in the table below.

has been improved using collimators mounted on the detecters.
The more intense X-ray emission with the energy of gquanta abe=-
ve 10 keV has been observed from the region of the plasma situ-
ated between axie and the chamber wall. This region lyes on
the extermal boundary of the radial demsity profile at the slow
rising stage. Neutron yleld appears at the instant of X-ray
emission peak. Ion temperature assuming Maxwellian iom distri-
bution has been estimated as 0,641 keV.

For more detailed mtudy of the initial stages of the plasma
formation and heating the temporal reselution of detecting si=
stems have been subastantiamlly increased. I-ray and optical end
on obaservaiions were carried out from the axial zone with die-
meter at about 1 cm. Fig.3 shows the temporal behavior of the
broadening of -3‘ line, recived by using of the image conver—
tor in regime of streak camera, plotted in angstrom and in cor-
responding values of plasma densities. The instant of the first
maximal plasma compression (=600 nsec) corresponds to the ap=-
pearence of X-ray and ./V_‘_? line emission from this zone. The
second maximal plasma compression (t=800 nsec) correlates with
the peak of X=-ray emission and initiatiom of the nmeutron yield.
The heating of the plasma up to this stege requires the expen~
diture of the magnetic energy corresponding approximately 80%
on Bu.z' The consequent decrease of the plasma on the axis
down to /= 6.1016m™3 1s due to expansion of plasma column.
Plasma density higher than 1018cn™3 15 observed aleng the cham-
ber axis at least untll the curremt reverseal. The typical
examples of frame image converter photographs presenting the
region of the spectra in vieinity of nz_,g line are presented

-

U, («vs 40 Tones (H8) 152
Co (pF) 288 Benar (KG) 30
Wo (70 230 Cesic  Cem) 50
Ligy (H) 2 deoie  (cm)

Ly, (n#) 50 G rmF) 2
Liate (AH) 10 U, <V 75
9B (%) 7.0 L 40

Unlike the preceeding experiments the device has been supplied
by the system of the gas preiomization, consisied of 2 electro=
deless discharges exclited Lln the vacuum chamber at the distan=
ce 10 om from the ends of the solenoid. The vacuum chamber was
made of high quality uv =quartz., The filling pressure was

200 mtorr of deuterium, Applied dimgnostics were: two frame
holegraphic interferemetry, spectrescopy im visible regien
with image conversion, X-ray diagnestiecs using aluminium abser-
bing filters with limited appertures, neutron yield measure-

ments.
Fig.2 shows the osslillogramm traces of the currents in the

various cirecuits of electiric met up (_Z; ’ _7;,', ,Z;'). X-ray flux
emitted by plasma ( /° ) and neutron yield. X-ray detector re-
gistered the )* =quante with the emergies abeve 10 keV. Measure=
ments of the relative intensities of I-ra,:; fluxes pessing thro=-
ugh the aluminium filters of various thickness (1041000m) al-
lowed to estimate the meesn energy of electron responsible for
observed X-ray flux which has been found in the range 4=6 keV.
Seeking of the solution of the problem wich fraction of plas=
ma electrons really posess by the given average emergles re=—

quires further mtudy. Spatial resolution of I-ray measurements

in the insert to this figure. The distribution of the g 1i-
ne broadening om the hight of the frame reflects the distribu-
tion of the density acress the chamber., Coefficient of radial
compression of the plasma column in tﬁe stage confinementel = 3,
Fig.4 presents typical examples ef hologrammes obtained du—
ring ene discharge using ruby laser emitted two light pulses
separated in space and time.
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FORMATION OF IONG-EXISTANGE DENSE PLASMA
COFNFIGURATIONS IN ZETA-FINCH
("Magnetic Press" regime)

Tu.V.Matveev, | I.F.Evartskhava

Sukhumi, Institute of Physics and Technology of the
State Commiteee on Utilization of Atomic Energy,
Sukhumi, USSR,

Abstract, The experimental data are given indicating the
possibility of forming a MHD stable plasma configuration called
a multishell Zeta-pinch,

The analysis of the experimental data has led us to the con-
clusions that stable Zeta-pinches are observed, as a rule, in
the presence of well developed plasma wall shells which arise
as a result of secondary breakdowms of the discharge gap /I/.
In such regimes the central plasma stable state is mainteined
for 20 psec, The state arises due to the stebilizing effect
of a wall-side plasma which acts as a conducting casing close
to the pinch. For steble regimes R/r = 34 ratio is typical
(R is the wall-side plasma radius and r 4is the pinch radius).

Btates with secondary brdakdowns are natural for pinch
devices since there occurs an incomplete snow-ploughing of gas,
the wall is intensely bombarded by ultraviolet and soft X-rays,
there arise considerable electric fields at the periphery, etc
/1,2/. The secondary breakdown process developes for~I0"'sec.
As a result, the current increases at the chamber wall (i> 102
alp/soo); evaporating it. After the breakdown, the pinch is
turned off from the external circuit.

Similer situations arise in other thermonuclear devices
(Thete~pinches, tokemacks) also on increasing the power supply.
This i8 one of the difficulties for the present stage of in-
vestigations on plasma magnetic confinement.

In Paper /2/, & device is offered with an evaporating pure
gaseous wall compressing a closed current loop which developes
in the Zeta-pinch chamber after the secondary breakdown. Com~-
pressing the current loop, we cen increamse the current in the
pinch and ensure the plasma dJoule and adisbatic heating. Here,
magnetic press ratio p, = 1-.n:|_(R.|fz.')‘= is in action, whers p, is
the field pressure onto the pinch and »” is the field pressure
ofito the gassous wall,

The initial experiments studied the influence of wall-side
plasma processes on the life~time of the current loop. A condens-
er bank with ¥ = 10 kj (¥, = 0 - 25 kV) has been used, The experi-
ments have been performed in a porcelain chamber with: the inmer
dismeter end length equal to 28 cm and 50 em, respectively. The
electrodes were shorted along the chamber axis by a copper rod
("rigid pinch").

Depending on JJ2 pressure D, the gas breakdown initiation
can be displaced in any halfeycle of the condenser discharges
through the rod (@ 8 mm). The magnitude and the direction of
the loop-trapped (rod-slectrodes - wall-side plasma) "exciting"
magnetic field have been changed in such & manner. The discharges
ignited in the first cycle of the current flow through the rod
have been studied in more detail.

The gas breakdown in the first quarter of a cycle (p = 107t
torr) results in subsequent appearance of two or three plasma
shells compressing to the axis. The long-existance current loops
develop turned off from the external circult in the chamber
after formation of closed loops in the wall-side layer ( ~ 1 cm)
and does not penetrate the inner regions of the chamber (Fig.l).
We obtain a stable MHD configuration- a multishell Zeta~pinch.
A full period of the current loop existance is 90 psec (the
current e-folds), Diffuse decay of the plasma shells "pressed”
between the rod and the wall-side plasma takes place for

30 - 40 psec.

The first =hell of the plasma presses to the rod with an
average velocity vaver.=3'1° cm/sec and ensures fivefold
growth of the current (up to 105 amp) in the first closed loop
(rod- electrodes & compressing plasma), The second and the
third plasma shells compress with less velocities.

It follows from results of magnetic probe measurements that
a magnetic energy cumulation takes place in skin-layers. Thus,
in the thickness of the firat plasma shell, a magnetic field
Hg , corresponding to the current I, > 300 kemp (the current
in the extermal ecircuit is I = 200 kamp) is recorded. These

phenomena hawe been discusssd earlier /3/. In the present case
the field cumulation is observed in an oyber skin-layer of the
plasma ghell.

The condition of trapping the peak "exciting™ current (He
field) is realized at P, = 2.1(7!'2 torr, In this case deuterium
breskdown occurs nearly at the peak current in the ®od, The
wall-side plasma compression takes place in the second half-
cycle up to r = 8 = 9 em with Fmr.'-"c 10° em/mec end is not
accompanied with a pronounced pressing of the magnetic field,

The current loop life-time is 80 psec.

The capes of fast heating of the plasma by shock waves have
been studied Atalmr P, and emall Iozcitins' Beduction of P,
down to £ 107° -torr allowed to plich gap breakd
at the end of the first and in the beginning of the second
halfecycles of the curreant in the rod. The gas breakdown at the
end of the first halfcycle at I, ., < 0,23 Ipeak does not
lead to the stable current loop formation. The plasma compression
took place in the second halfcycle and H¢ field rapidly vani-
shes from the first halfcycle. In these unstable regimes neu~
tron emission generates (Fig.2). Gas breakdowns in the beginn-
ing of the second halfcycle ensure the stable regime accompani-
ed with the flush of soft Y-rays (at = 1 - 5 msec).

The neutron emission characteristics are close to the
characteristics found in the experiments with classical pinches
(pressure range, duration, occurence moments, intensity growth
towards the cathode, etc). Now, they - are distinguished by
theiwr larger intensities (20 - 30 times) and occurence
regularities in the first and the second singularities, The
neutron output was reduced by the rod diameter increase up
to 30 mm. The results obtained are contradictory with the
widely spread opinion on neutron generation on developing the
pinch narrowing (m = 0). It's interesting to mote that there
was recorded a low neutron emission in the case of a guartz
rod too (@ 10 mm).

Thus, model experiments indicate the opportunity of obtaining
a MHD stable (to m=I and m=0) plasma formation - a multishell Z-
pinch (Fig.3). The unique feature of a Z=pinch as a trap and its
higher MHD stability result in the necessity of further exploring
this design, The calculations show that in an energy balance of
the closed current loop, the main kind of losses is represented
by the emission ffom the wall-gide plasma (1% I0eV),Therefore,in
the experiments with the multishell Z-pinch pressed by a purely
gaseous piston,plasma paramaters (T andT) increase. To this end,
we have constructed a chamber called "Condensate"™ where the operat-
ing gas on the wall can be freezed. The gaseous piston used for
pressing the plasma will allow to create multishell Z-pinches in
toroidal chambers too.

We would like to thahk' N,V.Philippov for indicating the neutron
generation mode.
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THE FORMATION OF HIGH DENSITY PINCHES
by

David Potter

Physics Department, Imperial College, London S.W.7.

Abstract

The formation of a z-pinch is analysed theoretically.
A slug model describing the plasma between shock and
piston is developed and the final pinch structure
resolved. It is shown that such a formation
inevitably produces a weak compression. By profiling
the current in time, gquasi adiabatic compression can
be produced and plasmas of very high density and
temperature achieved.

Introduction

Analysis of the plasma focus suggest that, in the absence of an
increased voltage, scaling of the conditions of the dense plasma
is very weak. On the other hand, the technology of Blumlein
sources now permits the production of pinches at very large
voltages and currents over short timescales. The formation of
such a pinch has been demonstrated experimentally (choi et al.,
1977) . This paper analyses the formation of such a pinch
theoretically. By profiling the current in time, thermonuclear
plasmas of density n ~ 020 cm'3 and temperatures of T * 1 keV
are obtainable with currents of 400 kAmps. and voltages of

800 kvolts.

The conventional snowplough model of the formation of a pinch
is inadequate in describing the transient plasma st:uétuxe, the
final pinch radius, or the final pinch structure. A slug
model of the formation of a pinch has been developed which
defines the plasma structure in spaceand the final pinch radius.

By varying the applied current in time, very large compressions
.and a dense pinch of small radius can be obtained.

Slug Model of cne formation of a Pinch

Streak photographs of a fully ionised hydrogen pinch suggest
that, unlike the snowplough model or shock reflexion models,

the piston comes uniformly to rest as the shock meets the axis
(Choi et al., 1977). This suggeststhat as the shock approaches
the axis it emits outgoing sound waves which slow down the piston.
Any reflected shock is very weak. Comparing the transit time

of sound waves between shock and piston with the pinch time suggest

a slug model in which the plasma pressure between piston and
shock is uniform in space but not time. At any instant in time,
the volume V of plasma between the shock - radius r_(t) and
piston radius :plt) is compressed adiabatically

ypdV + V dp =0
where according to the strong shock boundary conditions imposed
at r.(t)x
dp = 2 p dvs
vs

and
av = 21 (IP dr - 2r, dry)

P
1r+I

where vy is the ratio of specific heats. Combining these equations

with the pressure of the current I at the magnetic piston to
give an expression for vy the velocity of the shock,

V= {P}" (v 'i'l)“i o I
i 1H?P
yileld for the constant current ca e a relationship between the
shock and piston radius:
2
=L +:1 =
{v_ iz, }drp 2_+1r. ar_
¥ Y2 LAt
P

o

It is apparent that for y>1l, as the shock approaches the axis
(r./z + 0), the piston velocity tends to zero. Furthermore,
the plasma comes to rest and the final pinch radius and struc-
ture are defined. The solutions for the piston radius and
shock radius are drawn in Figure 1. Solution of the above

rtiuze 1. Piston and shock radius as

a‘tunction of time, r  is the wall
radius,

Piggre 2. Profiles of the density
and temperature as a function

of radius in final pinch,

@quation shows that the final pinch radius a is simply related
to the wall radius T, and y:
i 5 e, AT

9 {v+1}
For the important limit y = 5/3, a = 0.31 r, so that the
compression is very weak. With the aid of a Lagrangian solu~
ion we can solve for the density and temperature as a function
of radius, the solutions of which are shown in Figure 2.

High Compression by Programming the Current in Time It has
been shown above that when a z-pinch is formed by a large
constant current, a weakly compressed pinch is formed when

y = 5/3. This is due to the properties of a strong shock
across which a limiting value of the compression is reached

of 4. To produce a high compression small radius pinch, the
compression must occur adiabatically. If we consider the
limiting case where the moving piston produces a series of
inwardly travelling adiabatic pressure pulses which only meet
at the axis, the compression will be a maximum. If u is the
velocity of the piston and the plasma adjacent to the piston
and-v the velocity of sound waves there, the condition for

coincidence is: d = =i
. at {(u +v) (r t)}_ u

wheret is the time at which maximum compression occurs. With
the adiabatic hydrodynamic¢ equations, we obtain the solution
for the required pressure of the piston:

-2y

p (t) =p, (1 =%) —
T v+l

and the required profiles of the current:

2= 1
+1 o —_
we =1, {0 -5V (3 (- £ )

where'Id is the initial current and - the initial uniform
pressure of the plasma. Ya543
(Figure 3). To apply

these conditions, the

plasma and field must

first be in equilibrium.

The initial equilibrium 10,
is produced by shock

formation with current

I_. Thereafter the main 05
e piston
strong compression is rodus

produced by such a rising &
current (Figure 4).

Reference:

Chol, P., Folkieski, A.,
and Dangor, A.E. (1977) %9
private communication
Figure 3 (top). Cur-
rent profile for sin-l4,
gular compression.
Figqure 4 (right).
Suggested current for
maximum compression.
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SCALING RELATIONS FOR HIGH-ﬁ PLASMA COOLING
G.E.Vekstein
Institute of Nuclear Physics
630090, Novosibirek-90, USSR
Abstract. Various regimes of a dense high-§ plasma cooling
are considered, The energy confinement time is estimated as
a function of plaema parameters (density, temperature, magnet-

ic field) and dimensions of a system.

The high-F plasma is suggested to be used in different
types of fusion systems., In this report we examine some pecu=-
liarities of such a plasma in solenoidal devices with nonmag-
netie (or wall) confinement, The detailed survey of these in-
stalletions is given in [1] .

Let us consider infinitely long cylindrical tube of ra-
dius R with homogeneous hot plaema and axial magnetic field

Hc. Flasma density and temperature are Mo and T; « Magnet-
ic pressure is small: l?,'E"IGTrﬂaTu/H:?’L The only role of
the magnetic field is to suppress transverse heat conductivi-
ty. It means that plasma is strongly magnetizied, so even for
ions the parameter S.E(UNLTE u»1 « Plasma density decreas=-
es in time due to heat conductivitiy and bremmstrahlung (radi-
ation power per unit volume Qr' AnzT“). It turns out that
the energy confinement time TE is quite different for plas-
mas with B£1 and @5)4 . The reason is that confinement ti-
me for the casee of practical interest greatly exceeds iner-
tial time R/Cs ( Cs - ‘sound velocity). It means that for
high-\? plasma g%(llﬂ=015 valid every moment, As a result,
plasme flow to walls arises while cooling. Besides that the ra-
diation losses increase because Ol’ is proportional to T-!/z
upon the condition ﬂT=CDMt and radiation becomes large in the
cold boundary layer.

To separate various regimes of cooling for plasma witb‘?ﬂ
it is convenient to consider dependence of 'E'g on radius. For
small enough R radiation is negligible and heat transport
equation takes the form [2] :

3a(nT7 A8 (5aTV-2 i) 1
( U - plasma radial velocity, &# - thermal conductivity). As

A T=const, the whole heat flux 9= Salv- Ie%tw T . Near

the wall where U~ goes to zero, heat conductivity contribution

is principal. In this near-wall layer whose thickness A e
much less then R we have:

q=-2"Ty = emst @
Plasma heal conduoctivity &£ eesontially depends on the ion
magnetization parameter 8=wnitew HTW/H + The magnetic field
changes due to plaamu motion. The correspunding equation is [2]:

,Lf(—) n'h'az F’l—gg 559;1_@7) (3)

( 6@ - plasma conduetivity, &A - coefficient connected with
Nernst effect). For high- & plasma FNernst effect is more im-
portant than magnetic field diffusion. But magnetic field re-
mains approximately frozen into the plasma: A(%)- J}(ﬁ,: The
reason is that characteristic time corresponding to ion heat
conductivity is amall enough.

So 6‘ J(T/T) For T2 T4~ T;é‘ , When é‘>’f , the heat
conductivity ;-"’“"a'xn(ﬁ-‘f ( Ao - hot plasms temperature conduc-
tivity). And for T< Ty we have Z~M¥o 3:(7713). After that

from eq.(2) it is easy to find the profiles of T, n and
the boundary layer. Let us write the constant in eq.(2)

q:cms't%iﬂuxn'l;/& Then the total number of particles in
vages 35 Ma=REL VL , 6 tha Reat Liux to tiie wall m
lar-ge enough:

In the hot plasma with [~T, the heat conductivit
is small and such a flux can be provided only by convec
flow of the plasma, For the time of the order of magni t
ite density drops, roughly spesking, by one-half, so th
number of partioles in the layer NA becomes of order /o
moano that d~ a,o and the energy confinement time '\;‘En-
The thickness of the boundary layer A~ R/d‘,w.

This is valid until the total radiation losses W
i gGr rd® are less than q , The main uontributicm t
comes from the region with temperature |~ T.S where W
W T, R, /'r,-( To= 30T /AT rediation cooling tin
the hot plasma). So the radiation becomes important for
For R»(xo'frilanergy loeses may be described as "cooli
ve" motion from the cold walls to the centre [3] . Tt m
that energy radiated from the boundary layer is compens
the convective energy flux from the hot plasma. The geo
may be considered as plane. Then for the stationary ™o
wave" we have:

LY iR E-_-‘ fz(?f u:) Qe

(N, and Uo - density and veloeity of the hot plasma).
city U, is determined by the total radiation losses:

éﬁ,BSQraLﬂ: « It is emsy to obtain that the main
bution to radiation comes from‘region with temperature
and the hot plasma velocity Us™ d‘nv’(x"/'t’r)ﬁ. For the
time we have Y, . Rfy,~ R(Tr/% "‘/5\’: Time 7, increas
nearly with R until the total hot plasma radiation is
than radiation from the boundary layer. It is so if R<
For larger R time T becomes equal to Ty .

All previous estimations were obtained for the pls
negligible magnetic pressure, that is for large enough
such & case the time T doesn't depend on B, , end the
pareameter is the ion magnetization value Jﬂ « The trans]
low- \? plasma (LF £1) occurs as follows. For the frozel
ie rield ﬂs pressure increases when temperature drops

_9- (T/T) and becomes uquul to the plasma pressure at
S:Lnoe the whole pressure %i-lnT is homogeneous, it mea:
for T-ijq’density N and magnetic field H becomes coni
and'ﬁ< 1, It is obvious now that our previoua results
1id if this temperature Tj is less than Tu o °er“?-
the opposite case the region with T"Ta 'y e important
must change the quantity Sf’ on L@. in our formulas,

These peoculiarities of the high-@ plasma coolin
of course, connected with the concrete dependence of ¢
heat conductivity 2 on M, T and H . They may be absent
different 2(n,T, H), for example, of Bohm type, when

In conclusion we want to mention that our analyt
mations for high-j plasma cooling are in good agreem
computer results [4J .
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SCALING RELATIONS FOR HIGH- ﬁ PLASMA COOLING
G.E.Vekstein
Institute of Nuclear FPhysics
630090, Novosibirsk-90, USSR
Abstract. Various regimes of a dense high-‘ﬁ plasma cooling
are considered, The energy confinement time is estimated as
a function of plasma parameters (density, temperature, magnet-

jc field) and dimensions of a system.

The high-ﬁ plasma is suggested to be used in different
types of fusion systems. In this report we examine some pecu-
liarities of such a plasma in solenoidal devices with nonmag-
netie (or wall) confinement. The detailed survey of these in-
stallations is given in [‘I] .

Let ue consider infinitely long cylindrical tube of ra-
dius R with homogeneous hot plasma and axial magnetic field

Ha. Plasma density and temperature are Mo and T; « Magnet-
ic pressure is small: \?,'5‘1617”:[-/““7?1. The only role of
the magnetic field is to supprees transverse heat conductivi-
ty. It means that plasma is strongly magnetizied, so even for
ions the parameter 8o 5 (Wi Ty %1 . Feema density decreas-
es in time due to heat conductivity and bremmstrahlung (radi-
ation power per unit volume Qr‘AﬂzT“), It turns out that
the energy confinement time TE is quite different for plas-
mas with j-“;’l and &»4
me for the cases of practical interest greatly exceeds iner-
tial time R/Cs g (s - ‘sound velocity), It means that for
high—\F plasma ,B'E
plasma flow to walle arises while cooling. Besides that the ra-

. The reason is that confinement ti-

(ﬂﬂs()is valid every moment. As a resulf,

diation losses increase because Qr’ is proportional to T’%‘
upon the condition ﬂ.r"'cmtand radiation becomes large in the
cold boundary layer.

To separate various regimes of cooling for plasma with}:ﬂ
it is convenient to consider dependence of TE on radius. For
small enough R radiation is negligible and heat transport
equation takes the form [2] H

AT 4D (5aTU-2 oz 1
3 >t ’t?lm( b ) L
( U - plasma radial velocity, X - thermal conductivity). As

AT=consl, the whole heat flux 9= 5’11T‘U‘-29%z 2T, Near
the wall where U~ goes to zero, heat conductivity contribution
is principal. In this near-wall layer whose thickness /| is
much less than R we have:

q=-2Voy = emst ke
Plasmas heat conductivity & essentiamlly depends on the ion
magnetization parameter §=wn T HTM/!P . The magnetic field
changes due to plasma motion. The corrasponding equation im [2]:

dfHy_ A_ c* OH, c g oT,
E(n) n‘t'n WE et an /o) =

( 6 - plasma conductivity, &A - coefficient connected with
Nernst effect). For high- & plasma Nernst effect is more im-
portant than magnetic field diffusion, But magnetic field re-
mains approximately frozen into the plnsma;d(%)'— ’E‘(&g": Th
reason is that characteristic time corresponding to ion heat
conductivity is small enough.

So d= E(T/ESY. For T>Ti~Te f§|u
conductivity Z“'ﬂnxn(f' ( Xo - hot plasma temperature conduc-
tivity). And for T< T| we have £~MXe d‘o’(T/ﬁ).’—After that

, Wwhen 6')" , the heat

from eq.(2) it is easy to find the profiles of T, n and H in
the boundary layer. Let us write the constant in eq.(2) as
q=const= KTk Then the total mmber of particles in this
layer is Nahﬂn? é‘ /aL , B0 the heat flux to the wall must be
lar-ge enough:
In the hot plasma with [~ T, the heat conductivity
is small and such a flux can be provided only by convective
flow of the plasma, For the time of the order of magnitude 't‘E
its density drops, roughly speaking, by one-half, so the total
number of particles in the layer N,u becomes of order ﬂuRz. It
means that o~ d'f’ and the energy confinement time T~ R?x,rﬂf
The thickness of the boundary layer A~ R/tff;.
¢ This is valid until the total radiation losses W=
iy Sﬂrrm are less than { . The main contribution to Wi
comes from the region with temperature [~ T.-S.,wwhare Wy~
We~ T, de’o /’I‘r( Tr=3ﬂ-T-/Aﬂ.E— radiation cooling time for
the hot plasma). So the radiation becomes important for R?»(k'ﬁ-{t
T R’?\'LTJ‘ energy losses may be described as "cooling wa-
ve"™ motion from the cold walls to the centre [31 « It means
that energy radiated from the boundary layer is compensated by
the convective energy flux from the hot plasma, The geometry
may be considered as plane., Then for the stationary "cooling
wave" we have:
Shv G ﬂw ,w(x m) Qr (4)
(N, and U - density and velooity of the hot plasma), Velo-
city U, is determined by the total radiation losses: U =
s Qb2
bution to radiation comes from‘region with temperature T~T,
and the hot plasma velocity Up~ de ’(x"/'rr') » For the cooling

+ It is easy to obtain that the main contri-
3%

time wo have Yo Rf1;~ R(Te/kT%/g%" . Mne 7, inereases 1i-
nearly with R until the total hot plaema radiation ia less
than rediation from the boundary layer. It 1z so 1 R<d Ca
For larger R time 1’5 becomes equal to Tp .

All previous estimations were obtained for the plasma with
negligible magnetic pressure, that is for large enough o » In
such a case the time g doesn't depend on I?, , and the large
parameter is the i6n mmgnetization vnlueé'n . The transition to
low- \? plasma (Ja,é'l)uccurs as follows, For the frozen magnet-

z
ic riald ita pressure increases when temperature drops: H

(T/T) and becomes equnl to the plasma pressure at T~ T-Sff
u—h”_nT is homog , it that

for T4Tj density fl and masgnetic field H becomes constant

Si.nce the whole pressure

andlﬁ< 1. It is obvious now that our previuu.s results are va-
1id if this tamparatureT'} is less than 1;5‘. arfﬂ'};- 3.1. For
the opposite case the regi.on with T"Toj, is important and we
must change the quantity Os on ‘F. in our formulas,

These peculiarities of the high-‘? plasma cooling are,
of course, connected with the concrete dependence of classical
heat conductivity ®& onfl, T and H . They may be absent for some
dirferent 2(NT, H), for example, of Bohm type, when X nT/H.

In conclusion we want to mention that our analytical esti-
mations for high-LP plasma cooling are in good agreement with
computer results [4_] .
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The Influence of Anisotropic lon Pressure en Non-Axisymmetric
Toroidal High-Beta Equilibria

J. Neuhauser, F. Hermegger, M. Kaufmann, G. Schramm, J. Sommer
Max-Planck-Institut fur Plasmaphysik, 8046 Garching, Fed.Rep. Germany
EURATOM Association
Abstract: The influence of an anisotropic ion pressure on nonaxisymmetric toroidal
high=8 equilibria, e.g. the High-B8 Stellarator, is discussed. Experimental results con-
ceming mirror instabilities and isotropic or slightly anisotropic high=beta stellarator
equilibria are presented,

Introduction: Toroidal high=8 stellarator equilibria were calculated using small parame-
ter expansions and, recently, 3D-computer codes. These calculations were based on the
ideal MHD equations and assumed a scalar isotropic pressure. Experimentally, high-8
stellarator equilibria were established in moderately hot toroidal theta-pinches for a

limited time because of the occurrence of m 3 1 instabilities [e.g. 'l:] . One feature in=
herent in the shock heating scheme is that initially only the perpendicular ion energy is

increased, while the parallel energy rises on a relaxation time scale governed by colli-

sions and instabilities. An important consequence is the occurrence of mirror instabilities
(short wavelength m = 0 modes). In addition, the anisotropic ion pressure will influence
the amplitude of the periodic corrugations in toroidal high=beta stellarators and will

change the toroidal force balance.

Mirror instabilities in theta-pinches: Mirror instabilities were theoretically predicted

long ago and observed for the first time experimentally in the ISAR | straight 1,5 m long
theta-pinch [2] + They were also found in the 5.4 m theta-pinch and recently in the

ISAR T1 B toroidal high= stellarator experiment for the lowest filling pressure (€ 10 mtorr D2)
ond a bank energy of 1.5 MJ, At present, a toroidal theta-pinch (or screw-pinch) is being
operated on the ISAR | bank, called TORIX R=1.35m, B 11' My T be = 8cm),
where the preionization and shock compression for HBS I1-like conditions [?J is investigated.
Even with a reduced bank energy of 0.5 MJ a hot plasma is obtained with a comporatively
low filling pressure of 3 mtorr D (preliminary data for t = 3 ps: T' 2500 eV, T £ 300eV;
n 3x 101 cm 3, oxygen impurl'y content; 0.5 %; ion-ion cD"ISIDﬂ Hme't" } 5{;:)
ermr instabilities were indicated by strong variations in local measurements, e.g. a

factor 2 for the fringe shift of the infrared interferometer or a factor of up to 10 in the

0 VI and C V spectral line intensity. The line intensity of lower ionization stages (0 |11,

IV, V) occurring earlier (t < 2 Es) was less pronounced (less than a factor 2). As proof

a multislit window (14 slits) was used to observe the plasma shape in a 134 mm long seg=-
ment. In Fig. | framing pictures are shown for filling pressures of 3 and 10 mtorr at

t=2, 2.5and 3 B (exposure time 50 ns). Mirror instabilities are clearly observed for

3 mtorr with a wavelength comparable with or longer than the plasma diameter. The for=
mation time is below 500 ns. For t < 2 B there are no large amplitude mirrors. As in our
linear experiments, the plasma column is not destroyed by the mirror instabilities. These

investigations are being continued,

Toroidal equilibrium in ISAR T1 B: A toroidal high=8 stellarator equilibrium was achieved

for a wide range of plasma parameters in ISAR T1 B R =135 cm, Bmax =30kG) D,nﬂ.

Fine correction of the equilibrium was provided by £ = 2 windings in addition to the £= ),
£=0and £ =2 fields produced by a shaped coil . For T < 500 eV the correction factor
ok with respect to the sharp boundary model (as defined In [5] Sec. 9) was &= 1,4~ 8'{5

while there was rough agreement with recent results of numerical 3D codes ES]. However,

for T= 500 to 800 eV and 'L'” =1t03.5 pson axls the plasma was rapidly driven inwards
with the same external fields, and for equilibrium a smaller &= 1,2 was derived, The
difference in equilibrium between the collision dominated case and that with T'“ >1 ps
might be due to a moderate increase in 8. But, experimentally, a very strong antiparaliel
bias field (Bos 400 Gauss) preducing a 8 = 1 on aoxis instead of A= 0.65 was necessary

in order to produce a comparable effect at low ion temperature. We suppose, therefore,
that the B-dependence of the equilibrium is weaker than predicted by the sharp boundary
model, and that the ion pressure anisotropy indicated by occasional mirror instabilities

causes, ot least partly, the change in the toroidal equilibrium,

Discussion; The close connection between mirror instability and the existence of a periedic
high-B8 equilibrium is quite cbvious: The equilibrium corrugation represents a finite plasma
disturbance which is unstable above a certain degree of anisotropy. A strong change of the
plasma corrugation is already expected for
a pressure anisotropy below that limit. This means that an equilibrium can again be ob-
tained by adjusting the external magnetic field, but it will be quite different from that
with an isofropic pressure( P= P").

In order to demonstrate this behavicur more quantitatively, we treat the straight bumpy

theta~pinch (£ =0) in a very crude model (sharp boundary; mirror force included; M=
normalized bump amplitude J;« L. i & period

wall radius r, / plosma radius r

.

length A) and get for fixed wall shape (Fig. 2)

"’i)/:r(hm x/1+x — 1) A5 )] p= 2B 2#»&

With increasing anisotropy but fixed external magnetic field corrugation, the bump
also increases and blows up when the anisotropy approaches the mirror stability limit
PRy =H.2/ 1] (>C2 -1)]. Beyond this limit we get formally an unstable equilibrium
which is of no physical interest and does not exist in a more realistic model.

The curvature of the magnetic field lines, which is less significant for{ = 0, must be
included for £31 symmetry. Straight guiding centre plasma equilibria with £ =0 [7J
and £ =1 [B_] symmetry and their stability were investigated and again a strong in-

fluence on equilibrium and m = 1 stability is found.

Experi Ily, itis well d ted that short wavelength mirror instabilities are

harmless and may even help to accelerate the relaxation process. The question is, whether

longer wavelength m = 0 modes, especially the mode corresponding to the extemal corru=
gations, can reach a dangerous amplitude before the ion pressure anisotropy is sufficient-
ly reduced by collisions, short wavelength mirror instabilities or other turbulent effects.
Taking only collisional relaxation as the worst case,’ it is required that the ion-ion self=
collision time be smaller than the growth time of the long wavelength mirror instability,
which, for large anisotropy, is approximately equal to the wavelength divided by the
perpendicular (1) jon velocity. This'condition would be violated for HBS 11 standard
parameters, To study this question in more detail, an appropriately designed experiment
with a single bump will be conducted in TORIX.
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STABLE TOROIDAL MHD EQUILIBRIA WITH ROTATIONAL TRANSFORM i3 iz L]
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Max-Planck-Institut fiir Plasmaphysik, 8046 Garching bei Minchen

Federal Republic of Germany Obvicusly, a pessible way out is provided by keeping the conditions for

Abstract: Stable toroidal MHD equilibria with rotational transform and stationary 4 , introducing as little rotational transform as possible, and

without current density on the magnetic axis are investigated. Conditions a8 much as in necessary to relax condition (4).
are formulated for the possibility of obtaining high stable f-values. New
As a first step in the procedure outlined above we check whether the
explicit existence conditions for three-dimensional equilibria with
p-value becomes larger if we drop the side condition (4) without consider—
rational rotational transform on the magnetic axis are calculated.
ing a nonvanishing rotational transform. The B~valua does in fact bacoms

Three-dimensional toroidal magnetohydrostatic equilibria raise various large, as is seen from the following example. Choosing
questions which necessitate a variety of investigation metheds [1-6]. In k =k, sinx , &= eo(l+a’-2acos K}-zf o ei : §*= 5:&.1!
this paper we use the expansion of a toroidal configuration around its mag- we obtain for a torus with 20 periods, e,=5 , a = 0.1, a f-value of about
netic axis to study the equilibrium and stability of three-dimensional 4 for a local aspect ratio which is at least sbout 2. More details will be
equilibria [6] with rotational transform and without current density on presented at the conference.

the magnetic axis. The latter condition allows us to use a sufficient sta- We now have to mske the sbove procedure consistent by calculating the

bility criterion [§] which provides complete stability with a vacuum generalization of the side condition (4) for small values of L. To this

surrounding the plasma column. end we obtain the conditions for eq.(3) to be true for rational values of L
on axis. The lowest order conditions, i.e., that q be stationary on axis,
are [9,10]

§'a:c,‘§- (Eifl'rlﬂ-ﬂ:uK, + E-J‘(ﬂd, nK,)dl = O

The p-values which can be obtained in the simplest type of L=2
stellarator [7] and in equilibria with vanishing rotational transform ]
are rather low. The theory of the simplest £= 2 stellarator without
current density on the magnetic axis [7] is dominated by the following f,x c.,ri (Ei sine Co3 Ko - e'i cotet ,L;,qu)aff =0

facts. An increase in rotational transform decreases the part of the mag-
go that the variables 3¢ and o may be eliminated:

netic well that is independent of the third order form of the flux surfaces. i 4 ’ 7
2w = cte? (kwKs - kyanKo)

A decrease of the rotational transform, with fixed pressure gradient [p(0)], i
& sy i

inereases the magnitude of the transverse fields, moves the stagnation 2 Stnd = C} e & (1(., stn Ky + ky Gnkp)

points in the third order flux surfaces towards the magnetic axis and thus s k, ol k; are arbitrary periodic functions of £ . The next order

decreases the equilibrium 8-value. Formally, this msy be seen from the conditions appear to be rather tedious. We have already shown that they can

following equations: be written as direct generalizations of eq. (4) and are integrals involving
-3 = . . i L
i i(K;-nC'MD "lﬁ3(f=ﬂ}foz“¢(e ffoai-lei.rm.t.) [4}] g'c.,t’Kmk"‘:z and the third- order quantities S ,s,Ald' . Explicit
formulae will be pi d at the £ and will allow not only the

(’=d/fdf, £ arc length along the magnetic axis, KoL) - Ko(0) rotational

consistency of the above F -calculation to be discussed, but also, more
transform on axis except for an integer, & turning angle of the elliptical

- generally, existence properties of smooth three-dimensional equilibria with
cross-section of half-axes ratio e, ¢, field on axis, %, T curvature and

rational rotational tramsform on axis, such as stellarators with and with=
torsion of the magnetic axis)

out ohmic heating current and racetrack tokamaks.

and
ZZ = F (N.Co,ﬂ,k;,d—','i') =+ F-’(Q)G'-(“ (2) References
where 2 = (S"s" A*, d*) describes the third order deformations of the El] Grad, H., Phys.Fluids 10 (1967) 137.
flux surfaces, o is a linear differential operator in £ and F and & [2] Brackbill, J.U., Barnes, D.C., Bull.Am.Phys.Soc. II, 21 (1976) 1074.
are functionals of the quantities indicated. Eq. (1) shows that the equili- [3] Betancourt, 0., Garabedian, P., Proc.Nat.Acad.Sciences, USA, 73
brium is lost as L -+ 0, which expresses the fact that the ¢ = const sur~ (1976) 984,
faces are created by rotational transform alone. [4] chodura, R., Schliiter, A., 2nd Bur.Conf.on Comp. Physics, Garching
For L=0 equilibria [ 8-10) the situation i quite different. The (1976) c2.
destabilizing effects associated with those quantities generating rotational [5] Mercier, C., Nucl.Fusion 4 (1964) 213.
transform (current density on the magnetic axis, ', ) are absent. In the [6] Lorez, D., Nihresberg, J., Z. Naturforschung 3la (1976) 1277.
simplest case, K,= 2 =T=0 , eq. (1) is solved by imposing an integral [7] Lortz, D., Milhremberg, J., Fucl., Fusion 17 (1977) 125.
alde vondtelen one; et [8] tvortz, D., Nihrenbers, J., IAEA-CN-35/E9.
§=¢c,’i etar-0 , W e [9] Shatranov, V.D., Seviet Atomic Energy 22 (1967) 449.
This means that the gross plasma form is chosen in such a way that ¢ becomes [ 10] torcz, D., Nihrenberg, J., 3rd Int. (Kiev) Conf. on Plagna Theory,

stationary on the magnetic axis without the help of rotational transform. Trieste (1977) B-1/1-2.

" 3
Nevertheless the stable B-values are mot high ( 10% for reasonable geometry) This work was performed under the tems of the agreement on association

= "
because the condition that ¢ be a function of volume alone to the order between the Max Planck-Institut fUr Plasmaphysik and EURATOM'.

required in the framework of the present theory
q = qlo) + gV + o(vi)

imposes a severe additional integral side condition on the choice of funec=

3)

tions compatible with 9'(0),' ?(c) < 0 ( which is necessary for stability):
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FEEDBACK STABILIZATION EXPERIMENTS USING L = 2
EQUILIBRIUM WINDINGS IN SCYLLAC

R. R. Bartsch, E. L. Cantrell, R. F. Gribble, K. B. Freese
L. E. Handy, R. Kristal, G. Miller, W. E. Quinn

Los Alamos Scientific Laboratory

University of California

Los Alamos, New Mexico USA
ABSTRACT. The confinement time in the Scyllac Sector Feedback Experiment has
been extended with a pre-programmed equilibrium compensation force. This
force was produced by driving a current with a flexible waveform in an addi-
tional set of & = 2 windings.
I. INTRODUCTION. Scyllac feedback experiments have been performed om a 120°
sector of the 4-m major-radius toroidal theta pinch. Plasma parameters for
the present set of experiments are the same as previously reported.[1l] The
configuration of the initial discharge has been altered from that of [1] to
eliminate the helical oscillations of the plasma columm. This has been accom=
plished by the use of a helical discharge tube which permits the initial im-
plosion to create the plasma column in the helical configuration which it
would otherwise dynamically approach in time.[2] The £ = 0,1 sector, which
is shown schematically in Fig. 1, has 13 wavelengths of the equilibrium fields
with a 5 position feedback sensor system which locally drives the £ = 2 feed-
back windings to stabilize the long wavelength, m=1 instability.([3] An addi-
tional programmable force system using an additional set of £ = 2 windings is
incorporated to allow for optimization of the equilibriwm.
II. SECTOR END EFFECTS. Since the plasma behavior in the end regions of the
sector is characterized by large displacements and accelerations, confinement
time limitation due to the propagation of m=l waves from the end regions to
the center of the system has been investigated.[4] The calculated trajectory

of the plasma column has been compared to the measured change in column

trajectory at several positions along the sector when a step function force
is applied to wavelength 10. The measured and calculated trajectory at the
location of position detector No. 3 are shown in Fig. 2, and illustrate that
the propagation of gross-—colummn motion disturbances is at approximately the
Alfien velocity in agreement with the sharp boundary theory.

II1. EBQUILIBRIUM STUDIES. Analysis of column trajectories in the plame of
the torus has indicated the need for a time-programmed force, in addition to
the feedback force, to counteract am equilibrium force imbalance., Factors
which influence the observed equilibrium force imbalance are (a) transients
in the toroidal equilibrium force, Fy ¢, due to L = 0 shape oscillations of
the plasma c-olum. [5] (b) the diffuse radial profile of the experiment which
reduces the Frao force from the sharp boundary design value, [6] (c) sector
end effects propagating into the center of the system, and (d) decreases of B
due to, for example, loss of particles from radial diffusion which, for the
'l.'. = 100-eV Scyllac plasma, can cause & 10% drop in £ in 11 pg based on
classical effects alone,

The programmed equilibrium compensation force is generated with a Weibel-
Jones-type circuit driving £ = 2 trimming coils womnd on top of the £ = 2
feedback coils. Plasma trajectories and £ = 2 trimming fields for two dis-
charges are shown in Fig. 3. A small change in the amplitude of the trimming
force is observed to drastically alter the trajectory. The relationship be-
tween the applied force and the observed motion can be interpreted using sharp
boundary theory in terms of an effective plasma 8, vhi;h 18 ~ 1/2 of the B
on axis determined from the plasma diamagnetism and luminosity profile. This
can at least partly be attributed to diffuse profile effects.

IV. FEEDBACK STABILIZATION RESULTS. The feedback system for stabilization
of the w=1 long wavelength has been operated with the plasma column held near

its equilibrium position by the trimming system. An improvement in

PLASMAS

confinement time to 40-50 ps is shown in the streak photograph of Fig. 4,

where the colum is observed to remain centered in the discharge tube for

many instability growth times with feedback stabilization applied. The feed-

back system can generate forces on the order of 0.2 of the toroidal equilib-

rium force and has a risetime of 0.4 times the instability growth time. The

feedback system is arranged in 5 independent arrays along the length of the 13

wavelength, 120° sector for each of the orthogonal transverse coordinates.

V. 2% =1,2 CONFIGURATION. The Scyllac feedback sector has been converted to

an L = 1,2 equilibrium configuration to eliminate transient effects on the tor-

oidal force balance due to the % = 0 field and provide a less B-dependent

equilibrium. The helical shape of the plasma column has been increased to a

helical radius of ~ 3.0 cm to minimize the growth rate of the m=1 instability

and increase the effectiveness of the feedback stabilization. The sector has

been lengthened by 40X to an arc length of 168° to increase the time before

end effects influence the plasma behavior. The feedback system for the £ = 1,2

sector includes the capability of driving each wavelength with an individual

signal which represents the sum of the required feedback forces at that loca=

tion for all unstable modes.
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Anomalous Transport in Shock Produced Plasmas
R. Chodura, C.T. Dum 1), F. Stldner, K.-H. Stever
Max=Planck=Institut fur Plasmaphysik, 8046 Garching, Fed.Rep.Ger.
EURATOM Association
Abstract: Fast shock heating in a toroidal belt=pinch prod a highly elengated, weakly
compressed high—8 plasma with el p in the keV range. Electron
heating is attributed to ion sound turbulence. The effective drift velocity for wave growth
is Increased due to distortion of the electron distribution by strong density and temperature
di The d

and ion

g P , density - and magnetic field profiles are in good

ogreement with numerical results of a fluid-particle hybrid code which in:h{dei the grodient
effects and the influence of the neutral backgreund gas,

In this paper we report on fast shock heating of a low density toroidal plasma to keV
electron and ion temperatures, The electrons are heated by ion sound turbulence. We
show that the di ion of the electron distrib funetion by density and temperature
gradients significantly changes the | isti

ity and heat conduction. The gra-
dient effects as well as the influence of neutral particles are included in a hybrid code
which, then,fits rather well the experimental results, The experiments were performed
in the Garching High=Voltage Belt-Pinch /1/ which is a shock heated high-8 tokamak
with highly elongated cross=section. The shock compression has been investigated in
detail for two cases with initial densities of .= 3. 10‘3 r.:m-3 and R ™ 7 W‘a um-a,
respectively. The magnetic field penetrates the entire plasma ot the lower density and
an average (-value of 0.4 is obtained ofter compression. The electron temperature rises
up to | keV with the incoming magnetic field. In the sheath region the electrons are
heated to 3 keV, At the higher initial density the radial motion of the magnetic piston
is slowed down by the pressure of the compressed plasma and a central B = 1 plasma is
formed, While the electron temperature stays low in the central 8 =1 = plasma (T'i

50 eV), strong electren heating is observed in the piston region with temperatures up

to 1 keV. In both cases, steep electron temperature gradients are retained after

implesion.

Electron heating and magnetic field penetration cannot be explained by Coulomb
collisions. There ore o number of observations from which we conclude that ion sound
should d the implosion phase /2/. The electron temperature is large
compared to the jon bulk temperature. The ion distribution develops a weak tail which
results in a critical drift velocity for ion sound of typically Verit ® 2,5 (T' /ml)l/z.
For lon sound the electron distribution is expected to relax from an initial Maxwellion
to a flat topped distributian /3/. This fact and the distortion of the distribution
function by gradients in temperature ond density are of crucial importance for wave

turbul

excitation and anomalous transport. For this distorted function the effective drift

velocity v for wave growth and momentum transfer Ra =-n my

d,eff eff Vd,eff
differs very substantially from the relative electron-ion drift g i as seen from Figs.1,2.

Yuugr= (2= 8u) ¥y - EnYom, * rYor,

2 2

WherS e (7T2) = Vihe /ety B/1B) x ¥ lnm, () ; Ve = (T /)
and the z‘: are transport coefficients dependent on "aﬁ'm- Lﬁ.. = electron gyro-
frequency) and the shape of the energy distribution. In fact, only the grodient related
terms make instability over the entire piston region pessible, especially for higher
initial density (Fig. 2).

Since R. enters also mognetic field penetration and electron heating rate (R. vd'[) they
are also modified correspondingly. The heat flux for the self-consistent distribution is
related, in a similar manner as R., to the drift and the gradients of temperature and
density. It should be mantioned thet the i
explains the reduction of axial heat flow /5/ and the rotation of the spectrum with
respect to vd,i observed in linear devices. Classical transport dominates in front of the

t theory for ion sound /4/ also

piston ond anomalous transport in the unstable sheath region where v .. /N e =0

lous and classical transport.

It is not possible to simply add

An earlier fluid-particle hybrid code /6/ has been modified therefore to provide a
transition between classical and anomalous transport which depends on the local ratio
vd,uff/vcrit' The total effective collision frequency for all transport effects e.g,
takes the form ,:#_y“”:“ (4~ g_“‘«tﬁf"cﬂi)!

where Vo= ‘0-2«; from simulation results /7/. A similar transition Is carried cut
for port coefficients in tum transfer ond heat flux. The switch on/off condi-
tion for anomalous transport may be justified by the foct that the growth time of the
instability s short compared to the particle tronsit time t, through the turbulent piston
region i = 15. Furthermore, the code hos been extended to include the effects of

ionization, multiple charge exchange and neutral particle diffusion, The neutral

hydrogen atoms at rest are treated as a fluid and the fast charge exchange neutrals

are treated as particles in the same manner as the ions.

The dynamics of the piston is slowed down and damped censiderably due to the inter-
action between plasma and neutrals, The compression sheath is broad

d and agrees
much better with experimental findings. The most sensitive feature is the electron
temperature’ profile, as seen in Fig, 3. The enhanced electron density due to foni-
zation and the larger density gradient reduce the effective drift vd, eff in the front
region of the piston resulting in a smaller collision frequency thereby lowering the

1 d heating ond radial heat conduction in that

P due to red

region,

Conclusion: An analysis of shock experiments and comparison with theory of ion sound
turbulence show that the effective drift velocity for wave growth differs substantially
from the relative electron~ion drift due to distortion of the electron distribution by
density and temperature gradients. Simulation calculations with a fluld=particle hybrid
code including anomalous heating and port and the | ion bely plasma
and neutral hydrogen background show good ag with the experimental results.
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SECTOR EXPERIMENT OF THETA-PINCH PLASMA IN MODIFIED BUMPY TORUS

Y.Osanai, K.Saito, Y.Nogi, H.Gesso, G.Todoroki, 5.Shiina
H.yoshimura.

Department of Physics and Atomic Energy Research Institute,
College of Sclence and Technology, Nihon University,
Kanda-surugadal, Chiyodaku, Tokyo, Japan.
Abstract: In Modified Bumpy Torus, the toroidal equilibrium is
achieved with main surface distortlion of 2=t1 magnetic fields.
The results of 1/8 sector experiment show the confined plasma
is in stable equilibrium at 3 mtorr f1lling pressure and unsta-

ble weakly to m=2 like-mode at 10 mtorr filling pressure.

Introduction: The asymmetric toroidal equilibrium of high-beta
plasma has been achileved in Secyllac and High Beta Stellarator
with main surface distortion of %=1 helical field[1,-2]. The
confinement time of highly compressed plasma is limited by m=1
mode instability. To confine a more stable plasma, we had pro-
possed a new type of magnetic configuration with the main sur-
face distortion of £=:1 magnetic fields, which has no rotational
transform and different from M&S configuration with the main
surface distortion of L=0 bumpy field. In order to examine the
exlstence of M.B.T. equilibrium, the 1/4 sector experiment was
carried out,following the experiment in linear geometry[3,4,5].
The preliminary results showed the plasma was in stable equili-
brium[6]. Here are reported the more detalled experimental re-
sults and discussed comparing with theoretical predictions[7].
Experimental Arrangement: The schematic arrangement of 1/4 sec-
tor experiment is shown in Fig. 1. The device parameters report-
ed here are listed in Table 1. The magnetic field distortions

of f=%1, 22, ete. filelds are induced by means of inserting a

Fig. 1 Schematics of 1/8 M.B.T.
sector device.

Table 1 Devite parameters

Torus major radius(R,) 150 cm
Coil arc length 230 em
Coil bore radius 8 em
Shell radius(rg) 6.5 cm
Gaped angle of shell(8,) 120°

Main bank voltage 35 kv
Main bank capacitance 37.5 uF
Epi-at 4.5 em 98V/cm
Rise time of mag. field 2.2 us
Crowbar decay time(L/R) 25 us
Avg. mag. field 6 kG
Preheating(z-type) 20 kV
Preionization(Electron Gun)15 kV
Filling pressure(H;/ 50~3 mt

gaped copper shell, which
—pumg  modifies the L=0(bumpy)

field produced by the
z-dependent, periodical
theta current fed to com-
pression coil. The indu-

ced fileld distortions

depend on gaped angle 8,

, shell radius T peri-
odic length L and mirror
ratio Rm(an coil axis without a gaped shell). The value of gaped
angle, 8,=120" gives a relatively large surface distortion of
=12 fields.
Experimental Results: Streak photographs taken through horizon-
tal(top view) and vertical(side view) slits showed the plasma
behavors depend on initial filling pressure.
At 3 mtorr filling pressure, the confined plasma was in sta-
ble equilibrium. The m=1 mode instability was not observed

during the confined stage. The equilibrium positions of plasma

column were nearly constant with time, kept to be 1 em outer=
side off coil axis at z=0 plane (convex region of fleld lines)
and 0.6 cm inner-side at z=L/2 plane (concave region of field
lines). Photographs indicate also a large ellipticity of plasma
column cross section. To compare with these experimental results
» the constant surface of ‘[ 81 (integral of magnetic specific
volume along fileld line) was numerically calculated under the
assumption of near-axis and low-8 approximations(2dr/L~ [r/Rul}
-‘ﬂ%), as shown in Fig.2.

The numerical results s
i 11

are qualitatively con-

sistent with the exp-

|f

i
I
Wit

Al
e

erimental results, Z=L/8

although the plasma Fig.2 The constant surface of [d1/B
at each z-plane. r=0 is posi-

tion of coll axis, r>0 cuter-
side.

column shifts as a whole
to more outer-side than
observed equilibrium positions at any z-plane. The quantitative
deviation can not ‘yet be sufficiently explained, maybe as a high
beta effects. However 1t is remained as problem to resolve ex-
perimentally and theoretically.

At 10 mtorr fi1lling pressure, streak photographs showed the
plasma split into two parts and contact weakly with tube wall.
Fig.3 shows the radial profiles of the diamagnetic signal in
horizontal plane, measured with method of cancelling the signals
of internal and external magnetic probes. It is found that a
m=2 like-mode instability occurs and then the plasma contacts
weakly with the outer-side of tube wall. Furthermore,the decay
rate of diamagnetlc signals 1s larger at z=0 plane than at z=L/2

plane. This fact indicates an axlal plasma dynamics so that the

Z2:0. 10mtHz Z=t/2 10mtHz_
0.1
03
g
5&5
a
07 Fig.3 The radial profliles of
\ diamagnetiec signals in horizon-
Lasps tal plane at both planes of z=0
09 and z=L/2.(10 mtorr pressure).

plasma contracts to z=L/2 plane from z=0 plane.
Discussion: The total temperature of confined hydrogen plasma
1s of 30-50 ev depending on initial filling pressure, determin-
ed from the simple toroidal drift observed. The maximum value
of B, ratio of plasma pressure to magnetic pressure, is of 0.2
from diamagnetic measurment. The Alfven wave velocity 1is of 2.5
x 107 em/sec in maximum. The small surface distortion(s,<<l)
model predicts a growth time of 2~3 usec against m=1 mode inst-
abllity for sharp boundary plasma. Therfore, the observed sta-
ble plasma may result from some stabilizing effects as end eff-
ect, axial plasma dynamics and finite surface distortions.
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Pulsed Fusion Reactor with Evaporating Wall
Tetsu Miyamoto

Department of Physics, College of Science and Technology,
Nihon University, Kanda-Surugadai, Chiyoda-ku,Tokyo,Japan

Abstract: An evaporating wall is proposed in order to abate
the radiation damage of a first wall in a pulsed fusion reactor.

The evaporated gas can compress and heat the plasma.

General Concept of Evaporating Wall: In the common conceptual

design of a fusion reactor, the first wall recelves intensive
radiations directly. It is well known that the irradiation of
the fast neutrons 1s severe for the wall. This 1s even more
serlous for the pulsed fusion reactor. In the present paper

we propose the evaporating wall of the following roles in order
to solve this problem and to give a prospect for the pinch
fusion reactor.

(1) The evaporating wall protects a vacuum wall in terms of
slowing down the fast neutrons and absorbing them.

(2) The wall material evaporates to produce the high temperat-
ure and high pressure gas which expands inwardly and compresses
the confinement magnetic field and the plasma.

(3) The resultant gas and the residual wall further absorb the
fusion power and transport the energy to a heat engine.

Conditions for Evaporation: The wall materials must naturally

be a good moderator of neutrons. Table 1 shows properties of
few good moderators. It 1s necessary for slowing down neutrons
that the 1ce wall 1s only about 10 cm in thickness.

In order that the wall evaporates and the evaporated gas
can compress the plasma, the neutron energy emitted from the
reactor Pnt must be larger than the heat energy required for
the evaporation of the wall material. We assume that the wall
material evaporates instantaneously after it reaches the crit-
ical state at time te(see Fig.l). Then we have
gilcsginr
where T51(°x) and sgi are the initial temperature and the area

6
Pnbe VpitEtBAr 2 4.2.107 ( B854 - T

of the inner surface of the wall. Hereafter, we consider the
axlally symmetric configuration of infinite length. Then the

inequality gives
for the DT reaction, DED

1 2
Npyfipyte 2 8.9 207 1o, /rpy ice and T ;= 10 keV
for the DD reaction, H,0
2 43 2 » Hy
npybe 2 1.5 1077 ry/ry lee and T ;= 50 keV

for Tg,- 173 °K. The condition for the DD reaction is very
severe. In the followlng, however, we assume the instantane-
ous evaporation. Because 1t seems to be possible to evaporate

the wall by alternative methods.

Moderator HED D20 T (m) 2.0
Macro scattering -1

SHCHS . RADSEon EB(m )| 90 43 Toy (m) 1.8
Macro absorption -1

cross section tg(™ )| 2-2 |0.009 fjr,, (m) 1.3
Energy logarithm £ 0.92| 0.57 |[n , (@] 107 5.0
Slowing down B B

Howar ELg 135 26 To1 (k) | 10 10

Fermi age t (m°)|0.003|0.012 t, (ms) | 9.5 0.38

Diffusion length 1, (m)|0.029| 1.0 Tn1 (m) | 0.76 o0.41
(m3)[3:10% 5.10%

Migration length 1. (m)|0.064| 1.01 no1

Slowing down ARS 9
fime t (us)| 6.8 | 35 T (K) [3-10° 10

Diffusion time td(ms) 0.21| 53 t (ms) | 8.1 4.3

Table 1 Table 2

95

Free Expansion Process: The inner surface of vapor implodes to

the axis with the thermal speed from time te til1l it becomes
conductive in terms of the irradiation, the surface discharge
and Joule heating by the induced electric field (several kV/m),
and so on. We distinguish the gas and plasma quantities by

the suffixes g -and p, and also add the suffix a to guantities
at time t = tu. Then we can obtain

T Tl 1+ 3% (o= r 3703 /3

ge

" 1/2 g 3 ,2/3
B (NSRTEEKVSE)( 1+ 3r7'%q (rge rsc)/cs )

at the end of the free expansion process (rs= Teo and t & tc),

where q = PnfmgNE, e = EkTse/mE, and mg

imploding gas molecular or atom and the number density of gas.

and Nz are the mass of

Compression Process: If the plasma pressure ppc is less than

the gas pressure p the plasma is compressed after t 2 tc'

ge’
In the simplified case that the magnetic field freezes to the

plasma and the inner surface of gas, and that the proéuction
and conduction of heat can be neglected, we can obtain the
compression ratio of plasma.

L Vp/Vpc= (1/2)((vp1+ vp2)+(vp2- vpl) sin( w(t-t )- ¢))

where v and vpz are the ratio for the minimum and maximum

pl
volume. When ppc/pgc<< 1, they are given by
2/3,-1
vpl-_(2/3}(l-VEc/VD);l-(vgc/VO) ) ltvo/vgc)(ppc/psc)
2/3 -
Vo2~ (3/2) ((V /W V7210 -V AV )

The angular frequency w, the perlod T and the phase angle ¢ are

wd = (lzi/Mg)(VEc/Vo)5/3psc ; T = 2n/w

4 = arcsin((vp1+ v, 2)/(vp2- vpl))

p2
For simplicity, we put y = 2 for the plasma in the avove treat-

ment. Using these results we have

Z5 -1 and V./V =B /B = v
= T =
pp/ppc ¥, Tp/ o™ ¥ m’ ‘me e P

The placma is finally gquenched by the vapor. Table 2 shows the
estimations for the DT reactor and the Dzo ice.

Concluding Remarks: The evaporating wall can be applied only
to the pulsed reactor in principle and give a new prospect. It
however, seems that &n alternative evaporator of the wall is
requires for the DD reactor. We can point out & laser fusion
as an example of appropriate evaporators. The break-even ener-

gy balance 1s not required for this laser fusion, but the neut-

ron flux of » 2-107 8,4 Joule Will be required.

rg | Tee = e

Bt
L

Tp2e

Tod|

t=t. t=t t>te
Fig. 1
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Possibility of Astron-like Theta Pinch
Tetsu Miyamoto

Department of Physics, College of Sclence and Technology,

Nihon University, Kanda-Surugadai,Chiycda-ku,Tokyo,Japan

Abstract: It is discussed to produced the Astron-like configu-

ration in terms of a theta pinch with a multipole field.

Introduction: The reversed field configurations appears at a
theta pinch. They are magnetohydrodynamically unstable. In
the low initial pressure regime the reversed field also vanish-
es fastly due to micro-instabilities. Therefore, they have not
been noticed with a view to confining plasma. They can, Howev-
er, be produced easily in the linear machine and suppress the
end losses. They are same magnetic field configuration with
the Asbrun}) in which the reversed field is produced by the
relativistic E-layer. On the other hand it is produced by the
diamagnetic current consisted mainly of the non-relativistic
electrons in the theta pinch. If the relativistic electron
components can be produced in the theta pinch, the stability of
its reversed field configuration will be improved. So far the
high energy electron components have been observed in the low
pressure regime of theta pinch?'a) It is the purposes of this
paper to study whether the Astron-like configuration can produ=-
ced by the theta pinch, and to propose the theta pinch with a
multipole fleld as one of the methods.

Requirements for Astron-like Theta Pinch: It 1s necessary to

accelerate electrons to a relativistic energy at any phase of

the theta pinch in order to realize the Astron configuration.

It will be the initial phase where the fleld varys rapidly.
However, the fleld is reversed at this phase, so that the plas-
ma expands outwardly and is pushed to the wall. Thus, it is
necessary to satisfy the following requirements.

(1) The plasma (or a part of it) must not be dissipative but
reactive at the accelerating phase and region. It means there
135;2

sa- 601’* 6§, or mn~2.7%10 and w >> ¥y

where SR. scl. Gr’ w and y are the characteristic width of acec-
elerating region, the collisionless skin depth, the resistive
skin depth, the characteristic angular frequency of pinch field
and a growth rate of current driven instabilities, respectively.
It 1s possible by increasing the initial plasma temperature to
satisfy w'>> y. The above density seems to be very severe for
a theta pinch. However, it will not be impossible in the foll-
owing scheme.

(2) The accelerating electrons must be confined during the per-
iod of field reversal. It is promissing to apply the multipole
fields for this purpnseﬁ) They are independent of the theta
pinch fleld, so that they can exert the pressure on the plasma,
even if the external field vanishes. We are especially intere-
sted in the multipole field accompanying the azimuthal closed
field with a view to the electron acceleration as shown in Fig.l.
(3) The end losses must be suppressed till the field reverses
completely. Even if no method to suppress the end losses is
applied, this will be satisfied 1f the characteristic time of
‘field reversal tr<< L/Vth where L 1s the length of system and
Vin is the thermal speed. Hereafter we assume the system ls
enough long.

Theta Pinch with Multipole Field: Let us consider the theta

PLASMAS

pinch superposed by the multipole field of Fig.l. We assumed
that the high temperature plasma 1s produced in the interior of
the inner multipole rods at the initial phase by any method.
Then we can expect the followings: (1) The density is enough
lower in the exterior of the inner rods than in the interior,
and the plasma is low B in the exterior., (411) The high tempe-
rature plasma is confined in the interior of the closed azimut-
hal field line during the phase of fileld reversal. (I11) The
field changes mainly in the reglon between two sets of current
rods during that phase. (iv) The betatron condition are satis-
fied at some place, and the electrons run away along the azimu=-
thal field in other region,too. (¥) When the external field
increases sufficiently, the accelerating electrons are pushed
into the interior region in terms of the similar process with
the retarded theta pinuh?) Each rod current must be enough
large to be able to recoil the accelerating electrons from its
neighbor. If these expectation are satisfled, the theta pinch
superposed by the multipole field as Fig.l can be one of the
methods to realize the Astron-like configuration.

Schmatical Model for Fusion Reactor: It may be claimed that

the use of such inner conductor 1s inadequate to the fusion
reactor. However, we notice that the reactor concept of Fig.2
is also possible. The evaporating wall will be useful at the

burning reglon.

References: (1) N.C.Christfilos : Proc. Second U.N.International Conf'.

‘on Peaceful Use of Atamlc Energy, Geneve 32 (1958) 279 ; (2) K.Sato et al

: J.Phys. Soc. Japan 19 (1964) 1244 ; (3) K.Sato et al : Kakuyugo Kenkyu

(in Japanise) 21 (1968) 121 ; (i) ¥.Nogl and T.Miyamoto : J. Phys. Soe.
Japan 34 (1973) 1059 ; (5) and (6) T.Miyamoto : To be presented in this gonf.
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Retarded Theta Pinch
Tetsu Miyamoto

Department of Physics, College of Sclence and Technology,

Nihon University, Kanda-Surugadai,Chiyoda-ku,Tokyo,Japan

Abstract: It 1s proposed and studied té retard the implosion
of a theta pinch in order to increase the energy coupling

between the plasma and the coil.

Introduction: The fast theta pinch is a powerful method to
produce a fusion plasma. The technical difficulties, however,
increase in order to obtain the large amount of a high tempera-
ture and high density plasma. The energy coupling between the
eoll and the plasma (or the mutual inductance) decreases with
the implosion of plasma. In order to strengthen the energy
coupling, we must retard the implosion of the plasma (or the
current layer) till the magnetic fileld increases to enough
large value. The retardation of imploslon happens naturally in
some theta pinches. A fast theta pinch and a reversed field
configuration are the examples. In the former the magnetic
field increases to a large value before the implosion finishes.
On the other hand the implosion i1s not retarded by decreasing
the 1initial pressure, though the high temperature plasma can be
produced. There are several limitations in these natural reta-
rdations. For example, the reversed field is mainly dissipated
by the electron heating and triggers instabilities. The theta
pinch, in which the implosion is artificlally retarded, is also
possible. We call it "the retarded theta pinch". The staged

theta pinch 18 a sort of retarded theta pinch}’ In this paper

we propose the retarded theta pinch by the multipole field.

Retardation-6f Implosion by Inner Multipole Field: Let us con-,

slder the multipole field produced by two sets of longitudinal
current rods arranged on the cylindrical surfaces, as shown in
Fig.1. It i& indepenﬁent of the theta pinch field, and exerts
the average radial pressure on the plasma layerz? Figure 2
shows schematically the whole processes presumed in the theta
pinch with the multipole field. The plasma will be produced
between two sets of rods at first. The inner set of current
rods enclosed by the piasma layer can produce the average out-
ward pressure whicéh supports the inward pressure of pinech field
and interrupts the implosion of plasma. When the number of
rods 2N 1s enough large, this pressure can be approximated by
Pruie™ un(IN/'lrrp)2 (rm/rp)andl
When the pinch fleld increases and the inner set of the rods
can not support 1ts pressure, the plasma collapses to the axis
through the separations of rods. In other words, the collapse
happens when the impedance along the azimuthal current path
becomes larger in the path enclosing the inner rods than in the
unenclosed one. The common theta pilnch starts after the curr-
ent path changes.

When the current of each rod flows to the opposite direct-
ion as shown in Fig.l alternatively, the multipole field has
the tendency to interrupt the electrical break-down. The reta-
rdation time is not only limited by the outward pressure of the
rods, but also by the cusp losses. When the current flows to
the same for all rods, the closed azimuthal fleld appears out-
sldes of the inner multipole rods and the break-down become

easy, but the outward pressure becomes weak. It will be useful
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to choose the appropriate combination of rod currents.

Simple Analysis of Retarded Theta Pinch: We are not interested

in the detailed processes but in the total energy which the
plasma can obtain finally. Therefore, we consider only the
difference between the initial and the final states under the
following assumptions. (1) The plasma is perfectly conductive,
cylindrically symmetric and infinite in length. (2) The initi-
al piaama energy 1s negligibly small. (3) The external flux
increases to maximum value before the start of implosion, but
is constant during and after the implosion phase. (4) The pla-
sam 1s sustained initially at a radius rpi by some forees and
results to an equilibrium radius rpf finally after the forces
vanish instantaneously. We distinguish the quantities in the
initial and the final states by the suffixes 1 and f. We have
the final plasma radius from the conservation of total energy
anf the pressure balance.

2 =1 -6, - 821222 4 v2(142))1/2
where § = rp/rc and b,= (the flux trapped in the plasma)/(the

1/2

external flux). The ratlo of the final plasma energy wpf= wmi
- Hmr to the initial magnetic energy Wmi is given by
S | 242, )2
Wop/Wpy = C Ep - D3(1 - ER)7)/ED
Both quantities are displayed as a functilon of Ey and b1 in fig.

3i:and 4. The results show that a fewxl0 percent of total mag-

netic energy can be transformed to the plasma energy under sui-

table parameters, not taking Joule heating into considerations.
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STABILIZATION OF DRIFI-CYCLOTRON L0SS CONE INSTABILITY
IN THE TRAP WITH AMBIPOLAR MIRRORS

A.A,Ivanov, G.V.Roslyakov

Institute of Nuclear Physics

630090, Wovosibirsk-90, USSR
Abstract. It is shown here that the contact between cold and
hot "cone™ plasmas leads to normal mode of the system with the
weve length along the magnetic field of the same order as the
hot plaema length. If this length is emall enough (L< Re), the
plasma density gradient becomes unimportant and instability
turns into the high-frequency convective "loss—cone" mode.

One can hope to get great values of Q =I0+0® in open trap
with ambipolar mirrors proposed by G.I.Dimov /1/ in the absen~
ce of instabilities. However, the elementary components of such
a8 device are two extreme mirror traps containing plasma with
ion velocity distribution of "loss-cone™ type and the question
arises whether plasma will be stable., One of the most danger-
ous instability in mirror trap is the drift-cyclotron loss co-
ne instability (DCLC) /2/ . For driving of this instability
sufficiently emall density gradient is needed. The presence
and poseibility of damping DCLC were demonstrated in experi-
ments on open trap 2B /3/ when a hot confined plesma with
Ti=10 keV contacted with a cold plasma ( ;=10 eV) if the den-
8ity of cold plasma was the same order of magnitude as a hot
plasma density. In these experiments the confinement time of
& mirror-confined plasme has been greatly increased. Thie me-
thod of stabilizing DOLO inetability can result in great en-
ergy losses in usual mirror machine, On the other hand, in the

‘case of a device with ambipolar mirrors the contact of warm
"Maxwellian" plasma confined in the central trap (the plasma
produces the main part of thermonuclear power) with "cone" hot
plasma in extreme traps is an integral part of the expe-
rimental scheme, The present explanation of mtabilization DOLC
mechanism in 2XIB experiments /3/ is connected with penetra-
tion of emall amounts of cold ions in the traps and based on
the stabilization method by partial f£illing of the loss cone
with oold plasma proposed in /4/ « 1t must be mentioned that
the density gradient in 2XIB device im high enough and in ac-
cordance with analysie /6/ the drift-cyclotron instability /5/
must occur even for Maxwellian ion velocity distribution.

In present paper the attempt is made to explain etabili-
zation DCLC in presence of the contact of hot "cone" plasma
with cold plasme without assumption that some amounts of
cold plasma penetrate into & hot one, Stabilization is due to
the fae t that in such systems unstable flute-type drift wave
(ke<0) cennot exist, The presence of longitudinal wave number
(K.#O) leads to convection of the perturbation along the mag-
netic field lines. Thus, instability will not be of importance
for sufficiently short plasma length in the absence of reflec-
tion at the ends of plasma,

Let us consider dense “W%*1 “cone plasma with Te=D
and density ny bounded to the left from point 2=0 by vacuum,
and to the right from =L by cold (T=Te=0) plasma with densi-
ity ne. D:lapsriionl relatiorlx for DGLS at ka=0 is /2/(notations frem/2/)

et B -ER -G - e o
Aspuming some longitudinal variation we have equation for per—
turbed potential in the foﬁ:

B

2 i
ﬂ'i(i_ww ) - kig =0 (2)

Then, putting £,.=1- a":’ff;} for cold plasma and utilizing
continuity of potential and (-Lﬂ%,,%) :{—‘5 over the boundaries
we obtain the dispersion relation for localized modes in hot
Plasma v ik
e Eealebg (& £ldrul)= - P vl (1" )
Here E£., is given by eq.(1) and Eﬁ»i is faken into account.
Let, firstly, w>Q and ﬁ"_:x,_L [’;%’l»i ; then we have from (3)
EJ-'\“%% B =0 ;  (N=04,2..) “
This dispersion relation differs from (1), it contains temm
%};_5 %‘; describing longitudinal electron conductivity and

corresponding to the standing wave with K, = “—a"'!scf R
wee (N 5 te

i e T E%?ff,;?) %ﬁ; gradient becomes unimportant and
instability turns into convective lo one mode di d

previously in /7/ . This corresponds to the conditions
i s =
ALER 54 ana AT BS54 ; here we define R.=f L, ar
.
%{‘m(ﬁ\’imi “1. have s;zch dispersion relations &-%}:%20;'("#&)
and Eu,:-n"‘-‘k%"ﬁﬁ—h(ﬁ)én.'rha firat relation corresponds to (4)
with somewhat different value of Ky , and in the second one
L b
gradient can be neglected if conditions ﬁ%(%:)’“%ﬂ»i and
] -
n %(%ﬁjk@%»i are fulfilled. Let us note that the case
w>8L corresponds to wave refleotion from cold plasma (on the
length ~ (—Ec‘\'i% + If wW<Qi wave penetrates into cold plas-
me and in that case dispersion relation becomes
oA )= L ne e @
e Exhiltg (& £ ki) = -L e (M) Kl
Assuming K,_L(ﬁ%]h:{ﬁ <4 we may put the dispersion relation in
2
_ MYzl 4 e ne M2 Re
the form £,,= L(m)ﬁu_ hr When e m) i >4 the gradient
terms may be neglected and the remaining inatability is the

same 86 it has been investigated in /B/ . In particular case,

when k;LCHB_‘]}r“E.‘”i dispersion relation is en analog of (4), The
conditions obtained above contain w,ky and for estimation it's
natural to take extreme frequency and K.@d for instability ar-
ising from radial density gradient. If critical density gradi-
ent is greatly exceeded, DOLC described by (2) occurs for
&Nsn(ﬂ-}“F[,%rz(%‘)? then Remﬂmwtﬂ.‘."‘é@( ). For previous condi-
tione this inplies that ¥ int, THi(EeNon, E‘(@%’»E"\p {'[5.5)%»53;
respectively, and these expressions should be valid for ncshy
and Rp~L , Thus, 1if the contact between cold plasma and hot
"cone" one with Ry~L existe inherent localized modes have the
dispersion equation with gradient terms which may be neglected
and, therefore, the inetability has to transform into high
frequency one /7/ . Such prerturbations are absorbed at the end
of the machine and if scale length is sufficlently small, the
instability will not arite. This question has been dimcussed
previously /9/ , the stabilization criterion for all inherent
modes of high frequency instability has been obtained, This
criterion requires plasma length to be sufficiently small.

We have benefited from useful discuseions with G.I,Dimov
and M.E.Kishinewsky,
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STABILIZATION OF THE DRIFT-CONE INSTABILITY (DCI)

BY LOW-ENERGY IONS

M.S. Ioffe, B.I.Kanaev, V,P. Pastukhov, E.E. Yushwanov

I.V. Eurchatov Institute of Atomic Enmergy, Moscow, USSR

The PR-6, PR-7 and 2XII experiments (1,2) have demonstra-
ted the possibility of stabilizing DCI by a cold plasma stream
or by neutral gas, These two methods are based on the Post’s
idea that a small addition of low energy ions to the hot plas-
ma should stabilize DCI (3). It should be pointed out, however,
that these earlier experimental resulis cannot ba aonsiderad as
conclusive evidence of the realization of just this stabilizing
mechanism, because the instability was only partially suppres-
sed but not fully stabilized, It may be caused, in particular,
by the low electron temperature established there as a result

of cooling the electrons by the plasma stream or by neutral gas

rather than by the wmodification in the ion distribution function

This paper reports results of new PR-6 experiments which
allowed us to establish with sufficient certainty the stabili-
zation effect due to a small amount of slow ioms introduced
into the plasma. As in our earlier experiments, the hot hydro-
gen plasme is created by HF heating and trapping the ions from
a plasma stream injected axially along the magnetic field. The
plhama parameters were as follows: the initial plasma density
n = 2.1olaum"3, T = 200eV, T = 10eV, plasma diameter = 10cm.An
intense burst of DCI is developed as usually on PR-6 during
the plasme free decay 150-200msec after the beginning of the
decay, Special experiments have shown that the. delay of the
instability results from a stabilizing action of the residual
plasma stream which penetrates inte the trap after the end of
the discharge in the plasma source. If this stream is ocut off
the instability appears immediately with decay. The cutting
off is provided by a smwall pulsed coil breaking the stream just
before it enters the trap.

The out,off technique’enabled us to repeat the previous
experiments on DCI stabilization by the anisotropic overheated
electrons (%) under new and more clean conditions and to check
the given explanation of the observed stabilization effect.

This effect was previously attributed to the accumulation
of slow ions in the electrostatic well, formed due to the pre-
sence of a group of fast electrons in the central part of the
trap. It was assumed at the same time that those ions origi-
nate in the ionization and charge exchange processes in the
residual neutral gas.

However, the present experiments similar to the previous
ones except for using the cut-off technique revealed that this
onnﬁ}uaion was erroneous, They have shown that if the after-
injection stream is cut off before the microwave power pulse
for electron heating is turned on the instability remains to
be unstabilized in spite of the conditions for forming the po-
tential well and filling it with ions formed from the meutral
gas mantain the same ms before (Fig.l). Such results are ob-
tained under the vacuum conditions typical of PR-6 (the basic
pressure of 2.1D'Btorr, freshly gettered vacuum surfaces,)
They indicate that the ions trapped from the afterinjection

stream ocould be the determining fectdr in stabilization under

these conditions rather than the ions formed in the neutral
gas. Another conclusion may also follow from these observati-
ons, If a potential well is really formed and the Post’s idea
about stabilization of DCI by a small amount of slow ions is
valid it should be expected that by cutting off the afterin-
Jjection stream the stabilization would set in with deteriora-
tion of the vacuum conditions., To verify this conclusion ex-
periments have been performed, in which the afterinjection
stream was out off while the neutral gas pressure is control-
lably raised from pulse to pulse, Hydrogen was used as a neut=-
ral gas in the wain set of the experiments, The results justi-
fied our expectations: the instability disappeared ms the pres-
sure was increased. In this case the dependence of the oscil-
lation amplitude on the hydrogen pressure was found to have a
steplike form (Fig,2a). Because the density of the ions acoumu-
lated in the potential well due to ionization and charge ex-
change is proportional to the pressure, such a steplike curve

should be considered as an evidence of a threshold transition
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from the unstable to stable state taking place as soon ms the
slow ions reached a quite definite oritical density, This den-
sity can be evaluated by the known hydrogen pressure at the
transition point and the parameters of hot plasma, In this ca=-
se it was found to be J-5% of the hot plasma density, this is
consistent with numerical caloulations made for similar plasma
conditions (3).

Experiments with argon as & neutral gas are also of inte=
rest, As the argon ions strongly differ from those of hydrogen
in their cyclotron frequency, they do not seem to be a "sutable
material” for improving the ion distribution function of the
hydrogen plasma. Therefore, no similar relationship between the
osolllation amplitude and pressure should be expected in this
ocase, In fact, instead of a steplike transition to the stable
state at a certain coritical density the oscillations slowly
weaken with pressure, beginning with higher pressure than that
in the case of hydrogen (Fig.2b). The curve in Fig.2b indica-
tes that it is practically iwmpussible Luv slabllised Lhe losta-
bility with argon completely; the instability only can be par=-
tially suppressed.

In conclusion: it is shown in accordance with the theore-
tical predictions that, in fact, DCI can be stabilized if a hot
plasma is added with e small amount of slow ions of the same
kind (not less than 3-5%)., Unlike the previous experiments the
stabilization observed cannot be explained by some other fac=-
tors except an addition of low energy ions,

1., Yu,T,Baiborodov et ul.,ﬁ-th Europ. Conf,on Controlled Fusion
and Plasme Physics,Moscow, 1973, v,.2, p,122,

2, F,H,Coensgen et al,,Phys,Rev,Letters, 37,(1976),1468,

R.F, Post, Livermore Report UCRL-70681, 1968,

M.S.Ioffe et al., Zh, Eksp,Teor,Fiz., 67 (1974), 2145,
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SUPPRESSION OF THE LOW DENSITY PLASMA CYCLOTRON

INSTABILITIES BY EXCITED PLASMA OSCILLATIONS

V.A, Zhil'tsov, V,Kh, Likhtenstein, D.A, Panov,
V.A. Chuyanov, A.G. Shoherbakov

I.V. Kurchatov Institute of Atomic Energy, Moscow, USSR

Experiments were carried out at the Ogra-3 devioce /1/.The
plasma was initiated by injection of 20 keV hydrogen atoms beam
into a magnetic field of a simple mirror configuration, a field
strength in the trap center being 21.6kG, The plasma radius was

5om, the plasma length along the magnetic field was determined
by beam dimensions and was 3J-4em. A flute instability occured

at the density of J_xloann-j. It could be suppressed by a feed-
back system/1/, Two regions of oscillations on the fundamental
oyclotron frequenoy have been found in the investigated densi-

ty range /2/. The first region threshold is ~3x1070'ﬂ-3

and cor-
responds to the conditions for development of an anisotropic
cyclotron instability (ACI) 'pa""”ni’ in this case K ;@ =0.8,
l(_‘_?imo.‘?, azimuthal mode m=1 and the oscillation struoture is
simmetric relative to a central plane., The second region thres-
hold depended on the plasma enisotropy and was (0.1&-1):109::11:'3.
There were two oscillation branches in this region. The first
branch frequency was lower than 'Bi in the device oenter-UBi(B),
K 1@1, Kl?iz0.5, m=0, the second branch frequency was higher
Wgy(0), ana Klleizl’ K_l?izc.'?, m=1, These two branches had
threshold values close to each other and they caused the limi-
tation of the plasma demsity.

In the present work the influence of the excited plasma
osocillations on oyclotron instabilities has been investigated,
The acheme of the experiment is presented in Fig., 1. The sig-
nal from the generator (G) was amplified (PA) and supplied in
opposite phase to two rings disposed at the device ends.Fig.2
shows the emplitude (9 distribution of the excited oscillations
along the magnetic field. Dotted line represents the distribu-
tion of the oscillation potential without plasma. It ocan be
seen that large - scale oscillations have been excited, the
oscillation amplification by a factor of 10-20 taking place in
the plasma. Fig., 3 represents dependence of the density region
of the oscillation excitation (shaded area) on the ring volta=-
Bge UE and on the generator frequenoy "s- The lower threshold
of the excitation region in the density band corresponds to
the condition ngﬂm, where in the calculation of Il'l‘_.B an ave-
rage plasma density n was taken, The upper boundary depends
nonlinearily on the amplitude Ug and increases with the in-
corease of ‘Ds.

The influence of the excited plasma oscillations on ACI
is shown in Fig.4. The ACI threshold is lower than that of the
flute instability and therefor feedback system for suppresion
of the flute instability was switched off. Under these condi=-
tions losses due to ACI were observed to be approximately
equal to the charge-exchange losses, In presence of the exci-
ted plasma oscillations cyclotron losses disappeared (Fig.h).

ACI suppression has been observed over all the region of
the oscillation excitation at a sufficiently high value} of Ug'
the oyclotron osoillation amplitude A has been decreased by a
factor of more than 100,

The influence of the excited oscillations on the cyolo-

9 3

tron oscillations in the second region at densities ~10 om™

is more complicated. Oscillations with azimuthal mode m=0 have
been fully suppressed, but m=1 oscillations were presented in
the explored region of Ug(up to 10V). The plasma density in=-
creased by ~20% but it remained limited by m=1 oyolotron
oscillations,

ACI and m=0 oscillation suppresion is likely to be con-
nected with heating of the electrons by plasma oscillations
and absorption of the cyclotron oscillations due to Landau
damping. Remaining m=1 instability was identified as a modi-

fied negative mass instability,
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PLASMA DRIFTS IN THE POLYTRON
H. Chuaqui

Blackett Laboratory, Imperial College, London SW7 2BZ

Abstract: The outward toroidal drift in the Polytron has been suppressed by the
addition of a vertical magnetic field, none the less vertical drifts are present which

prevent further Hall acceleration.

Previous results (1) have shown that the plasma column in the Polytron has a
toroidal outward drift. The addition of a vertical field prevents this drift. None-
theless, a decrease in.the reaction force on the cusp colls and toroidal velocities is
observed, probably due to a vertical shift of the plasma.

The Polytron is a toroidal Hall accelerator with 36 cusps. A schematic of the
apparatus s shown in Figure 1. The accelerating electric field is provided by dis-
charging a capacitor bank through o set of induction rods. This set of rods also provides
the vertical magnetic field which prevents the radial outward toroidal drift (2). lons are
preferentially accelerated as the ion Larmor radius is larger than the cusp separation (for
argon is the present device), where electron Larmor radius Is small, except near the cusp
magnetic axis where they can flow freely. Off axis the electrons are tied to the magnetic
field lines. For perfect conductivity, the magnetic field lines are effectively equipo=
tentials, Thus, the electric field can exist only in the ring cusp region . (3)

The radial and vertical motion of the plasma in the minor cross section have been
investigated by measurements of the distribution of line emission from All, Afll, and

AlV and by external magnetic probes, The line emission measurements show a wel|

defined narrow channel ( 1.cmdi ) that stays d on the major radius,
but show a vertical drift df up to B-:nm at late times. Figure 2 is a typical plot of
plasma position with respect to time. Within the margin of experimental accuracy
the vertical shift does not seem to depend on the direction of either the toroidal
electric field or cusp magnetic field. Also shown in the figure is the reaction
force on the cusp coil, From these measurements the decrease of the reaction force
on the cusp coils seems to be associated with the vertical shift, presumably due to
the fact that the Hall currents in the ring cusp can no longer close.

Figure 3 shows the fon toroidal velocity as a function of time. The ion velocity
measurement was obtained by a differential Doppler shift method (2). Mote that the
ion velocity changes only after the reaction force begins to decrease. At this time
there appears to be a reduction in the ion number density on axis, as inferred from the
Alll and AIV line emission, shown in Figure 3. This seems to be consistent with the
vertical drift shown in Figure 2,

Line profile measurements show that there is a Doppler broadening which is larger
near the ring cusp region than at the point cusps. This indicates that the broadening
is not wholly thermal, but that there is a large contribution due to directed ion motion
in the ring cusp region, in agreemant with particle trajectory calculations (4).

Less of particles through the ring cusp and thickness of the loss region have been
investigated by a faraday cup probe positioned near the wall.  These measurements
show that after an initial loss (1.5 to 3/") there is little further loss. The loss
width is between 3 and 8 mm, which is between an electron and ien Larmor radii
and is consistent with resistive sheath calculations (3).

The measurements indicate that the radial outward motion has been suppressed by
a vertical mognetic field. However, there is o vertical shift which limits further

Hall acceleration. The observed shifts are comparable with the radius of the plasma.
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LOW PRESSURE DISCHARGE AT ECR IN THE MAGRETIC BOTTLE
V.D. DOUGAR~JABON, K. S.GOLOVANIVSKY, V. D. SCHEPILOV
Plasma Phisics ILaboratory

Patrice Iumumba University
Moscow W-302, U.S.S5.R.

A possibility of creation of three-dimensional well for
ions in the mirror comfiguration,added by h.f., field on elec-
tron cyolotron resomance (ECR) was experimentally investigated.
Experiments were caﬁ.ad out with hydrogen at ‘pressure 7 10_
torr.It was shown that such a potential well with a depth of
50 = 60 v was formed at the generator power level 75 watb.

This work presents the experimental investigation of one
of the possibilities of creating three dimensional electro-
static potential welil for ioms by acting on the magnetised
electron cnmpqnant by external microwave field near electron
gyroresonance.The idea of the experiment is as follows.Let
the plasma be contnined in a magnetic bottle,in the central
plane of which is created a microwave field with the electric
component perpendiculer to the magnetostatic fiald.;Sinne the
field in such a trap is radially inhomogenious the condition
W=, is realized on a certain axially symetrical surface,
the radius of which may be varied.

Perpendicular heating of electrons takes place mainly on
this surfage,bence the electron mean energy here will be come
siderably higher that in the other regions of plasma.Due to
intensive diffusion of hot electrons,plasma on resomance sur-
face acquires a positive potential with respect to the cent=
ral part,thus creating a radial well for ions.In the longitu~
dinal direction,anisotropically heated electrons are held
back by the increasing magnetic field,which enables to hold
back ions electrostaticaly '1n the longitudinal direction.

In this case the life time of ions in such a three-dimen-
slonal well should increase by exp (Ze lgmi) times,where Ze-
the ion charge, - height of polential 'ban-ier.ii— ion tempe-
rature,and the ions flow from the well decreases by the same
amount .

Experiments were carried out in a mirror device with B=135.
Bm=(850 = BB0) gs.In the cemtral part of the trap is situ~
ated a cylindrical cavity,in which TEryy right hand rotating
field atw= 1,5 10105664.1’5“; 75 wt was enit:gjl;mﬂuhnrso
in hydrogen was investigated at a pressure 7 10 “torr.

The radial. distribution of electron temperature and den-
8ity are presented in Fig I;ls.:l:l.mn electron temperature was
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o‘bgerved in the ring zone with r = 10 mm.In the same zone

X = ray radiation,coresponding to electromns of 5 Kev energy

was also cbserved.Radial distribution of plasma potential is
presented in Fig 2.In Fig 3 is given the longitudinal distri-
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bution of plasma potential.At pressure higher than 1 10~ torr
in the condition of our experiments longitudinal potential is
not formed.In this way,inside the cavity at sufficiently low
electron collision frequency,a threo;dmm1cml potentidl
well for ions is formed with a depth 45 v in the longitudinal
direction,and 60 v in the perpendicular mantion;

The existance of a three-dimentional potential barrier
for ions results in an increase of density in the cemtral Te—
gion of discharge.In our experiments the plasma demsity is
8ix times higher in the well than in tne hot ring as shown in
the Fig 1.

Since the main ehanell of charged particles loss is dif-
fusion,we can estimate the ion life time by the expression

nvV
= ——
¥

where n,V and I are,respectively,the plasma density,volume and
the full diffusion flow out of this volume.This diffusion ion
loss 1s compensated for by the ionisation of neutral atoms
which takes place troughout the plasma volume,with the
greatest imtensity in the zome of maximum potential.The cal-
culated lonisation flow into the three-dimentional well
agrees with the experimentaly measured flow of ions from the
well.The lon life time averaged over the well volume is 60
mesec.This is over 10 times the ion 1ife time outside the
well and in the same volume.

Thus,it is experimentaly shown that ECR discharge in the
field of mirror bottle at sufficiently low pressure formes a
three-dimentional potential well for positive ions,the depth
of which is determined by the microwave power level and the
magnetic field geometry;
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RADIO-FREQUENCY PLUGGING OF MIRROR AND POINT CUSP ENDS

T.WATARI, R.KUMAZAWA, S.HIDEKUMA, T.AOKI, M.INUTAKE, S.HIROE
A.NISHIZAWA, K.ADATI, T.SATO, H.OBAYASHI, T.HATORI, T.WATANABE
K. TAKAYAMA

INSTITUTE OF PLASMA PHYSICS, NAGOYA UNIVERSITY, NAGOYA, JAPAN

Abstract: Mirror end loss can be suppressed by applying an rf
field at the mirror throat through low impedance coils. This
method is verified to be effective even when plasma density

amounts to 1034 cn”3,

When an rf electric field is applied perpendicularly to
a magnetic field, the combined effect of the electric field and
a spatial variation of the magnetic field is such as to exert a
force on a charged particle in the direction of decreasing mag-
netic field. Such force is applicable to suppress the end loss
of an open system. In so far our experimental uorkstl) have
been concentrated on plugging of the line cusp end. In this
paper we confine ourselves to the plugging of an open end of
cylindrical geometry like mirror and point cusp. There are two
typical ways to produce an rf electric field: electrostatic
field by a pair of parallel plates, and electromagnetic field
by a coil. In the plugging experiment on the line cusp, the
former type has been used. 1In this experiment, however, we
adopt the latter and three types of coil shown in Fig.3 are
examined. Type 1 is an ordinary 7-turn solenoid, type 2 a pair
of half turn coils. Type 3 is similar to the one used by
Ovchinnikov et al. in the heating of a stellarator plnsma.(z)

The experiment is carried out in a mirror magnetic con-
figuration (see Fig.l). The magnetic field intensity of the
throat and the center of the mirror are 5.84 kG and 1.8 kG,
respectively. A hydrogen plasma is produced by a TPD source

3, while an MPD suurce(s]

for the density less than 1013 cm”
is used for higher densities. It is known that the ion and
electron temperatures of plasma produced by these plasma
sources are nearly equal. The plasma is introduced through one
of the mirror throat into the center of the mirror. An rf
field is applied on the other mirror throat to reduce the
plasma loss. The rf field is fed by a 500 kW rf oscillator.
Applied rf frequency (6.2 MHz) is lower than the local ion
cyclotron frequency (7.55 MHz) inside the coil. The plasma
density at the center of the mirror is measured with a 70 GHz

micdrowave interferometer, a diamagnetic loop and a double probe.

The loss flux is measured with another diamgnetic loop set up

microwave (7OGHz) probe

plasma rf coil
), = 7
—F
\ multigrid
T enerqgy
analyzer
Fig.l Experimental setup diamag. coil

behind the rf coil and a multigrid energy analyzer used as an

ion collector. Figure 2 shows the signal of the multigrid

Fig.2 Loss flux
with and without
rf field.
Time scale:
200 ps/div.

ZEero leve1_> ;

analyzer. It must be noted that remarkable decrease of loss
flux is achieved when rf field is applied. Relations between
the plasma density n and rf voltage Vg to keep a given value
of the plugging efficiency is experimentally obtained and

shown in Fig.3 for the three coils. It is read that Vg = n0-%
for type 1, Vg = nn'5 for type 2, and V o = 2?1 for type 3.
Type 3 coil needs the least rf voltage for high density plasma.
Both type 1 and type 2 coils produce rf field in azimuthal
direction and there is no intrinsic difference between them.
Type 2 coil is more effective than type 1 coil, because induced
electric field is inversely proportional to the number of
turns. Type 3 coil differs from the others in producing a
non-vanishing electric field component inside the plasma, which
is effective for the plugging. Type 1 and 2Z coils give the
electric field vanishing on the axis. The result of type 3
coil is remarkable in its very weak dependence on the density,
and this is quite meaningful for the future application of rf

plugs to fusion plasmas.
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Fig.3 The experimentally obtained relation between the plasma
density and the rf field when loss flux is suppressed to 10 §%.
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R. F. Plugging and Heating of a Magnetized Sheet Plasma
Kazuya Uelmra: Akiyosi Itakura, Shigeo Hagiwara and Shoji Kojima
Institute of Physics, The University of Tsukuba, Ibaraki, Japan.
#*Division of Thermonuclear Fusion Research, Japan Atomic Energy

Research Institute, Tokai Establishment, Ibaraki, Japan.

Abstract: R. f. plugging and heating of a magnetized sheet plasma is confirmed
experimentally to be effective at a frequency of a series resonance in the
r.f. circuit inecluding the plasma, the sheath and the oscillator. The frequency

1is not the characteristic frequency of infinite plasma.

Recently a radio frequency electric field in a plasma has come to play
an important role with respect to stabilization of instabilities, heating and
confinement in plasmas aiming at the thermonuclear fusion reactor. Many
efforts have been made to supply r.f. powers to give emergy to the charged

particles in plasmas. When the r.f. electric field Bp is excited in the

plasma, the plasma forms a quasi-potential ¢, which is expressed byn
2 2 2 2
Cw +w ) w - w )
§ __i & pi " pe 07 g2 fen)
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2 2 ..+1/2
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vacuum. Therefore, when ¢ has a derivative with respect to the space, that

where wo-((w:iwi;u::ew: and € is a dielectric constant in
is, the spatial gradient of the magnetic field and/or of the density exists in
the plasma, the charged particles in the plasma should feel a pondermotive
force F=-V ¢, and are accelerated effectively. At the same time the plasma is
hea%ég). Experimental mveatigatiouqs], however, do not completely support above
predictions. When éhe dielectric constant becomes zero, which is the eigen

resonance of the plasma, the total impedance of the r.f. circuit becomes

infinitely large and the.efficiency of a power absorption into the plasma
is not always good. While, when the series resonance of the system occurs,
which corresponds to the case of the sheath resonance, the r.f. field in
the plasma becomes large. Then, the plasma plugging is very effective in
the resonance. In this paper, the experimental study on the sheath

resonance is reported from the aspect of the r.f. plugging and the heating
5)

Experimental apparatus is shown in Fig.l. Magnetic field configuration

of a magnetized sheet plasma.

is a mirror type with a ratio 2.3. A plasma produced by ECRH near the mirror
point diffuses out to the mirror center and is made a sheet type by a pair

of alminium limiters inserted perpendicularly to the magnetic field. The
parallel electrodes for supplying the r.f. power are placed in the region
where thé magnetic fileld gradient is large and the spacing of the electrodes
can be changed widely so as to vary a sheath thickness. The field stremgth
at the center of the electrodes is about 1.0 kG, A grid type electriostatic
energy analyser is placed at the down stream of the plasma in order to exa-
mine the particle loss, and the ion sensitive probe is inserted in the mirror

center. The plasma density at the mirror center is about 101°m‘3.

and_ the
electron and ion temperature at the same position are 5-10 eV and 0.3-0.8 eV,
respectively.

Following results are obtained : When the series resonance occurs in the
circuit, the total impedance of the system takes minimum and the phase shift
of the r.f. current to the voltage becomes zero, then the ion saturation
current on the analyser decreases resenantly. On the other hand, the ion
saturation current on the ion sensitive probe increases correspondingly to
this decrease, and the increment of the ion temperature is also observed.

As shown in Fig.2 and Fig.3, these resonance frequencies change by varying

the spacing of the electrodes d, where the plasma parameters are kept constant.
The resonant frequency is clearly above the ion cyclotron frequency and be-
low the lower hybrid resonant frequency.

Above experimental results can be explained by using a simple model

of the sheath and the plasma. The equivalent circuit fs assumed as shown
in Fig.l. For simplicity the sheath is assumed to be completely vacuum.
The impedance of the sheath, 25, and the plasma, Zp, are f’.s =1/ ijE and
‘zp =1/ jwcp, where CB and [:p are the effective capacitance of the sheath
and the plasma, respectively. Then CB = EOA I ey CP = EUE_LA / p, where

A is the area of the electrode, s the sheath thickness, p the plasma thick-
ness and €4 the perpendicular dielectric constant. As the total impedance
of the system is described by Z = Zis + I’ZP + 1t , the r.f. electric field
in the plasma is expressed as Ep = ( ép 'zt Ve / p ), where vrf is

the voltage applied between the parallel electrodes. The value r in z

is the real resistance which may contain the total r.f. eircuit. The
plasma forms a quasi-potential derived from Ep 2

2 2 2 2 2 2 2 2
( mpi+ mpa)( W= mo)( W= mci) (w"- mne) o

1 2
b= 3 eV
20T e o” - ol ) C0f -l @ wl) - wl)?

where mLH, mHH are the lower am% upper hybrid resonant frequency and u)m,
mIJG are the frequency of the sheath resonance. Vhen w = ch, w= mUG'

1
the r.f. plugging and the heating of the plasma may be expected at these

then Z takes minimum value and Ep , . and F takes the maximum value, so

points. MLG versus G is calculated graphically in Fig.4 putting the density

as a parameter, where G is the geometrical factor : G = p/d. When the
sheath is absent ( G = 1 ), then e becomes Wy and when the plasma is
absent ( G =0 ), then ay L
The ion heating is well explained by a Joule heating procéss of a

c becomes w.

radio frequency resistance. From the equation of the energy balance and

using the conductivity in a magnetic field, the increment of the ion tem-

perature is estimated 22 BZ 3)
Aty = —E vy

2 ic

mi W

i
where \2 is the collision frequency, m1 the mass of ions and Tic is the
energy confinement time of ions.

In conclusion, an r.f. plugging and heating of a magnetized sheet
plasma occurs more effectively at the sheath resonant point, but not
at the ion cyclotron frequency or at the lower hybrid frequenmcy.
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OPEN TRAPS

H.J. Hopman, J.A. Markvoort, E.H.A. Granneman and P. de Jagher

Asgociation EURATOM-FOM

FOM-Instituut voer Atoom- en Molecuulfysica,
Kruislaan 407, Amsterdam/Wgm., The Netherlands

Abstract: An analytiecal expression for the electron heat conduction in a
o 7 : :

linear plasma column of constant pressure predicts an increase in the
energy confinement time of roughly a factor A(Z/4) wheu endplugs are
used; A is the fractional length and Z the ion charge of the endplug.

Introduction: In linear fusion experiments such as laser or REB heated
plasma solencids the energy confinement time is determined by electron
heat conduction along the magnetic field [Green et al.]. In case the par-
ticle lifetime is determined by multiple mirror magnetic confinement
[Lichtenberg et al.] one can show that the ratio of energy confinement
time 71 and the particle ‘loss time 1 is given by [Benford; Budker et al.]

2 5/2
TmJ'TEr.:Z (Tef'l'i) \fmi,"ZmE 3 n
where Z is the charge of the plasma iomns. Eq. (1) shows that Tp << Tps

unless T, << Ty, valid for linear B-pinches. To reduce the electron heat
conduction it has been suggested [Dawson et al.] to use endsections fil-
led with a heavy gas such as Kr or Xe. The coefficient for electron heat
conduction K is proportional to the electron—ion collision time To and

therefore proportional to Z_I .

g =2 ne'l.'gk2 teilme; Tai =b T:IZ,zi“e W (2)
If the heavy gas is multiply ionized, the large value of Z reduces the
electron heat conduction and g is increased. In E-beam heated plasmas
Te, reaches values above | keV within a few nanosec [Jurgens et al.].

In plasma with T, 2 1 keV and n, = 10222 ona can obtain Z=10 [Mattiolil
in about 100 ns, which is presently the duration of E-beam injectiom.
Therefore it is worthwhile to look carefully at the influence of high Z
endplugs on the energy confinement time.

Formation of endplugs: E-beam heated plasmas are ideally suited to do ex-
periments with gaseous endplugs. The beam is injected into the plasma

chamber through a metallic foil separating the plasma area and the diode

from which the E-beam is extracted. If the beam current density exceeds
m 1.5 kA cm_z. these foils are ruptured during beam injection. Two foils
in succession make up a gas chamber. On firing “the beam both foils are

tuptuteﬂ' and the gas is released and is ionized by the beam. This way an
endplug is established with precisely known initial values such as den—

sity, location and type of gas.

Reduction of heat conduction: Because T, > Tg We assume that the parti-
cle density is constant in time. In case of E-beam heating electrons are
heated preferentially. Therefore we do not take into conmsideration the
plasma ions. Furthermore we assume that the kineric pressure nkT is only
weakly dependent on the axial distance -z. Because of the boundary condi-
tion that the temperature at the ends of the plasma column is very small
we have the kind of z-dependence for n and T sketched below.

T

. — —

I
i
+
2 0 —_— 0z
endplug main plasma endplug

L

In the main plasma we have Z-Zl. In the endplugs, located between z =1
and z=L, we have ZHZZ. We assume a sharp interface between plasma and
endplug with no mixing of particles. We allow for the formation of a
sheath with a jump in density and temperature but with pressure conti-
nuous. We neglect any dependence on radius.

If only electron heat conduction is considered and all other loss mecha-
nisms are neglected, it is possible to derive an analytical expression
for the endplug heat loss reduction. When the electron heating pulse is

over, the energy flow in our one~dimensional system is described by,

3 nTfat=a a%17/%/32% ; d= by /21K, (3)

Because n is time independent we have an equation in T, which can be
solved by separating the temperature in a time and a position dependent
part, T-Tt(:) Tz(z),

7/

i 7/2
t

2 2,
aTtia: (d,t'n'l'z) ] Tz

13z = 2a/5, %)

where A is the separation constant. The time dependent part can be inte-
grated directly and the spatial part can be integrated if we assume that
T, which is essentially the pressure p, is a known function of z. The
boundary conditions taken into account are,

1) At z =1 both pressures p and heatflow q=- KIIBTIBZ are continuous.

2) At the interface at z =1 a sheath may develop. We define a parameter
azir,,(0)/1,, (20132

plug, o is treated as an unknown which must be derived from other consi-

. Subseripts | and 2 refer to main plasma and end-

derations. We assume a is conmstant in time.

3) At z=0, Tzl(z) = Tzu’ BTzl,n'az =0; at z=L, Tz[z) = Tw. The initial
pressure in the centre of the column p(0,0) =n(0)kT(0,0) is taken equal
to n(D)k'Iz(ﬂ); Tt(ﬂ) =1,

With these conditions the solution for the time dependent part T, for a
plasma column with endplugs becomes,

T, (6) = (1 -an) 23, s
=715 .7
’ —@5 A2 TJ;IZJ
A=g 4k [—575 —1, (6)
a C(2) #(d/dy) {(L=-2)B(2) +C (L)}
where, & z z st
B(z) -J p(z',0)dz', c(z) 'J B(z")dz', c*(z) UI dz' I p(z",0)dz".
o o L L

In the limit that L+L and a-+1, eq. (6) gives the solution for a uniform
Z,-plasma column. A decay time for the temperature is obtained from

5”—1),’:\. Next we calculate the ratio of

T:(U]ITI._(T) =e, giving T =- (e
the decay time t in a homogeneous column and +* in a column with endplugs.
Simplifying the result by taking T,=0 and a constant pressure p(z,0) =Py

we find,
* 2 d 2
T L 7/5 "1 2
—=[=+a ¥ (1-=5)1. (1)
T LZ dZ LZ

With 22 2 20 and Z]=1 we have dl.ﬂ'ﬂ2 s ZZM = 5. Then taking £=0.8 L and

T *
o=1 we obtain T = 2.5 7.

Conclusions: At first sight endplugs help in reducing heat conduction

losses but marginally.

The ratio 1"/t is proportional to 22. The ratio 1*."( is proportional to
c?.fS_ (T |"‘T2)7,2
Z, and Z,-plasma. The kind of jump sketched in the figure is favourable

. a comes from the temperature jump at the interface of

for enmergy confinement. Because of the large 7/2 power it is worthwhile
to develop methods to enhance this effect.

The pressure profile has little influence on T*J'r.

Remarks: The useful length of the endplug is limited by the demand that
the heat flow from the main plasma is convected to the end walls and not
lost by other means such as radiation.

The lifetime of the endplug is limited by diffusive mixing of the ions
from the ZI and zz plasma.

This work was performed as a part of the research program of the associa-
tion agreement of EURATOM and the "Stichting woor Fundamenteel Onderzoek
der Materie" (FOM) with financial support from the "Nederlandse Organisa-—

tie voor Zuiver-Wetenschappelijk Onderzoek" (ZWO) and EURATOM,
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EXPERIMERTAL STUDIES OF LASER-PRODUCED PLASMAS
WITHIN THE SPHERICAL MULTIPOLE TRAP

J.Baranowski, S.Chyrcsakowski, K,Cesaus, K.Melsaoki,

M.8adowski, E.Skiadnik-Sadowska, and 5.Ugniewski
agtitute of Nuclear Research, 05-400 Otwoek-Swierk, Poland
tract: The paper reporis investigations on plasma production
containment within the spherical multipole /SM/ trap. Re-
te of interferometric and speotroscople measurements are gi-

. A leskage aperture is determined from probe measurements.

spherical multipole /SH/ configurations have been extensive-
investigated /1,2/ eince they form true minimum-B traps with-
linear loss-gaps. The concept of plasma containment with
h-order multipole fields /17 has slso been expleited in cy-
drical machines /3/ used for basic studies of quisscent plas-
. In our initial experiments /1,2/ with the SM fields and
smas produced by injectors an increase in the containment

e was observed as compared with a conveniiensl spindle-susp
tem, but more detailed investigations /4,5/ have shown that
y & portion of plasma injected inte the SM field can be ef-
tively captured. Therefore it was of interest to investigate
or methods of £illing up the trap., Particular attention was
d to m laser method since it provides a relatively cleam
sma and makes pessible to reduce a particle leak /6/. In the
estigations to be demoribed, use was made of a new Kakius II
1ce /7]. A layout of this facility is shown im Pig.1. The 23-
4.d. spherical chamber has been equipped with a new oil-less
uum system and a met of modified SM coils. These coils were
yplied frem a 2.000 f_l!. 10 kV, condemser bank and made possi-

[y’ MM, ble to gemerate

pulsed magnetic
s fielde up to
100 kG at the
chember wall/B/.
The experiment

described has

an Supply ond
S however been
Pig.1. performed with

plds up to 24 k@ only. Plasma was generated by 1 J, 40 ns,
by laser pulses fooussed on a polyethyleme-foil target pla-
i at the center of the trap. Since the HWHM of the SM-ocoil
rrent pulse was about 1 ms, the magnetic fisld during laser
lse was practically constant. Thiockness of the target was
rried from 25 to 250 m. When a 250-n foil
s used, some assymetry in integral visible

diation /see Pig.2/ has been observed, but 4
larger portion of laser energy was then ab-

10
rbed. A1l the memsurements were performed —

a pressure of 1077 mr. To ensure appropri- PFig.2.

e Teproducibility, laser energy was controlled end the target:
s shifted a 1little after each shot. A photo of a typical la-
r orater is shown in Pig.3. The dark places correspond o car-
3 -ﬁ.«ﬂ bon layers, and the central hole proves that
plasma could penetrate through the target im-

mediately. An amount of hydrogen atoms vapor-
iged during a shot, as determined from the ora-
ter dimensions, was about 5 x 10'8, More de-
Fig.3. talled informations mbout the initial stage

of plasma expansion were obiained by means of a Mach-Zehnder
interferometer /see Fig.1/ and optical spectroscopy. A typioml
interferogram, taken at t = 40 ns, is shewn
in Pig.4. The fringe shifts observed corres-
pond to the maximum electron oconcentration

~5x 1011 em™> and the total number of eleo-

troms ~ 2 x 10", These numbers can be compa- _ |
red with resulis of spectroscopic measuremenis Fig.4.
performed at various distances from the target /mee Fig,5/. The
electron concentrations determined from the Hy line, are approx.
one order smaller than those assessed from interferometry /i.e.,
1.4 x 10'7 ou™3 at the foous, 0.3 x 10'7 on™> at 5 = 0.5 mm,
and 2,1 x 1076 on™3 at s = 1.0 mn/. This can be interpreted by

own

A an inorease in

temperature and
exoitation of

—Clll 4187
—Cll 4267

—Clll 4326

carbon ions.
Hence, 1t can
be shown that
during the imi-
tial stage tem—
Pig.5. peratures ine-
creased from 1 eV to 7 eV. It should however be noted that speo-
troscopic measurements have also demonstrated carbon iens ex-
panding with velocitles of 5 x 108 om/e, what corresponds to
energies of several hundred eV. Substantiel informations about
plgsma interaction with the S £1eld wers obtained with = comb
probe and ion collectors placed within the loss-cones regions,
as shown in Fig.1. Typical signals obteined from two differemt
pins of a comb probe, are presented in .
Pig.6. Results of detailed probe measu- i !
rements performed with and w:l.tt'mut the /
magnetio field, are shown in Pig.7. It
can be easy seen that the half-width of
the leakage aperture of plasma ions es- Pig.6.
caping through the point cusps, was about 0.9 om. This means

that the leakage aperture was somewhere between the hybrid gy-

— R T roradius /r.ril” 2 for carbon ilons and
- P8 20if| the lon gyroradius r, for protons. This
T A 1s principally consistent with the exist-
'_E_ ing theory and results of other lamer
= experiments carried out with a standard
% J a o \ spindle-cusped configuration [Qf. In or-
5 N & : - der to check whether it ims possible to

- il reduce the leskage aperture in the SN

2

: Radial distance (mm) trap below the hybrid gyroradii, it is

Pig.7. necessary to perform a detailed mass-
and energy-analysis of escaping ions. An improvement in sphe-
rical symmetry of the experiment as well as measurements foi-;
larger velues of B, are also required. Further investigationa
on these subjects are being continued.
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ENERGY DEPOSITION IN NEUTRAL HYDROGEN BY AN INTENSE RELATIVISTIC
ELECTRON BEAM

A.K.L. Dymoke-Bradshaw, A.E. Dangor, J.D. Kilkenny, L.J. Phillips
Blackett Laboratory, Imperial College, London, United Kingdom
Abstract: Measurements of the energy dissipated by the return current induced
when an Intense relativistic electron beam is injected into neutral hydrogen are

41

compared with the observed plasma gnetism and the electron energy

obtained by laser scattering. These show that there is either o high energy

electron tail or that the fons are heated praferentially.

In @ previous paper (1) we reported that the energy deposited in a plasma by
a relativistic electron beam injected into neutral hydrogen was primarily due to
return current dissipation, the evidence being a close correlation between wOHM
(= HP' E:.dt) and wDL the plasma diamagnet ic energy . In this paper v:a report
further evidence for this and measurements of low u(zllk' A D) scattering to determine
the electron number density and the low energy electron velocity distribution. Simul-
taneous wOHM measurements were performed. The radial distribution of B, outside
the beam channel has been investigated by a double probe arrangement .

The beam, whose paramsters, as in (1) are 350kV, 50kA, 100ns, 2 cm
diameter, Is injected through a 12.5,:m aluminised mylar foil into a 7.6 cm diameter
chamber immersed in an axial magnetic field of . 1.5 Tesla. Filling pressures varied
from 0.1 to 1 Torr hydrogen. Scattering was performed with a 400MW ruby laser
incident perpendicular to the beam. The light scattered parpendicular to both the
laser and the electron beam was spectrally resolved with a 7 channel polychromator
over 12 nm on the blue side of 694.3 nm. Scattering was restricted to filling

pressures in the range 0.1 to 0.2 Torr where high values of Wonm have been obtained.

B 3 probe measurements indicate that the axial current outside the beam channel
is small, typically 60 urnpq/t:m2 at 0.1 Torr, compared with 8Wcm2 in the beam
channel.  This confirms the assumption made for calculating Wy i (1), that
the raturn current is confined to the beam channel. Analysis shows that the resis-

tivity Is 10 g -em, giving n, = 0‘4 n, outside the beam chonnel. This

“neutral
resistivity Is a factor 5 times larger than can be derived from data in (2).

Results of some shots are summarised in Table 1 and some typical scattering data
shown in Figure 1. This shows a non-Maxwellian velocity distribution at early times,
which has been interpreted as a two temperature component plasma. Figure 1 also

shows that at late time relaxation to a Maxwellian is observed. lonization greater

than 20% was observed in all shots, increasing to 250% at late times. The observed

anargywth.(:. luding ionization) in the electron velocity distribution sampled in

the scattering experiment is ~ 20% onOHM can be seen in the table. The
largast valua of wOHM measured was found to be associated with a low degree of
ionization.

Measurements of wOHM ond peak wDL as shown in the Table are in reasonable
agreement. So is their temporal  variation as shown in (1). This indicates that
there is no rapid loss of energy from the system due to radiation or thermal conduction.
The discrepancy in the cbserved energles, wOHM and W"m, must be due either to
energetic fons or to a very high velocity tail in the electren distribution.

Electron tails have been predicted, (3) and there is some experimental evidence
for this from X ray emission, (2). However, speciral profile measurements of the
Ho and H 8 emission lines which were previously reported, (1) suggest that the
energy could be in the lm:. The lines have typical f.w.h.m. of 0.56 nm. Hu

broadening is a factor of 10 larger than that due to thermal Stark effects for the
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measured n, 1f the broadening is interpreted as o Doppler width this corresponds to

energies 2200 ev thus accounting for the observed discrepancy. A high o

scattering experiment Is in progress to measure the fon temperature to check this.
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TABLE 1,
Shot| oy WipL, (max) “e“:) Ta1| Ta2 Wehe
No.| evem > even™? en™3 (ns) ev| ev| evem?
7.0 .10%7 5.0 .108%(170) | 5.2 1.1 .10%7
2.3 .1018 1.6 .10*5(1200 [ 0.9 10.7|3.6 .10'6

5.0 .108%(144) | 3.4 8.4f1.2 2017
.5 .10'7 | 5.5 .10%7 |
h.4 .10'% | 1.2 .20!8

m e W N

101°

Shot (1)
5.2eV
t = 170 ns

n, = 5.0 .10'% cn”?

0.9eV Shot (2)

1044 7 t = 120 ns
15 -3
0 a3 10.7ev ng = 1.6 .101% em
a
/ 1.3nm|
1012 — T T — T
2 2
o 10 (ax)“ nm 100

PFig. 1 Showing scattered light spectra of table 1.
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PLASMA HEATING AND ION ACCELERATION BY A RELATIVISTIC
ELECTRON BEAM - REB ACCUMULATION

P.gunka, K.Jungwirth, L.KovAd,V.Piffl, J.Stdckel, J.Ullschmied
Institute of Plasma Physios; Czechoslovak Acad. Sci., Prague 9
ABSTRACT: Results on REB interaction with an inhomogeneous
magnetized plasma are reported., The maximum efficiency of
plasma heating is found if a virtual cathode is created near
the end of the system, In the virtual cathode regime also
partial reflection and accumulation of beam electrons and

ion acceleration from a free plasma boundary is observed,

Measurements were performed on the improved REBEX machine [1]
(Ib= 10-20 kA, Ug= 450 kV, Q.= 150-300 J, t,= 70 ns). A gun
(aparture diameter 7cm) placed 30cm apart the foil anode fills
the whole interaction region (L=210 cm) with a hydrogen plasma
(n £ 3.10"%07%) only after a time delay of 60ps. For time
delays between plasma and beam injection td < 35ps the plasma
density remains negligible near the collector.
PLASMA HEATING

Plasma energy content
Q after the beam injection
i5 measured by three dia-
magnetic loops (placed at
%=50,100,140 om) at vari-
ous td. In Fig,1l the z-
dependence of transverse

plasma energy nE S is

shown for t,=40,80,200ps. f 100 140

Assuming an isotropic Fig.1

heating the REB-plasma energy coupling efficiency of about
50%,30%,20%, respectively, is achieved., As return current
heating is negligible in our system (Ih< IA’ LK tivh) exci=
tation of strong plasma waves near the upper hybrid ( {J: =~

&..;F;e > "‘-é:) represents the only effective channel for the REB=-
plasma energy coupling. Energy of these waves (loualizﬂd with-
in the beam channel) is rapidly absorbed by plasma electrons
via parametric-decay instabilities. Rough estimates based on
[2,3} suggest for the plasma core (Jem in diameter, n:j.lOlj
cm-j) heated by a propagating beam (nb/n=10-2} the following
typical values: tivaffmléanE.L/Eﬁ $1, vwhere the wave electric

l, threshold plasma length Lthzjc cmy

1 - g 9 -1
nE =3.10 Tevem 3. Ve h.107 877, Q = 0,2q,.

field E 100 kVem™

By shortening t, {tﬂﬁ 80 Pa] the heating efficiency in-
creases regardless the increase in the plasma density n and
in its inhomogeneity dn/dz. The highest efficiency is measured
at td=1iﬂy.a when a virtual cathode is created and a significant
part of the beam electrons multipasses the system. For td<koPs
we were not able to determine the plasma energy content as
strong v.f, cscillations (@ £ 6.1093-1) appear on diamagnetic
loops placed in the virtual cathode region. Signal from the
loop at z=50cm, however, continues to grow., The maximum value
of n§15==5.10lBeVnm-l is reached for magnetic fields Hu=4—ﬁkG
and 10p thick aluminized mylar anode foil, (Most measurements
were done with 30p AL foil at B = 4,7 kG.)

The plasma core is overheated at the end of the beam in-
jeotion ( ﬁ = BanE, /B:z_l) and tends to expand radially towards
a new pressure eguilibrium. If a dense plasma is heated rapidly

(i‘acﬁ min(f 1/21:1)) a strong magnetoacoustic wave with

ei?

%
BEAMS

frequency r:;rﬂc is expected to
U z=50cm
4 B=47kG

be excited by the expansion. Its
presence is demonstrated by reg-

ular damped oscillations of the a /\

diamagnetic signals (Fig.2). By

decreasing the plasma density b

ch approaches the ion gyrofre-

quency fci and the oscillations c

become strongly damped, Then,

0 200 400 600 tMns]

energy of the magnetoacoustic
wave Qac E ﬁl- Q/2 (2.«._{}!-) should be

effectively absorbed by plasma

Fig.2: Oscillograms of
diamagnetic signals nE‘LS
a) t =h0ps, n=6.10 Fom™
AR o
ions and heat them to keV energy, b) 60}15-‘ 4.10""cm
160 2.10Mca™d
3 c) s, S cm
, B = 4,7kG and
o

3

(For n:j.lDljem_
18 =1 o).

nE §=5.107 eVom it is G=3/2, Q.: Q/5, el. field E, =300Vom 7

Measurements of fast neutrals escaping radially indicate
that the lons are heated up to keV "temperatures". At higher
densities an appreciable part of ions is heated to several
hundreds eV, whereas at lower densities only a small part of
ions is heated, but to higher energies (‘i‘i=B—10 keV) Ions can
get comparable energy also in radial electric fields arising
in the hot electron plasma due to its expansion as well as due
to longitudinal losses of overthermal electrons,
ACCUMULATION OF REB ELECTRONS AND ACCELERATION OF IONS

To detect the accumulated beam electrons X ray bremse
strahlung from the foil anode was monitored. It increases with
the decreasing plasma length. The maximum observed enhancement
was about 6times for the foil-terminated plasma and about Jtim-
es for a longer plasma column with a free boundary relative to
the beam propagation mode, A similar result was obtained by
measuring the current from a foil placed closely (2mm) to the
terminating foil, indicating that the number of fast electrons
increases J-litimes. The multipassage of these elecirons through
the anode foil results in an increase in the net diode current.

In the virtual cathode regime energetic ions (Ei> 100keV)
accelerated from a free plasma boundary both axially and radi-
ally were detected, The total number of axially accelerated
ions Nin as well as their energy E is maximum if the beam

in
multipasses a short plasma column (Lp(SDcm, max EiuleaV, N

ws
2.1013 detected 2m downetraam). If the plasma boundary becomes
smooth (Lp>500m) the radial dependence of potential in wvirtual
cathode region causes the radial acceleration of ions to be
more effective than the longitudinal one. The initial focusa-
tion of ions towards the axis leads to a drastic change of the
pntential distributipon and ions with energies comparable fo
eUy can then be ejected. Bursts (20ns) of such ions with trans-
verse energy Eil>k00kev were registered, The total number of
ions accelerated from a smooth boundary should exceed signifi-
cantly that from a sharp boundary. Thus, at least for low dsn—’
sity plasmas, this direct conversion of energy from REB to the
plasma ions could be of practical interest,
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THE ENERGY LOSS OF A RELATIVISTIC ELECTRON BEAM MEASURED
BY MEANS OF A SCINTILLATOR AND A PHOTODIODE

B. Jurgens, P.H. de Haan, H.J. Hopman and P.C. de Jagher
Association EURATOM-FOM

FOM-Instituut voor Atoom= en Molecuulfysica, Kruislaan 407,
Amsterdam/Wgm, The Netherlands

Abstract: A plastic scintillator and a photodiode have been used to obtain
the energy loss of a 500 keV, 500 A REB being injected into a plasma,

having 10'! <n < 102, There is good agreement between this experiment
and recent theory predicting the energy loss by beam plasma instabilities
at o,

Introduction: Plastic scintillators convert about 3% of the kinetic energy
of a single electron into light, provided the electron is stopped within
the scintillator. The light output per electrom is linear with enmergy in
the range from 120 keV [1] to over 100 MeV [2,3]. The light intemsity is
proportional to the number of electrons striking the scintillator per unit
of time, thus in total with the power of an incident electron beam. We mea=
sured the photon output as a function of time. The method is similar to one
described in [4].

Above a certain power density the photon production behaves nonlinearly and
tends to saturate [5]. Literature gives no specific data for the type of
scintillator (NE104) which we used. We therefore did some measurements our-
selves. Because of the insulating properties of the scintillator plastic
charge accumulation and internal breakdown can nccué. at high current den-
sities. We found for our 500 keV beam that 5 A/cm’ corresponding to 1077
Clmz per shot gives a safe upper level for both effects. Since the current
density in our beam-plasma experiment exceeds this level we had to reduce
it. This was done by spreading part of the beam over a larger area.

Experimental setup! The experimental setup [6,7] consists of a 260 cm long
3 cm diameter plasma column produced by a microwave source (17 in fig. 1)

at 2.45 GHz. The plasma is confined in a 0.2 T magnetic mirror field. The

plasma density ranges from 10'! to 10'%ca >, A 500 keV, 500 A, 20 ns, 3 cm
diameter electron beam is injected (at z=0) into the plasma through a

30 ym Ti foil and leaves the plasma (at z=260) through a 30 um Ti foil
(19). The beam is stopped on a 3 mm thick Pb collector (21) having a hole
of 3 diameter on axis. Part of the beam passes the collector and ex-
pands in the diverging magnetic field, before it strikes the scintillator
(23). A collector (22) intercepts half of the beam just in front of the
scintillator to measure the current. The other half of the beam produces
light that is measured by a photodiocde (24). Time resolution is about 7 ns.
Since faster variations occur we integrate the signals over the beam pulse
duration. The photo diode signals are calibrated with the same beam being
injected into vacuum. In this case we know the beam energy from measure-
ments with a magnetic emergy analyser [8].

Experimental results: When we compare the integrated current and light
signals measured if we inject the beam either into vacuum, or into

plasma, we notice that in the latter case both charge and light output have
changed. A change in light output is generally the result of a change in
the number of electrons striking the scintillator and a simultaneous change
in the energy of these electrons. To show both effects the integrated light
intensity E has been plotted against the charge Q (see fig. 2). In this fi-
gure (X) represents shots into vacuum and other symbols originate from dif-
ferent plasma densities. At each condition several shots are shown separa-
tely to give an impression of the shot to shot variatioms. In fig. 2 a
pure energy loss gives a shift (vacuum compared to plasma) downwards, where-
as a decreasing number of electrons give a shift in the direction of the
orjgin. The average energy of the electrons in a particular shot is given
by the quotient ¢ =E/Q. If the beam loses energy in the plasma then L

the average energy of the beam electrons after having passed through the
plasma, will be smaller than e, the average energy after passing the
vacuum. In fig. 2 the solid lines give the relation between E and Q for
fixed €,

Discussion: All our measurements are summarized in ome _figure by plotting
the relative energy loss against S-szyaﬁ. the strength parameter of
Thode and Sudan [9]. The energy loss is normalized to the total beam ener-
£Y» nbrmeez, for comparison with theory. The measured energy loss is shown
in fig. 3 for a 30 ym Ti foil (X) and a 10 ym stainless steel foil (0).
Solid lines represent the theory of Thode [10]. This theory predicts the
besm energy losses due to a hydrodynamic beam plasma instability at the
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plasma frequency in case the velocity vectors of the besm electrons have
an angular distribution. Such a distribution arises from scattering in the
anode foil of the diode which produces the beam. The energy loss depends
on the mean scattering angle 0, defining the angular width of the velocity
distribution. Moreover it depends on the beam energy and the besm to plas-
ma density ratio. For our experimental parameters (viz. y=2, B=28° for a
30 ym Ti foil and 8=20° for a 10 ym stainless steel foil) the predicted
energy loss, according to equation (11) of ref. [10], is plotted against

awu{mnt,ﬂtheory-o" both
for the 30 ym Ti foil and for the 10 ym stainless steel foil. The foil

S. Averaging over all measurements we find AE

thickness has indeed the expected influence on the energy loss. Agreement
between experiment and theory is within a factor of 2 on the average.
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Fig. | - Terminating section of the beam-plasma experiment. The beam comes
from the left after travelling through a 2.4 m long plasma column.
Numbers are referred to in the text.
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RELATIVISTIC ELECTRON BEAM SCATTERING DUE TO
BEAM-PLASMA INTERACTION

P.H. de Haan, B. Jurgens, H.J. Hopman and P.C. de Jagher
Association EURATOM-FOM

FOM-Instituut voor Atoom- en Molecuulfysica, Kruislaanm 407,
Amsterdam/Wgm., The Netherlands

Abstract: The measurement of a plateau like energy distribution of a 550
keV, 500 A relativistic electron beam, having interacted with plasma, sug-
gests saturation of beamplasma instabilities by beam trapping. The mean
angle, 8, between the velocities of the beam electroms and the magnetic
axis, with 8 = 42° are obtained from the total curremt to the energy ana-—
lyser.

Experiment: A relativistic electron beam is injected into a microwave crea-
ted plasma of 2.5x lnnm_a. The plasma column is 3 em in diam., 2.6 m long
and confined by a magnetic field of 0.15 T. The beam has a maximm energy
eV, =550 keV, a maximum current I, =500 A, a pulse duration of 20 ns (FWHM)
and a diam. of ca. 2 cm. The plasma is prevented from entering the diode by
a 30 ym Ti foil. At the end of the column, the beam is stopped on a collec—
tor with a small opening on the axis of 3 mm diam. Through this hole part
of the beam reaches an energy analyser, after travelling through a drift
space of 1.2 m.

The 180° magnetic analyser is equipped with pin diodes as current detec—
tors. A time resolution better than 2 ns permits the measurement of a time
resolved beam energy spectrum.

Only electrons with their velocity vector within an angle Ba= 19, with res-
pect to the guiding magnetic field are accepted by the analyser.

Experimental results: In fig. 1 we show beam energy spectra, integrated
over 3 ns long time intervals, for two interesting times, t =26 ns, at the
maximum of Vb and I‘b’ and t=35 ns. The spectrum, obtained when the beam
passes through vacuum (thick line) is compared with the spectrum of the
beam, having interacted with the plasma (dotted area). By summing the mea-
sured current over all energies, we obtain the time dependence of the total
current that reached the analyser. Fig. 2 gives both the current in the

vacuum case (thi:r:k_'linei and in the plasma case (dotted area).

We note from fig. 1, that at t =26 ns the narrow peak of 550 keV electrons
in the vacuum case is spread out into a broad emergy spectrum, ranging
from 120 to 700 keV.

The same feature repeats at t =35 ns, when the beam energy evh has reduced
to 300 keV. Secondly, the spectral area is generally smaller in the plasma
case than in the vacuum case (fig. 2). Because a current is a product of
density and velocity, both retardation of the beam particles and scattering
out of the 1° veloeity cone, accepted by the analyser, contribute to this
effect. By averaging over the energy spectrum the mean energy and velocity
of the beam electrons canm be obtained, as a function of time [2]. From the
mean particle velocity and the current we can calculate the density .of beam
particles, that are accepted by the analyser. Fig. 3 presents the ratio of
that beam density in the plasma case, np. and the vacuum case n,-
Discussion: The beam electrons are scattered in the 30 um Ti foil at the
entrance of the plasma chamber. A plausible form for the angular part of
the beam velocity distribution is [1],

£(8) = exp(a cos 08). (4]

The mean angle between the beam electron velocities and the magnetic axis
@, is then given by 8 =v2/a. Diamagnetic loop measurements give a mean
angle due to scattering in the foil, 55-30"". After interaction with the
plasmz 8 has changed [3]. We call this mean angle between the velocity vec-
tor and the axis ap. Assuming that the scattering of beam electrons in the
plasma is isotropic, i.e. eq. (1) remains valid, then the number of parti-
cles in the velocity cone, ea, accepted by the analyser, is determined by

the mean angle. For 8, << EE' BF, eq. (1) leads to the simple relation

B =8 v/n_/o_. (2)
In fig. 3 we converted the ratio np."!sv by means of relation (2) to a mean
velocity angle 8_. We observe a strong fluctuation in BP suggesting a rapid
succession of the instabilities, with a 10 ns repetition rate. Large angles
Ep coincide with a strong broadening of the energy spectrum.
For t > BO ns the beam current is very small and data are no more reliable.
For t < 60 ns, the time averaged value of Ep is ca. 42°, which agrees with
time averaged measurements of the angular distribution by Greemspan [4].

In case the unstable wave is saturated by trapping of beam electroms,
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Thode [1] calculated the maximum wave amplitude that can be expected. Im—
serting values of our experimental parameters, o, I, Vy» at t=26 ns, we
find the theoretical amplitude of the electric field to be E=8.4 MV/m. For
an initial energy of 300 keV, at t =35 ns, we find E=4.2 MV/m.

The width of the broad beam distribution, resulting from trapping of the
beam, is determined by the wave field, and the initial beam velocity vy

and wave phase velocity vy Dispersion theory gives v¢~0.9 vy,- From a maxi-
mum energy of 700 keV, obtained from the distribution of fig. 1, we find
the wave electric field at t=26 ns, E=1.8 MV/m. From the broadening of
the spectrum at t=35 ns we find, E=1.6 MV/m. Thus, the measured value for
the electric field is smaller than the theoretical prediction.

Prom other experiments we know that strong beam plasma interaction is
limited to the first 50 cm [3,4]. Over this lemgth the trapped beam elec—
trons execute at mt;a: two bounce oscillations in the unstable wave. Thia
short length may be the explanation for the fact that the measured electric
field is below the predicted value. The bumpiness of the emergy spectrum
(fig. 1), too, could be caused by the short coherence length of the insta-
bility.
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RETURN CURRENT DRIVEN INSTABI-

LITIES IN A RELATIVISTIC

ELECTRON BEAM - PLASMA SYSTEM
P. Vrba
Institute of Plasma Physics, Czechosl. Acad. Sci.,
Prague 9, Czechoslovakia

Abstract: The numerical analysis of general dispersion rela-
tion for the charge and current compensated relativistic
electron beam and the plasma leads to the new synchronism
predictions. The return current’s slow space charge wave

and return current’s slow cyclotron wave are synchronous

with the ion plasma wave.

The dispersion relation in electromagnetic approximation for
monoenergetic relativistic electron beam - cold plasma system
was derived. Plasma waveguide confinement and the presence of
external magnetic field were taken into account. Our disper-
sion relation contains certain terms more than Adlam’s one [1].
These terms result from non zero oscillating magnetic field
and from full charge and current compensation presumptions.
The evaluation of complex roots of dispersion relation was get
by the numerical solution of eguivalent mz;trix eigenvalue
problem. Resulting dispersion characteristics of system studied
can be seen from Fig.l. Characteristic parameter 0 is the
ratio of beam electron density Qoand plasma ion density No,
Ais the ratio of beam electron velocity u, and velocity of
light c, B, is normalized magnetic flux-density, JL is norma—
lized cunp.lex frequency, K and T are normalized longi-

tudi~s+l and transversal wave vector, repectively.

0
r

1.5

1.0

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

Fig.l: Dispersion characteristics of cold relativistic electron

0 2 K

beam -~ plasma system, charge and current compensation
supposed oy = 0.138 , ﬂ = 0.82787 , T = 0.39 , B, =1

( Be = 0.9 ). Dashed and dotted lines represent the real
and imaginary parts of the Erequency.ﬂ. , respectively.
There are two salient diretions in K-flplane. One of them
corresponds to the velocity of relativistic eletrons, the

other is the direction given by the velocity of return current.
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Well known anomalous Doppler effect instabilities (ﬂ-ﬂ.ﬁ"ﬁw&)
and Cerenkov instability ({1-BK= (0 ) are excited in regions
A,B and C respectively. Coupling between the return current’s
slow space charge wave and ion plasma wave in a wide region E
results in so called Bunneman instability (ﬂ"‘ ;Lﬁk =0,
The maximal value of increment f' 2.0 1 is reached in the
vicinity of ion plasma frequency ‘Q‘P" An interesting inter-
action occurs in region F, where the return current’s slow
cyclotron wave is synchronous with the ion wave (-D."‘:_mﬂkl"Bc,
Owing to this synchronism the low freguency short wave-

Length electromagnetic wave (Rel) = 25 R , K» 1)

could be excited. Whenever ‘Qu. <'QF¢“ the unstable region F
disappears (see the detail sketches for B, = 0.9 and B, = 1,

Fig.l.). In a case of ﬂ,”<.ﬂ.;._especially when the external

magnetic field increases (or ﬁ'P == ﬂ decreases) the

o
=0
unstable region F is shifted to very high value of K, see Fig.2.

N
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Fig.2: Dispersion characteristics in the region of synchronism
of ion wave with return current’s slow waves. & = 0.1

=0.5,T=2, By =1.5

o«=0138, B:082787, (Bzp=-0.133)
Bs 1, T=0.39

Region[ReN] K [ T
A . 1.11_| 0.008 | 0352
B |o787 | 161 |0044 | 0489
C
E

.Vphfc
—

0736 | 107 | 0167 | 0688
- 700 | 0652 |-0.0049
- 780 | 0020 [-0.007%

Bc=0.9
[ E_J[0039 ]-720 o050 [00056 |

Representative numerical results are summarized in the
table. Maximal values of increment I for all unstable
regions and appropriate values of real part frequency e 52
longitudinal wave vector X and normalized phase velocity

/S"- %" are there compared. It can be seen that the maximal
increment [ of Cerenkov instability (region C) is three times

greater than Bunneman’s one (region E), in this case.

I would like to express my thanks to dr.P.Sunka, dr.K.Jungwirth,
for valuable comments and to dr.J.Lacina, P.JaroSova,

J.Schr8tter and 5.KS8rbel for numerical evaluations.
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RECENT PROGRESS ON THE FIELD-REVERSING ELECTRON RING
EXPERIMENTS AT CORNELL

H. H. Fleischmann, H. A. Davis, S, C. Luckhardt, and D. J. Rej
Laboratory of Plasma Studies, Cornell University

Ithaca, New York 14853, U.5.A.

Abstract: Stable field-reversal times in RECE-Christa have been
extended to over 450 psec, and field-reversal has been attained also by
combining two rings of 44 and 68% strength. In RECE-Berta, the addition
of quadrupole components leads to loss enhancement over the mormal col-

lisional decay.

As envisioned in the Astron and Ion Ring Comptaaeo):z achameal'2

field-reversing rings of high-energy ions trapped in a mirror may be
psed for plasma confinement and heating. Similarly, field-reversal has
been proposed for end closure in mirror machines. In the respective
Livermore Astron experiment using relativistic electrons, rings with 40%
of field-reversal strength were ubtﬂined,k but a combination ("stacking")
of rings to attain full field-reversal appeared to fail. On the other
hand, stably dez:aying, field-reversing electron rings have been obtained
in the three separate RECE-experiments at Curneu,s with field-reversal
times ranging up to 200 psec. The present paper is to report a further
extension of the reversal time in RECE-Christa and the attainment of
field-reversal via a successful stacking of electron rings. In addition,
further results on a multipole scabilizationﬁ of the precessional mode in
RECE-Berta are reported.

As described ear].iu,":‘ in RECE-Christa (Fig. 1) an intanse electrov
beam pulse (typically 2.5 MeV, 30 kA, B0 nsec) is injected nearly per-
pendicularly into a magnetic mirror trap (Bo = 500 Gauss, 300-700 mTorr
H, filling) augmented with a toroidal magnetic field By = (L - E)BD. In

order to extend the collisionally determined field-
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reversal times (so far up to 200 usec), a number of changes were made so
that rings trapped in a transient gas cloud. near the injector could be
moved axially into a high-vacuum region. These changes (Fig. 1) included
exchanging the normal copper liner (L/R-time = 15 psec) with a stainless
steel mesh (7 pseec), the addition of four pulsed gas valves (total out-
put = 150 atecm®) and the addition of two pulsed field coils (1.2 kiz,

AB <+ 50 Gauss). Experiments have been started recently. First,
trapping experiments were performed without ring movement (using crow-
barred pulse coils producing two ssparate field minima, and with a
relatively large delay (1.8 msec) between gas puffing and beam injection
so that a median gas pressure (30-100 mTorr) prevailed at the downstream
field minimum at the time of injection. In this case, often two separate
rings were trapped in the field minima. Due to the lower gas pressure,
the decay rate of the downstream rings was reduced, and strong rings
{SBIBB a 150%) with field reversal times of up to 450 psec have been
obtained (Fig. 2: 200 usec/div, 250 Gauss/div.). The initial decay of
these layers is slower than in our earlier experiments by about a factor
3 in rough agreement with the
pressure reduction. The decay

acceleration after about 800 psec

is caused by a rapid increase in

BEAMS

background pressure,
Ring moving experiments were performed both with steady gas pressure
and with gas puffing. In both cases, (Fig. 3a and b) the rings moved
over distances of up to 1.5 m, i.e. about 10 times the ring radius.
Average ring speeds of 1-2 cm/ sec are in good agreement with theoretical
expectations, with weaker rings moving faster than strong ones.
The mentioned simultaneous trapping
of two separate rings provided the
opportunity to investigate the
stacking of rings under the conditions
of our experiment. As shown in Fig.
3c, two strong rings (in this case
44% and 68%) readily combine forming
a field-reversing ring (§B/B_ = 106%).
This constitutes a marked improve-

ment over the Livermore experiment

in which only layers of less than
25% could be obtained and maintained
by stacking. T'g 3 ‘
On RECE-Berta, further experiments were performed on the preces-
sional ring stabilization by additional multipole Ioffe fields. The
enhanced decay of strong rings in quadruple Ioffe fields observed
earlier was reconfirmed (Fig. 4a), and investigated in more detail. It
appears that the critical ring strength at which the mini-dumps occur
is independent of the quadrupole field strength (Fig. &4b) and of other
external parameters. The decay ancmaly factor (relative to the normal
collisional decay rates) observed for rings with strengths above these
gritical levels is strongly dependent on the quadrupole field (Fig. 4c),
but independent of the pressure.

Overall, the results appear

consistent with an orbital
resonance of the fast electrons,
in which case such losses may
occur quite generally in near T T
=gl b) [ Y S L S
field-reversed rings in quadrupole 5° . =
3 b .
gstabilized mirrors, as for “i: P
2 ar % i
instance in the 2XIIB experi- e . -
a3 ¥ Car
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SPACE CHARGE NEUTRALIZATION OF ION BEAMS
A J T Holmes

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

ABSTRACT: The space charge of ion beams is severely modified by the pre-
sence of a neutralizing gas. A model is presented which describes the
behaviour of the beam space charge which agrees well with experimental
results. The theory indicates how the effect of space charge expansion of

the beam can be minimised.

INTRODUCTION: Neutral beam injection is a major method of plasma heating
in CIR. The power transfer from the ion source to the fusion plasma is
maximised if the ion beam and resulting neutral beam are highly collimated.
Most of the residual beam divergence except that due to space charge expan~
sion can be virtuslly eliminated by careful design. Using a model of the
beam plasma described below, we have been able to reduce this component of
the divergence to below the fundamental emittance limit whose value is
determined by the temperature of the extracted ioms.

2. PHYSICAL MODEL: For simplicity we consider the case of a collimated
monoenergetic beam passing through a gas filled volume bounded by conducting

walls at infinity. Ionization and charge: L ing collisions prod a

dilute plasma of low energy ions and electrons which modifies the vacuum
potential of the beam by trapping the electrons and -expelling the slow
ions. A complete description of the beam plasma can be obtained from the
continuity equation for these particles, their emergy balance and Poisson's
equation.
2.1 The Continuity Equation: The continuity equation is used to obtain
the slow ion and electron densities as discussed below.
_a) Ylow ions: These are produced by charge exchange and ionization.
The motion is purely radial and controlled by the electric field. Integrat-
ion of the continuity equation gives an axial demsity of

n;a - uboauvbzﬂjn.% b (Ze;’mi)1 5 sss (1)
This value of the slow ion density is only finite if the potential well near
the axis has a parabolic form.
b) Electrons: Since the electrons produced by ionization are born with
very low kinetic energy (assumed to be zero)s they can only escape from the
potential well via diffusion in velocity space until their kinetic energy
exceeds their binding potential. For a Maxwellian electron distributionm,
the time zuqu-iud to diffuse over a velocity increment o, by electron
electron collisions is proportional to sz. Hence the electrons can be
considered to move with a uniform velocity in "potential™ space and the
contimuity equation can be applied. If the solution is transformed back

to real space, and neglecting the radial distribution, the axial density

is n.ﬁ'lrsi - i i
i e e o R “bn"i'b%] . e &
e fa A e

2.2 The Fokker-Planck Equation When an electron-ion pair is created,

by ionization, the slow ion removes approx. 2e¢u13 as it escapes. The
electron must hence absorb an equal amount of energy from the beam by
coulomb drag to restore equilibrium before it also escapes. The ions
created by charge exchange are not involved in this energy bahnc!: 1]-

The beam ion energy loss is controlled the low velocity part of the electron
distribution which is enhanced over the Maxwellian distribution because of
electron ptodusticnr by ionization and the mear equality of the electron=
electron collision time and the beam containment time. We have calculated
the veloeity distribution, assumed to be a perturbed Maxwellian using the

Fokker—Planck equation, and find an enhancement at low velocities which
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has the form A !.n(vsfv). The energy absorbed by this distribution funct—
ion can be easily found and equating it to the enmergy loss caused by the
slow ions Ieads to an electron temperature of nnii /2.2 nb:.

2.3 Poisson's Equation: The complete solution involves the substitution
of eqs.(1) and (2) and the electron distribution function into Poisson's
equation together with an assumed beam profile, which results in an integro-
differential equation which can only be solved by numerical techniques.

1f spatial dependence is ignored and Poissons equation is reduced to plasma

neutrality on axis re-arrangement gives

2
O.ﬁlﬂsoc‘i#m . LG my )l . o a¢w )5
T eB AE W \w S @

nvy
The solution of this equation is compareéd with experiment in Fig.l and fairly
good agreement is obtained which is further improved if the full Poisson's
equation is used. The electron temperature can also be derived and is found
in good agreement with experimental results. It should be noted that the
potential ¢u depends only on the beam density and not the radius at low
pressure as opposed to the vacuum beam where ‘m scales as “bcroz‘ If ’m is
incorporated in the paraxial ray equation after allowing-for the effects of
beam divergence and charge exchange on the value of n.; the numerical

solution for the target radius r,

o of the beam envelope shows that Ty

declines with increasing values of beam waist, R subject to t.r>l. This _15,
a direct consequence of the scaling of ¢m with R. This effect has been
used to build large single aparture beam extraction systems., The results
are shown in Fig.2 where the divergence, defined as (r.:- R) Zyps declines
with beam aperture radius. It is not practical to use still bigger
apertures because of the anode hole effect.

4. CONCLUSIONS: The virtual elimination of the e€ffects of beam space
charge arises from the scaling of the radial potential on beam radius which
differs completely from the scaling of the vacuum potential. Hence large
diameter, low divergence beams can be created at high emergies and current
densities applicable to CIR.
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PARTICLE BALANCE IN A PICKET FENCE ION SOURCE

A Goede, T S Green and B Singh
Euratom-UKAEA Association for Fusion Research
Culham Laboratory, Abingdon, Oxon. United Kingdem.

ABSTRACT. Electrical efficiency and factors relating to instability have

been investigated in a picket fence ion source.

1. INTRODUCTION. In the design of high current ion sources, for neutral
injection systems it is important to obtain high electrical efficiency
whilst maintaining uniformity and stability of the source plasma. In a
plasma generated by primary electron impact ionisation, the efficiency is
dependent on the containment time of the ionising electrons ), which can
be enhanced using magnetic fields. However, magnetic fields may adversely
affect the plasma uniformity and stability.

One approach to enhancing containment whilst maintaining good uniformity,
is to use a configuration in which the anodes are shielded by localised
magnetic fields, as for example the periplasmatrun(z) and the picket fence
source

In evaluating source designs we have investigated the properties of a
cylindrical picket fence source studying the containment time and the
factors which may influence the stability of the source. The experimental
data are compared with a simple model based on the assumption of ionisation

by primary electrons developed from reference I.

2. EXPERTIMENTAL ARRANGEMENT. The experimental arrangement is shown in
Fig.l. A pimple reflex source (momopigatron) has been modified by insert-
ing, a copper cylinder of 15 cm diameter and 15 cm length which is lined
with permanent megnets. These magnets are arranged to form a 24-pole line
cusp field, similar to that originally employed for ‘the production of

Q—piasmas“) u

The field strength in the cusps, at the cylinder wall is
about 800 Gauss decreasing expomentially to a value of 10 Gauss at 2.5 cms
from the wall. The source can be operated with this cylinder as an anode,
or with a simple non-magnetically shielded anode or with a combination of
the two. Electrodes other than the anodes are biased 30 V negative with
respect to the cathode thus emsuring reflection of the primary, ionising
electrons and providing the possibility of collecting and measuring the ion
flux to these electrodes.

Figure 1. Schematic of the picket fence ion source. The anode (3), given

in sectional view, is magnetically shielded by a 24-pole line cusp field.

The source has been operated at pressures of a few millitorr with amn arc
voltage of 90 V and an arc current of 50 A, limited by power supply. The
ion current density at the extraction plane was 200 lm'.n':mz, uniform to

+ 5% over a 7 cm diameter circle, thus providing about 7 A of ionms.

3. THEORETICAL MODEL. We consider the balance between production and loss
of the three species of particles in the discharge i.e. primary electrons,
thermal electrons and ions, assuming ionisation is due to primary electrons
and not thermal eleetrons, an assumption justified by the low values of
electron temperature measured.

(a) Primary electrons

en Vv
I - = temn n <o, V
(b) Thermal electrons
ne Ve Ei
en, n, <u‘v>1“ * “’"’mn]" e Aa exp [— kTe]
(e) Ions en, v
&y R Moy VT T T

(d) charge neutrality n, =ao, + oMo,

where n, is the density of thermal electrons, n, the density of ions and n

the density of the primary electroms, n, the de;sity of neutrals, I is the
emigsion current (primary electron flux), I, the current of ions to the
walls, V the volume, Aa the anode area, T, the containment time of the ion—
ising electrons, <avrog the rate coefficient of inelastic scattering of
electrons to energies below the ionisation threshold, <OV the rate
coefficient for ionisation, ¢ the plasma potential with respect to the anode,

Te the electron temperature and T, the ion lifetime.
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Dividing these equations through leads to the relations
<gv>.

I
e o
+ “ron % Te “Vro0m \
v T <gv> &
e e * IN
and r&?— = log T A, {l iy % ] (2)
e 10N

Equation 1, previously derived in reference 1, enables one to derive Tat
the containment time of the primary electrons from the measured values of
lelI+ as a Function of the neutral gas pressure. Equation 2 relates ewk‘re
which is measured experimentally, to the arc voltage (via <uv>ml<cv>mNJ,

to the anode area-and to the scurce pressure (via 1+).

4. MEASUREMENTS. 4.1 Containment time and Anode area.
Following the approach proposed 1
in reference 1, the mpasurcd variation of T
IE,U‘I+ with the inverse pressure may be used

to derive relative values of T, as shown

in Fig.2. Because i, is inversely propor—

tional to the effective anode area, this

leads to an assessment of the effective width

of the line cusps in the picket fence for

primary electron collection. The value

obtained is 2.6 mms which is about two Fig.2. Increase in elec—

tron containment using

times the Larmor diameter of 90 eV electrons a picket fence anode.

evaluated one Larmor diameter away from the
wall. 4,2 Plasma Potential, The parameter variations of
plasma potential are shown in Fig. 3, 4 and 5. The electron temperature
ranges from 1.5 to 2.5 eV. 1In plotting ed:.{l;l'e versus anode area, we have
used the effective areas derived from measurements of the primary electron
containment time. The agreement implies that the effective area for the
thermal electrons is c.lose to that for the primary electrons. More exten—
sive measurements are required to confirm this point. The voltage
dependence, via the term (1 + <crv>m,'<cv>1m) is shown in figure 4. Values
of the reaction rate coefficient used are taken from reference 1.

The pressure dependence arises from the variation of T, with pressure.
The experimental data, figure 5, are consistent with the propesal that T
varies inversely as the drift velocity of the ions:.which at low pressures

(5,6)

varies as p The implication is that the ion motien in the source

is governed by diffusion processes.

5. CONCLUSION. The measurements of electrical efficiency and plasma
potential are consistent with predictions of a model ba.sed: on ionisation by
primary not thermal electrons. The evaluation of primary electron con-
tainment time leads to an assessment of effective amode area and thus
scaling laws for picket femce ion sources, the containment time being
inversely proportional to effective anode area.

The observed plasma potential variation predicts a minimum anode area
beyond which the plasma potential becomes negative, a factor known to rel-

ate to the onset of {nsl:ability(ﬁ'”.

Preliminary experiments indicate
that there are lower limits to anode area, source pressure and arc voltage
in agreement with this concept; this problem will be the subject of a

later publication.
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DEVELOPMENT OF NEUTRAL INJECTORS
AT FONTENAY-AUX-ROSES
A.Bariaud, R.Becherer, J.F.Bonnal, J.P.Bussac,
J.Druaux, M.Fumelli, R.Oberson, P.A.Raimbault, F.P.G.Valckx.

ASSOCIATION EURATOM-CEA SUR LA FUSION

Département de Physique-du Plasma et de la Fusion Cantrélée
Centre d’Etudes Nucléaires

Bolte Postale n® 6. 92260 FONTENAY-AUX-ROSES ( FRANCE)

ABSTRACT : The experimental activity on fast neutral injectors at Fontemay-—
aux-Roses is briefly reviewed, with emphasis on the development of periplas—
matron ion sources and of direct emergy recovery systems.

The experimental work on neutral injectors at Fontenay-aux-Roses is di-
rected toward providing injection lines for plasma heating in the T.F.R. expe-
riment and development work mainly inspirated by the requirements of the Joint
European Tokamak (J.E.T.) experiment. A collaborative development programme is
carried out at Culham and at Fontenay-aux-Roses with the objet of realizing a
prototype injector for J.E.T. ; the main objectives at Fontenay-aux—-Roses being
the development of the periplasmatron ion source and of energy recovery systems
for the un-neutralised fraction of the beam. In connexion with this programme a
considerable work is also done on water cooled extraction systems, high voltage
fast protection systems and ion trajectories computational studies.

THE NEUTRAL INJECTORS ON T.F.R.

The neutral injection on T.F.R. is realised with ten injectors based on
the OvR.N.L. duopigatron sources. With the ten injectors operating simulta-
nensly a neutral beam power of 570 KW has been injected into T.F.R. for a total
extracted ion beam power of 2 MW (D* beam at ~~30 keV) Lri. @7 By enlarging
the diameter of the extraction grid from 8 to 10 cm and using an additional gas

imput in the expansion chamber to compensate the transitory decrease of the neur:

tral gas pressure in this region owing to the discharge pumping effect, the
performances of an injector uniton the test bed were improved by about a fac-
tor 2. These modified injectors will be used for T.F.R. 600 experiment.
THE PERIPLASMATRON ION SOURCES

The basic ideas of the periplasmatron design are : (i) Insure the plasma
homogeneity over a large extraction surface by injecting the primary electroms
(emitted by a multifilament cathode) from the oter border of the plasma cham-
ber. (ii) Provide contaimment of these electrons by magnetic shielding of the
anodes in a cusp-like magnetic field donfiguration. This type of source can be

“built in circular or rectangular form. A schematic view of the last model
of the circular periplasmatron [_27 is given in Fig.l. An iom current up to
35 A has been extracted at 30 KV from this source with a multi aperture
three electrode system of 14,5 em diameter (see table I). This source is
mounted on a complete neutral injection line and it serves presently to pro-
duce intense beams for the energy recovery studies. It was assembled at the
end of 1974 and operated till now without any failure.

A rectangular version of the periplasmatron capable of illuminating a
38 x 12 em? extraction area has been constructed for the needs fo the J.E.T.
The discharge and the plasma properties of this source are actually under
investigation. The discharge has been operated till now up to 700 A, 100 V
arc current and voltage, | sec pulse length and an ion flux of 200 mA/em?,
this flux being roughly proportional to the discharge current. This source
operates in a regime very comparable to the circular source. In table I we
suymarize the expected performances of this injector.

The positive points of the periplasmatron desing are the following :
1) The peripheral disposition of the filaments allows to use a large number
of them. Puthermore placing a |fLresistor in series with each,eliminates-
most problems with filament burn-out due to localised discharges.
II) The cusped magnetic field provides the contaimment of ionising electrons
without affecting the plasma homogeneity and stability.
IIT) The first grid of the extraction system does not receive direct thermal
radiation from the filaments.
IV) The filaments and the insulators are well protected against back streaming
energetic electrons coming from the accelerating structure.
ENERGY RECOVERY

In & neutral injector it is possible to recover the emergy of the un-
neutralised beam fraction emerging from the neutraliser by decelerating and
collecting the ions on a suitable electrode biased near the ion source po-
tential. The problem in this case is to prevent the acceleration of the
neutraliser plasma electrons toward this electrode. A solution is to create
a megative electric potential barrer for these electrons at the exit of the
neutraliser. In initial experiments LET this barrer was creatéd by means
of a negatively biased plane grid placed across the beam. A new methods
has been developed in wich instead of a plane grid is used a long cylin=

drical suppressor grid surrounding the beam /4/. The operation of this
grid has been tested on the circular periplasmatron neutral injector and
for extracted ion beam currents up to 35 A at 30 kV (about 10 A of resi-
dual ion beam). In these experiments the additiomal electrical power re-
quired to create the potential barrer for the electrons was of order of
13 I of the power needed to accelerate the beam.

Two slightly different energy recovery schemes based on the cylin-
drical suppressor grid system are studied at Fontenay-aux-Roses. In the
first (see Fig. 2a) a screen grid is used across the expanded residual
ion beam. The region situated between the suppressor grid amd the screen
grid is almost equipotential and the ion trajectories are straigth lines.
The main contraint on the system is the thermal logding of the grid. In
the second system (Fig. 2b) the screen grid is absent. The ion trajec—
tories are controlled by the potential applied on a conical deflector
electrode and are made to focus on the recovery plate. This system can
have smaller dimension than the previous one, thermal loading problems
are reduced, however the space charge effects are important and the con-
tral of the ion trajectories can be delicate. '
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Negative Ions Produced from Clusters for Plasma hLeating

E.W. Becker, H. Falter, 0.F. Hagena, W. Henkes, R. Klingelhtfer,
H.0. Moser, W. Obert, I. Poth

Institut flr Kernverfahrenstechnik, Kernforschungszentrum
Karlsruhe, P.0.B. 3640, D-7500 Karlsruhe 1, Federal Republic
of Germany

Abstract: Negative ions to be used for heating plasmas can be
produced by dissociation and charge exchange of an accelerated
cluster ion beam on a Cs vapour target. Cluster ion beams are
particularly suited to produce high particle current densities
at the low energies required for efficient conversion into
negative ions,

Supplementary heating of large tokamaks by neutral injection
requires a high particle energy, in the case of a fusion reactor
of the order of 1 MeV. To produce these particles it has been
proposed to accelerate D~ ions that may be neutralized with

)

high efficiencyl . D" ions may either be produced by direct

extraction, together with a certain amount of electrons, out of

2)

special ion sources”’, or by charge exchange of positive ions on

an alcali vapour target. For the latter method the best effi-

33~ is obtained by passing D

ciency of conversion - about 30
ions of an energy of 0.5 keV or lower through cesium vapour. At
higher energy the yield drops off sharply, e.g. to 6 % at § keV.
The current density of conventional ion sources, however, is
quite low at these low energies. To cvercome this problem we

have praposed")

to use cluster ion acceleration, a method that
is under development at Fontenay-aux-Roses and at Karlsruhe.
Because of the low charge density cluster ion beams have less

space charge problems so that high particle current densities
of the order of 1 Acfcmz at 0.1 - 1 keV/atom should be possible.

The equilibrium fraction of negative ions for a thick Cs target
has been shown to be independent of the nature of deuterium par-
ticles, e.g. D+, D;, and D; of the same speeds’. Hence the equi-
librium fraction for cluster ions D; should be the same. The
target density required to reduce cluster ions to small neutral
fragments, most probably hydrogen molecu%es, was found to be

one order of magnitude smaller than that required to reach the

equilibrium for D~ &’

+ Thus the disintegration of clusters and
the conversion into negative ions may be executed in one step
in a Cs target with the same target density as required for p*

primaries.

Generally cluster ions have a broad distribution of masses.
Figure 1 shows for example the mass spectrum of a hydrogen
cluster ion beam with a mean size of (N} = 900 atoms/cluster.
This distribution results in a correspondingly broad distribu-
tion of the energy per atom after acceleration. To obtain the
efficiency for conversion intc negative ions, the energy distri-
bution must be folded with the energy dependence of the thick
target yield. If we assume the beam of figure 1 to be accelerated
by 1 MV, we compute the conversion efficiency to be ?= 28 %. The
mean size of cluster ions is easily controlled by the parameters
of the cluster production and ionization prnce557{ Therefore its
value may be adjusted to result in a mean energy/atom of around
0.5 keV after acceleration with the voltage which is used to
accelerate the negative ions., Thus the injection system can be
envisaged as a tandem accelerator, as shown in the schematic

drawing of figure 2. Contrary to our present system, the cluster

Fig. 1. Mass spectrum of a hydrogen cluster ion beam.
N = number of H atoms per cluster ion. Mean size

(h): 800 atoms/cluster.

~TMV HIGH VOLTAGE GEWERATOR

Ha-CLUSTERS

C5 -VAPOUR

CRYOSTAT FOR
CLUSTER BEAM SOURCE

Fig. 2. Schematic drawing of a tandem accelerator for pro-
duction of 1 MeV D ions from a cluster ion beam

with a mean cluster size of (q) = 1000 atoms/cluster.

ion beam gen;fation will be on ground potential, which greatly
simplifies its construction and operation. Positive cluster
ions are accelerated into the negative terminal, housing the Cs
vapour cell, where they are in part converted into negative
ions which subsequently are accelerated through the second
acceleration tube to ground potential. The power carried by the
cluster ion beam is only i/n (N) of that of the negative ion
beam, for the figures of this paper less than 1 %. Thus the
main expenditures will be those of the negative ion accelerator,

the cluster section comprising only a modest fraction.
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STATISTICS OF AMPLITUDE AND TIME-INTERVALS ASSOCIATED WITH
SEQUENCES OF ELECTRON CYCLOTRON BURSTS
J,A.C, CABRAL, M,E,F, SILVA and C,A.F, VARANDAS
Laboretério de Electrodin@mice - Complexo Interdisciplinar
Inetituto Superior Técnico - Lisbon = Portugal
ABSTRRET - The seguence of electron cyclotron bursts of a beam=
plasma system is analysed by the experimental determination of

its time-interval end emplitude statisticel distributions.

1.- INTRODUCTION: - The understanding of the physical mecha-
nisms which determine burst-like radiation from plasmas can ba
important for the development of thermonuclear research. Indeed,
in some TOKAMACS strong cyclotron radiation occurring in bursts
hes been detected in regimes in which the runsway electrons can
behave like high snergy electron beams I1lI I2Z], To get an extra
insight into thas nature of the slectron cyclotron instability we
analyse ite statistical behaviour. In our interaction chember
(L=75 cm,@=8 cm) an elsctron beam (Uy=2000 eV, i = O- 20 mhA, d=

0.4 cm) creates its own Helium plasma (n ~ 10? on™?

’ T. ~ 5 aV)
under low hrlnluzl regimes [pH.- 4.2 x :I.D'4 Torr) in weak mag-
netic fields (BD ~ 0,01 Wb m'z}. Under thess conditions the cy-
clotron instebility is characterized by the spontansous smiseion
of rapid bursts ( =100 ns) with fraguencies of the order of

400 MHz. Single ewéep oscillograms usuelly show sequences of
burets with varisble amplitude and irregular time intervals
bgtween consecutive bursts,

2.- AMPLITUDE STATISTICS: - They were determined in the follow-
ing manner:- A pin probe receives the rf bursts which after am-

plification are sent to a quadratic detector whose output is

fed into & multichennel enelyser directly yielding the amplitude
distribution p(E) as a function of 2, Fig.l shows typical re-
sults (B°= 0,006 Wb l-z)l- For week interactions (ibl-ﬁ mh) all
the bursts have prectically the same smplitude (o). As we in-

crease the interaction strength

i) | (1,= 8 mA) the distribution
Gaa) ®
1 broadens mainly to the high ener-
| gy eside(b). For a etronger inter-
R LS T action (Lh- 10 mA) the distribu-
'l
o tion is very broad (a) showing
p s
fan) the existence of small amplitude
g ® bursts which result from the non-
: linear evolution of the high am-
r—r =11 plitude ones I3I,
— E'lau)
- 3.- TIME-INTERVAL STATISTICS:-
o
‘TJ’ ® They were obtained ms follows:-
The cyclotron bursts were empli-
s 0 T AT fied and then saent to the quad=-
——E(au}

ratic detector whose output is
Fig.l

fed into a constant fraction
discriminator, This unit gives a sharp pulse whenever a burst
arrives with a power exceeding some discriminating level. This
new pulse sequence is then sent to a time-to-amplitude converter
whose output is fed into the multichannel analyser. In this uay
we obtain the distribution of time intervals between consecutive
occurrences qf burets with a power exceeding some threshold level.
Fig.2 shows typicel results (B = 0.009 Wb m-z. i,= 10 mA)i- Curve

(n} was obtained with the detection system as sensitive as pos-

sible (discriminating level D% with 100% cutting the complete dis-
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tribution). We see that p(7 ) is strongly pesksed at = certein
value of T . Curve (b) was obtained with a small di!crimlnlttnq
level (25%) and we note more clearly that p(t ) has a periodi-
cal structura. Curve (c) had m higher discriminating leval (75%)
and we see that the meximum of probability is now found at a
higher value of Tt . Curve (d) shows the complete disappearence
of the smell time intervals when we only enalyse bursts with
largi amplitude (disc. leval of 90%). For weak interactions the
distribution approsches a single sharp peak occurring at the lst
maximum of p ( %¥a

4,~ A LOWER HYBRID WAVE

P ] prr) 7
Varying the axial mag- iy ® hl'”’ 1 ®
netic field we made si- | 1
milar memsurements. ] ]
0 o - ]
Assuming that the cyclo- » :-1mn’ 9 L el
D ] w0
tron instebility is ex-  (ew | @ taw) | @
cited in the neighbour- l g J
hood ‘of the upper hybrid 9 1
frequency (én L fuh) we n; 1 2 ° 1 2
s —_— ) — Tips)
detarmined for ‘each case
Fig.2

the approximate value of
PP.. Plotting the inverse of the pariods (Tu)‘nbacrved on the
time-intervel statistics against fpn we verified that tha exper-
imentel points lie on a straight line. Measurements made with
other noble gases (Ar, Na) showed that the periodicity in the ti-
me interval distribution results from the excitation of an ion
wave with f ~ rpi y BE 1/T° is for all cases very close te fpl'
This result uwes slready essumed in I4I. This ion wave can be in-
dependently excited by the electron beam. Indeed, the theoretical
study of the dispersion of a cold beam-plasma system of finite
radisl extent, when allowance is meds for ion motion, shows thlq
there is a propegetion bend extending from a cutoff at f= flh to
a rssonance at f= rpe or f= rc= whichever is lower I5I. In the
cases we are considering (D¢ fp.s fn.} the lower hybrid freguency
varies from fo; (Fp' + 0) to fps//i (rp-n fc.). The slow space=-
charge wave of a weak beem will then interact with the plasma
waves at f ~ rpi end k comprised between w pi/"nh and

( “nt + Ppﬁ)/uoh' Vgp being the beam axial velocity. Therefore
the unstable mode will develep es 8 standing wave since the wave-
length will be of the order of or greater than the length of the
interaction chambar (Fp1~ 4 MHz, rpb ~ 100 MHz, v .= 2.65 x 109
cm a'l). Hence, dus to the action of this lower hybrid wave, the
plasma density will yary pericdically in time with a freguency
close to rpi. The interpretation of the results of this statis-
tioal anmlysis and the explanation of the role played by the
lowar hybrid weve on the nonlineer development of the electron

cyclotron instability will be presented in I3T.
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NONL INEAR INTERACTION BETWEEN A LOWER HYBRID WAVE AND THE
ELECTRON CYCLOTRON INSTABILITY
J.A.C, CABRAL, M.E.F, SILVA and C,A,F. VARANDAS
Laboratdrio de Elsctrodinémica - Complexo Interdisciplinar
Instituto Superior Técnico - Lisbon - Portugal
ABSTRACT - The intsrpretation of the statistics of smplitude and
of time-intervels essocistsd with sequences of electron cycloe-
tron pursts reveals the profound influence of a lower hybrid

wave on the nonlinear development of the oyclotron inetability.

1.- INTRODUCTION: - In another publication I1lI we have shown
that a lowsr hybrid weve was detected in our beam-plasma system
in closs correlation with the temporal statistical behaviour of
the slectron oyclotron instability. To enslyss the influence of
the plasma density variations,caused by that wave, on the lineer
charecteristice of the cyclotron instability we made, neglecting
ion motion, m computer study of the resl-k solutions of the dis-
parsion squation for @ cold beam-plasma system filling = oylin-

drical waveguide immersed in an axial megnetic field I2I.
p’[l——!L.;—, ———"ﬂ,—,’ }+ a:‘{x—ﬂﬁ——"L1a ]=o
w'-a.’ (00— kvo) -~ e o (w-kva))

corresponding to the following parametersi- rn.= 300 MHz, rpbs

110 MHz, p= 0.6 cm 5, v = 2.65 x 109 em o7*

and different val-
ues of rp._ Considering only the numerical valuee relating to
the most unatable cyclotron mode we verified that W k and

the growth rate wy all increses monotonically with the plesme
density, A second computer study was made in which we varied fp.

in s similar way but kesping now a constant ratio rpb/rp.. The

fumerical resulte show that Wy k and w; are now more sansi-
tive to the plasma density.

2.- WEARK INTERACTIONS:- In these cases (low values of ih) wa can
stats now that the instability is characterized by & relaxation
process originated by the lower hybrid wave which preduces e
steady state variation of the plasma density (Fig.1-b). Aes soon
as the instantansous density n exceeds the threshold level ng, 131,
temporal exponentisl growth starts with sn sver increasing growth
rate. When the density begins to decresss the growth rate aleo
decreases and this stebilizetion mechanism leeds to the gquench-
ing of the instability. The repid decrease of tha burats ampli=-
tude is most probably due to cyclotron dempingt- indeed, if we
computs, based on the above mentioned numerical study, the ener-

ay Uu = m.vZ/Z of the electrons which esxperience the instebili-

ty -1::&:1: field at cyclotron resonance ( ”r-k v = “nn) we réal-
ize that the damping is produced by slectrons which belong to the
bulk of the velocity distribution (uny <4 oV, T'- 3 eV). There-
fore we cen expect that the cyclotron demping rate will be large.
This mechanism justifies the existence of & density threshold for
the excitation of the cyclotron instebility:- the growth rate,
which increases with the plasme density, must exceed the strong
cyclotron damping rate. We have experimentally varified that the
week interactions present burst sequences similar to thet depic-
ted nnﬁfiq.l-b. which are typicel of s relaxation oscilletion
with its slmest §-function distributions both in time-intervale
and in emplitude I1I,

3,- INTERMEDIATE INTERACTIONS: - When the interaction strength

is incressed the burst ssguences losa gradually their regulari-

ty, and the distributions p(E) as well as p( T) broaden. Tha

tncresss in the bursts smplitude results from two converging

causesi- (1) an incremse in the growth rate and (ii) a decremse
of the cyclotron damping rate (uuy - 5-10 oV, T -4 eV).

4,- STRONG INTERACTIONS: - This situstion corresponds to the
conditions of our former publication I41, Fig.l-a shows the
schematic svolution of the
instebility;- For t=0 the
plesma density varies
smoothly and the system per-

mits the growth of a large

amplitude purst, As it was

praviously shown the cycle-
tron weve ( wﬂ,kp)'danly-

into a new cycletron wave

{ wy <mn,k1> ku) and into &

low frequency electron plas-

ma wave ( wp,kp< D). The

growth of the wave ( wp,kp)

originates strong and rele-
Fig.l tively fast variations of
the plesma density causing the decoupling of the cyclotron wave
from the bsam slow space-charge weve. The burst becomes the only
energy source for the growth of the two new wavas and vanishes
while the slectron plasma wave remches its maximum of amplitude.
Based on Fig.l-a we can predict that whenaver n sxceads n, short
emall emplitude bursts can be excited and this explaina the exis-
tence of the small peak at rather low energy in the emplitude
distribution I11. When the plasma density, everasged over u,, is

high, the sxcitation of moderate amplitude modulated bursts

becomes possible, as expsrimentally observed. These bursts how-
sver do not lead to additional parametric interactions. Therefo-
re the electron plasma wave damps in mbout 2-3 ion wave periods
and afterwards a new high amplitude buret may start growing.
These conaiderations are in agreement with the broad amplitude
distributione observed in these regimes IlI. We have also seen
in I1I thet the time intervel between consecutive bursts of high
emplitude has its meximum of probability for s velue of Tt cor-
responding to 3-4 ion wave periods, in egreement with the present
quelitative description of the interaction (Fig.l-m). We cen tha-
refore state that, for the strong interactions, thers is a double
machanism involvedi- (i) the relaxation process considered above
and (1) the pearametric decmy of the burste with high emplitude.
Thesa high emplitudes are esttained because:- (1) the growth rate
is large end (11) the cyclotron demping is slmost inexistent

(g, ~22 00, T, =5 av).

Concluding the paper we can stress thet these results open the
possibility of controlling the instability development by arti-
ficisl plasma density variations, not only in time but also in
space (multi-mirror configurations). Eventuslly these instability

suppression mechanisms might result in additionel plasma heating.
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ECR AND UPPER-HYBRID HEATING IN THE CULHAM LEVITRON

A C Riviere, M W Alcock and T N Todd
Culham Laboratory, Abingdon, Oxon. OX14 3DB, U.K.

(Buratom/UKAEA Fusion Association)
ABSTEACT: The electron temperature and density profiles have been measured
for microwave heated plasmas in the Culham Levitron. At power levels
10 W the hlutiq dis ppatially located RO, T U, whareas at higher
power levels heating occurs between Yoo and the upper hybrid resonance.
The profiles remain unchanged for changes in the plane of polarization of

the microwavca.

Electron cyclotron resonance (ECR) heating has been uue& extensively
for heating plasmas and recently it has been used to raise the bulk tempera-
ture of the electrons in the T3 Toknukru. With high power sources
becoming wlillhh[z] and with the observation of ion heating through para-
metric decay procu-uta] microwave radiation could be useful for heating
large plasmas. Preliminary studies of plasmas produced by microwave heating
in the Culham Levitron are described for field strengths up to 5.8 kG

ce
The Culham Levitrom is an axisymmetric machine with a strong poloidal

lnddt.hpluninvhiehu”-u .

field provided by a superconducting ring winding with major and minor dia~
meters of 60 cm and 9.3 cm respectively. Flux surface shapes are determined
by external vertical field coils and the toroidal magnetic field is provided
by a 72 turn winding, Steady state plasmas were-preduced during 3.5 sec
pulses of microwave power.

The electron temperature (T.) and density (n.) profiles were measured
with a double Langmuir probe with spherical tips 2 mm in diameter spaced
5 om spart. The probe tips were aligned approximately parallel to the mag—

metic field, The probs voltage was swept at 10 kHz and a continuous measure

of TE and I' was obtained by means of a recently developed ly.ltmc“].- The
values of n, calculated from T‘, I. and probe area were normalised by a factor
1.5 or less to the value of E. obtained with the 4 mm interferometer.

Profiles of 8, and '1:e were recorded for several power levels with the ECR
point at 1.2 cm from the ring (Iu = 110 kAT, le' = 10 GHz). Those for 11,
18 and 130 W at a helium gas-prassure of-1.0 x-~m-'5 ‘Torr ave-ehovm in Fig.l.
The interesting feature of these profiles is that at lew pewer (11 W) the
T, profile shows that the heating is located at the surface in which Upp =l g
but at the higher powers it moves to where o, g The ratio of field
strengths between the inner and outer edges of the plasma was 1.7. The upper
hybrid resonance point, where mni - ‘"U; - wp: + '"ci' is marked on each T. pro-
file and the heating appears to occur between where Upp = g and N In the
central region of the density profiles the ratio mpilmci is-almost indepen-
dent of position but increases with power level (0.6, 0.8 and 1.1 for 11,18
and 130 W respectively).

This is further illustrated in Fig.2 by profiles taken at a power laval
of 1000 Wi Here the resonance is 1.3 cm from the ring, IR = 180 kAT,

Ell.' = 16,25 GHz and the hydrogen gas pressure is. 5.10'5 Torr. The upper
hybrid resonance is well separated from the ECR point where a second maximum
in T, is observed. The ratio mpilmc: has a mearly constant value of m 1.7
in the central part of the profile suggesting a sharp threshold for an elect-
ron cyclotron inltabi.lity[ﬂ or additional damping as oy approaches a critical
value.

The plane of polarization of the microwave radiation was rotated from
EB to E,B but the effect on the measured profiles was less than a few per
cent even for the narrow profiles centred on L The polarization from the
horn measured in the open laboratory was better than 95X but scattering of
the radiation by the metal components around the plasma may account for the

lack of semsitivity to polarization. This effect has been invoked in Tokamak

TORI
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experimants to explain the lack of polarizstion observed in the inverse pro-
cess of the emission of electron cyclotron harmonic rldi.lti.mtsj.

The power absorbed by the plasma was calculated from the T‘. LR profiles,
gas density and energy loss per ion pair for hydrogen. The microwave power
was separately calibrated calorimetrically. Efficiencies up to 701 were
observed without including additional losses due to thermal conductivity or
impority radiation. The experiments of Porkolab et ll.[ﬂ were carried out
in the same frequency, electron density and temperaturw: range and the para-
metric instabilities they observed may also be present in our case leading

to the efficient absorption of power.
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LOW FREQUENCY ELECTROSTATIC WAVES IN THE CULHAM LEVITRON

DETF Ashby, E M Jones, D F H Start

Culham Laboratory, Abingden, Oxon. O0X14 3DB, U.K.
(Euratom/UKAEA Fusion Association)

IRACT: Low frequency (< 250 kHz) waves present in an ECRH-produced
.ium plasma in the Culham Levitron have been investigated using probes
measure floating potential. A band of frequencies typically centred
50 kHz is identified as drift waves, Large amplitude waves mear

kHz are attributed to the temperature gradient instability.

TRODUCTION: The Culham l.evi::m{u consists of a levitated superconduct—
3 ring of major radius 30 cm, minor radius 4.8 cm. Toroidal and vertical
11ds are superimposed on the poloidal ring field to give high-shear axi=
metric field configurations (L, ~ 10 cm, |B] = 3 kG, nein" ~ 10).

avious fluctuation mnunu:s[z"ﬂ in the machine have been concerned
th decaying plasmas and the effect of ohmic heating current. This paper
1ls with steady-state helium discharges produced by ECRH (~ 180 W at

GHz) giving m_ = 5x10Mco™ and T, =50,

AGNOSTICS: Mean plasma parameters were measured from Hel light emission
d a microwave interferometer, but major reliance was placed on probes. A
ept double probe was used to measure n  and T  as a function of position;
e Figs.1(a) and 1(b). Fluctuations in floating potential were measured
ing probes with 0.6 mm diameter platinum spheres. Groups of up to four

obes were used thus allowing kﬂ, k, and k: to be determined. The signals

¢
re digitalized using fast ADCs and then Fourier analysed to give amplitude
d phase spectra.

SULTS: Power spectra at three different distances from the ring are shown

Fig.2 together with the relevant plasma and magnetic field parameters.

1 1 1 | !
1;4 I
Fig.1

2 3 2
Distance from ring (cm Distance from ring(cm)

On the outside of the plasma the spectrum is dominated by a peak near 40 kHz.

- at 1 om i 1s show that this peak progressively changes in

emplitude and frequency across the plasma. At 3.5 cm from the ring it eppears
occasionally and is completely absent at 3.0 cm. Phase measurementa at this
peak give le = 0.3 and k:l = 0.2-0.6, where a = -‘ﬁ':l_l‘li: it is attributed to
a drift wave, which in toroidal geometry need not be lllllt-ll:lbili:edr“]. Its
disappearance in Fig.2(c) agrees with the change in LN d(logeTe)!d(lnn‘nE)

which stabilizes the drift vlvel:s]. The frequemcy of the peak implies a Doppler

shift due to & guiding centre velocity, vgc which is = l.Jxlosmflac for Fig.2(b).

Applying this value of v‘c to the spectrum near 10 kHz shows that these
res are characterised by uls: = 0 where wgc is the frequency in the station—

r guiding centre frame. Assuming that Ti. = T , so that n =T then the

e
waviour of the low fnqtlnncy wave is consistent with the collisional tempera-
e gradient wnv:fﬁ] which has ugc = 0 and is unstable if Ag 2/3. Measure-
it shows that k¢- = 0,1 apd Icrn = 0.5, The collisional temperature gradient
e nq:irn kulmip < 1 which becomes k¢u < Ll"'\mfp if shear imposes the con-
raint E:' = Ir.“l.lI and thus makes k¢ = .~1l these expressions are satisfied
serimentally. A further requirement is that Yo ™ k‘v“ > I:"Eil—uii this
2quality may be written k@‘ >k L, which is also satisfied (!-;1 - n'ldnldx]

» gpectrum at these low frequencies is dominated by a lin.la.frequmny whose

Distance from ring = 4.0 cm

=
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a =0.12 em
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»aal
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T
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1 1 111 'l i
20 40 60 B0 100 120 140

Frequency (kHz)
Fig.2 Power spectra of ¢ at different distances from the ring.

coherence length is greater than the toroidal circumference of the machina.
DISCUSSION AND CONCLUSION: In the present experiments drift waves dominate
the fluctuation spectrum mear the edge of the plasma where n, is small.
Further into the plasma, where n =-nu P2/3, the drift waves are replaced by
large amplitude low frequency waves whose characteristics are consistent
with the collisional temperature gradient instability. In connection with
other machines it is worth noting that for the temperature gradient wave

~ ~
the i £1 i ere T, and v, the plasma velocity along

the field lines. Typically Ty/T, =¥, /v; > :"“a - Jm-. vhere v, = /KT
and ¢ is the fluctuating plasma potential, Since the floating potential ia

proportional to v, the temperature gradient wave can be detected easily by
probes; however it will be less obtrusive using scattering techniques which

measure :fn.
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STUDY OF MAGNETIC SHAPING IN A SHELL-LESS HYBRID TOKAMAK WITH OCTOPOLE
*
T. Okuda, Y. Tanaka , K. Sakurai and K. Nakamura

Department of Electronics, Nagoya University, Nagoya 464 JAPAN

A positicnally stable plasma with D-shape can be produced in a hybrid
tokamak with octopole conductors. Also the poleidal distribution of ion
flux to the limiter exhibits a good convergence into the ca:neés of the

square magnetic surface.

In order to attain a stable confinement without a conducting shell,
an axisymmetric magnetic field configuration with a shaping field produced
by external conductors has been propasedu)_{ﬁ)

In our hybrid tokamak, a non-circular magnetic surface is realized by
octopole conductors wound outside the vacuum vessel and has a separatrix.
The separatrix may act as an immaterial limiter and provides axisymmetric
poloidal divertors, which is required for solving the impurity problem.
(a) Apparatus

In order to verify the possibility and the predicted properties of
such a hybrid tokamak configuration, we constructed a compact toroidal
machine (HYBTOK I-a) which is shown in Fig. 1. This machine has no
conducting shell and the vacuum vessel V is made of stainless steel bellows
of 0,2 thick. The magnetic skin time of the vessel is about 30 usec,

Three axisymmetrical external conductor systems CM' CJ, Cv are placed
inside the toroidal magnetic field coils. The octopole conductors C, are
used for shaping the magnetic surface. The vertical field produced by the
t!M conductors is compensated by the vertical field conductors CV in order
to keep the equilibrium position of the plasma.

The experimental parameters are as follows; the toroidal field BT -

3 kG, the major radius R = 30 cm, the minor radius of a molybdenum limiter
L, a = 8 cm, the working pressure of He, P = 1.4 x lil_'1 torr.

At the time BO psec after firing the discharge by injecting an initial
plasma produced by two coaxial guns into the vessel which is filled with
helium, the octopole field is applied. The plasma current reaches a maxi-
mum value 10 kA at 0.6 - 0.7 msec after the initiation of the discharge.
The electron density is 3 x 1013 cm_3 (measured by a 50 GHz interferometer),

the mean conductivity temperature is 20 eV (under the assumption that the

effective charge 2_c. = 2).

Fig. 1. Minor cross section Fig. 2. An example of poloidal-field
of HYBTOK I-a. measurements for the case of D-shaped
cross section. The values of the current

flowing in CH' CJ and C,, are 3.0 kA per one conductor, 5.1 kA and -0.18 kA,

respectively, and the plasma current is -8.0 kA.

(b) Equilibrium

A typical example of the observed poloidal field just outside the
vacuum vessel at 0.4 msec is shown in Fig. 2. The thin lines show the
magnetic surfaces computed by the technique previously proposed by us(n
and the arrows indicate the direction and the relative amplitude of the

measursd poloidal magnetic field. Both patterns fairly agree with each

other.

121

Thus, one conclude that the cross sectional shape of the plasma column
at that time is D-shape with two neutral points of the poloidal magnetic

field located on the inner wall of the vacuum vessel.

A :

Fig. 3. Magnetic field configura-
tion for the case of sgquare cross

section. The values of the current

_ . 5 0 ™ m
flowing in CM' CJ and CV are 1.7 8
kA per one conductor, 3.0 kA and Fig. 4. Experimental results of

-0.04 kA, respectively, and the the time variation of the poloidal

plasma current is -5.0 kA. distribution of the radial ion flux
T 0 m %™ to 1. B(deg.) is

the poloidal angle indicated in Fig. 1. tl = 50 pusec and t

3 = 250 usec

are the time after the discharge firing.

(c) Particle Transport near the Separatrix

A magnetic configuration with sguare cross section as shown in Fig. 3
can be obtained at the earlier time. In this case, the neutral points are
outside the limiter surface L and the magnetic surface S which touches
tangentially with L acts as a separatrix for the particle transport along
the magnetic line of force.

For this reason, the particles diffusing out of such a magnetic
surface are expected to converge into the corners, but spread to the

172

extent of d = (DgR/Y TE/M) + where D, g, T, and M are the diffusion

coefficient, safety factor, electron temperature and ion mass, respective-
ly. To verify this, fhe angular distribution of ion flux I' to L is meas-
ured by the plane collectors (1’1 to PM) as shown in Fig. 1. The results
obtained at 50 and 250 psec after the initiation of the discharge are shown
in Fig. 4.

From the figure, it is seen that the pax.jf_tcle flux is converged into
the corners, i.e. @ = 45° and 135°, in accordance with the prediction. The
peak value corresponding to the outer cormer is larger than that correspond-
ing to the inner cornmer. This is explained by the toroidal effect of BT
and the position of the plasma. The diffusion coefficient D = (a/{n > 12y
is found to be 8.7 mz/s from the averaged value of T', shown in Fig. 4. The
extent d described above is therefore expected to be d = 2.9 cm (q = 5, T,
= 10 eV), which is reascnable as the width of the two peaks at the corners.
Conclusion

We presented the experimental results confirming that a positionally
stable toroidal plasma with a D-shaped cross section can be maintained in
the hybrid shell-less octopole tokamak. In connection with the shaping of
the magnetic surface, the poloidal distribution of the ion flux diffusing
out from the most outer closed magnetic surface was studied. From the
fact that two peaks of the particle flux appeared at the cornmers, it was
found that this magnetic surface plays a role of a separatrix, along which

particles are diverted.
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ON THE STATE OF LOWEST ENERGY IN IDEAL MHD
G. 0. Spies

Max-Planck-Institut flir Plasmaphysik, 8046 Carching bei Minchen
Federal Republic of Germany

Abstract: The state of lowest energy in toroidal MHD plan‘nu depends dis-
continuously on certain parameters which are related to the topology of the
magnetic field lines. This fact is demonstrated and discussed.

In many physical systems, stable equilibria are states of lowest potential
energy. This "energy principle" is considered so fundamental that it is
sometimes postulated as n definition of stability even when its relation

to the equations of motion is unknown, as is the case in nonlinear ideal
MHD. The nonlinear emergy principle of MHD 1 has recently found in=
creased attention in connection with numerical computations of stable to-
roidal equilibria [-_-2'3]. The potential energy, U = er"('liaz"v_ll' Py ¥ = 5/3,
is minimized by varying the solencidal magnetic field B and the pressure p
subject to the boundary condition B = O and subject to the constraint of

accessibility: the states in competition are d with some r
state by a path which conserves mass, entropy, and flux. Clearly, the
resulting stable equilibrium (if it exists at all) depends upon the
reference state. It is the purpose of the present note to point out that
this dependence is not continuous.

Let us first, as an illustration, consider the one-dimensionally con-
strained motion of a particle in a two-dimensional potential, ¥ = 0,

% = = 3U(x,y)/3x. Here, the parameter y represents the reference state.
Equilibria are characterized by 3U/3x = 0. An equilibrium is stable if,

in addition, U has a local minimum with respect to x. If the potential is
a smooth function of x and y, a astsble equilibrium depends continuously on
y whenever 32U/3x? > 0, so that discontinuities can only occur at margimal
pointe. Linearizing about a stable equilibrium, one finds that the
spectrum (which in this case consists of two eigenvalues of opposite sign)
includes the origin, and that there are linearly growing solutions whenever
the dependence on y is discontinuous. Obviously, this is a somewhat excep-
tional situation.

It is well known that this situation is commom in linearized ideal MHD:

the spectrum is never bounded away from the origin 5 , and there are
always linearly growing solutionms L] (with the possible exception of equi-
libria with no closed magnetic field lines or with constant pressure).
Furthermore, the stability criteria 57,
variation of the potential

derivable from the second
behave discontinuously (a family of
shearless equilibria depending on the rotation number u can be constructed
such that rational y implies stability, but irrational u implies instabi-
lity). These pathological features of the linear theory suggest that the
parameter dependence of the state of lowest energy in the nonlinear theory
is always discontinuous. To show that this is indeed the case we demon—
strate that for arbitrary equilibria (except for those mentioned before) a
neighboring  {inaccessible) state exists from which an accessible path of
monotonically decreasing potential leads to a non-neighboring state. The
demonstration is based on two theorems.

Theorem |. For every equilibrium (with the sbove restrictions) arbitrarily
small magnetic field perturbations with continuous first derivatives can
be found such that the resulting field lines perform finite excursions from
the pressure surfaces. This perturbation is associated with a change in
topology, and hence not accessible; it usually leads to a more complicated
topolegy (if the equilibrium field lines are closed, the perturbed omes
are ergodic; if the equilibrium field lines form nested magnetic surfaces,
the perturbed ones exhibit an island structure).

Theorem | is nontrivial only if the el__quilibriw field has shear. It
to Moser's well-known
twist theorem U2, HMoser's theorem implies that perturbing fields with

follows from Takens's counterexample

sufficiently many derivatives do mot allow finite excursions of field
lines. Takens's result implies that perturbing fields with one derivative
do. Obviously, our reasoning depends on allowing field perturbations with
discontinuous higher derivatives. From the point of view of physics this
is not at all objectionable because higher derivatives, unlike first
derivatives which define forces, hive no physical meaning.

Theorem 2. Starting from an arbitrary initial state, minimization of the
potential with respect to the pressure in an infinitesimal flux tube with
fixed magnetic field yields constant pressure along field lines. The

potential decreases monotonically from the initial state to the correspon-
ding final state.

Since the quantity to be minimized is (p), where :--> is the volume
average,and since the appropriate comstraint (which follows from the con—
servation of mass and entropy) is fixed (p”v> s the first part of
Theorem 2 follows from Hblder's inequality, {p) 2 (pl Y>Y for y > 1.
The second part is proved by considering a family of pressure functions,
P " (Ap”‘“ (1-2< P”T},T_ so that the final (minimizing) pressure is
obtained from the initial (arbitrary) pressure by decreasing the parameter
A from one to zero. Then, d<pi) fdy = (@(u)} s where u = p”‘f- <plh'),
$(u) = '(“((PIIT>+ Au)T_l. end Jensen's inequality, which asserts that
(plwy = $#({u’) for convex functions ¢, is used to show that

da¢p,y /fdr 2 0.

Now, considering an arbitrary equilibrium (which, of course, has constant
pressure along field lines), we construct a neighboring state by perturbing
the magnetic field according to Theorem |. In this state, the pressure
variation along field lines is finite. Therefore, the corresponding state
with constant pressure along field lines, which according to Thecrem 2 is
accessible along a path of decreasing potential, is not neighboring.

To discuss the implications we recall that the nonlinear energy principle
is based on an imagined experiment ! in which the heat generated by some
small viscosity is "somehow magically" removed until the state of lowest
potential is reached, We have shown that the change of the final state
caused by a continuous change of the initial state which breaks the topo-
logy is discontinuous. An immediate consequence is that the imagined
experiment is irreproducible, and hence unphygical. By the same token, a
strict distinction between stable and unstable equilibria is also un-
physical. However, it should be stressed that the time-dependent MHD
equations are not unphysical because these define a well-posed initial
value problem. It should also be stressed that MHD stability still is a
useful concept: Our result is compatible with the statement that stable
equilibria are always acceptable, but that a decision as to whether an
unstable equilibrium is acceptable depends on information not Ph:ll.nlbll
from the energy principle.

As to numericel minimizations of the energy, these should not be impeded
by our result as long as the topology is well-defined and accurately con—
served. This is the case in recent calculations 2:[ where an ergedic
constraint ensures that there are nested magnetic surfaces (to which fixed
values of mass, entropy, and rotation number are then assigned.) The
present result shows that such a comstraint is mot just an expedient for
simplifying the problem, but alsc a necessity in order to have a computable
problem at all. However, it also indicates that imposing the ergodic con-
straint and simultaneously - assuming that all field lines are closed
(i.e. assigning the same rational rotation number to all surfaces) should
yield a final state totally different from the final state obtained by
taking the same initial state, but imposing the non-ergodic conmstraint El:[
appropriate to closed-line systems.
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Nonlinear Properties of Tearing Modes in Tokamaks
D. Biskamp, H. Welter

Max-Planck-Institut fiir Plasmaphysik, 8046 Garching bei Minchen
Federal Republic of Germany

Abstract: Theoretical and numerical investigations of the nonlinear behavior
of tearing modes are reported. The 2D helical model includes heat transport,
viscosity and diamagnetic drift effects. The non-linear interacticn of m = |
and m = 2 modes is studied in a 3D model.

Experimental observations in tokamaks show that the processes associated
with a major or external disruption may be characterized by two phases:

1. growth of the m = 2 tearing mode on the resistive diffusion time scale;
2. the rapid disruption phase, where m = 2 atrongly couples to m = 1. In
this paper the previous theoretical investigations 1) heve besn extended
to cope with the particular aspects of these two phases.

|. The helical model described in Ref. I,
il
Bovwyuni-g,

M 324, ggvzg = oy x w929, ,

vee xV j -vzwozkso ¥

yields the result that the nonlinear evolution of the m = 2 tearing mode
on the resistive time scale is determined by the properties of the resisti-
vity- n(y,t), in particular within the islands, where the change of the
flux, 3y/dt, is dominated by resistive diffusion..A stationary island
configuration requires that n(y) j (¥) = !o. It is found numerically that
3j/3y > 0 within the island (current maximum at the O-point) even for
rather large island size, which is a gemeralization of the property of the
linear solution jy, j = i * l’u cos m B

L T o M
j1e=— f——— m—y; >0, for >0
ae? A A

sinceA'>0 for instability (A = resistive layer width). Hence for stationmary
islands 3n/3y < 0 is required in the islands, i.e. ‘l'e must be larger in the
center of the island than at the separatrix. Hence the island size is
determined by the electron energy transport equation, which in the case

of infinite parallel heat conductivity, T.(w.:), reads

aT, aw:r' <fvrfzs e
FT i il Tl Pl A e

+ (e < W2y obig < |TR|25) 1) v 8,

where x; (§) and 5(}), the latter representing the various sources and sinks
such as ohmiec heating, radiation losses and heat transfer to the ioms. In
the case kg, = § = 0, Tg(t.:) in the islands is determined by energy con-
servation. For small island size we obtain 3T/2y = 0 in the islands,
turning to 3T/3y < O for larger island size, which is consistent with

the numerical finding that no saturation of the tearing mode occurs in

this case.

For general %, §.a stationary solution of (2) and (1)) implies that the
temperature profile in the islands is completely determined by the source
term S in the islands. For a rounded n\lrnut‘prnﬁla with the q = 2
surface well within the hot plasma, § should be positive in the islands,
since ohmic heating is strong and radiation losses weak, giving rise to

a (rather small) island size. As the current profile becomes more p:lknd:
the q = 2 surface moves into the colder outer plasma layers, where
conditions are opposite and hence § negative, leading to (unlimited) is-
land growth. Quantitative investigations using appropriate models for §
will be reported.

In addition, diamagnetic drift effects are taken into account. The linear
dispersion relation is obtained by integrating the linearized equations
in time,For w® > Yor To™ tearing mode growth rate, significant deviations

from the analytic dispersion relation u(m-@ (w - mg)a =i v: appear
owing to finite size effects and viscosity.

TORI
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The corresponding monlinear equations are

ap ‘.I.'.(l) + 'Ii(r)

YW ol Agy——os [ wrwm], -3,

T
‘—“ov-h-u[wsvv%].-;iu[w.xvﬂ}'

%ov'w- [vpxw%j.-[v;nu]'
gl
w =7. (n?4¢), a ;‘;Iir'

These equations are discussed and solve numerically. A large nonlinear
frequency shift is found which may even reversa the sign of w. The
saturation island width is not significantly different from that obtained
for w™ << Yo o and hence the model (1), (2) should have a rather broad
range of validity.

2. As the amplitude of the m = 2 mode becomes large nonlinear coupling to
the m = | mode is to be expected, particularly if q(0) < 1. To study )
this effect and in the hope of obtaining a qualitative description of the
disruption process, a three-dimensional code has been set up.

Considering the case where q(0) < | and the m = 2 being unstable and
ing, strong i ion batween m = | and m = 2 is found. This

process will be analysed in detail. Finite parallel heat conduction is

included to account for the rapid energy depletion of the central part

of the plasma.

1) D. Biskamp, H. Welter, Plasma Physics and Controlled Nuclear Fusion
Research, 1976, Vol. I, p. 579
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EFFECT OF CTU. TRIC F. OR A
1) B, IN 4 S

VeBs Voitsenya, As¥u. Voloshiko, B.Be anl.Lnioh.nko,
SeI. Bolodovchenko, A.F, Shtan

It is shown that tha exoitation of electric fields of a wide no-
se spectrum in the appropriate frequency range results in 30+ 407/

increase of the low collisional plasma containment time at the
= 3 stellarator Baturn.

It follows from the neoclassical theory [‘I]_thn?; the observed
norease of tramsport coefflcients, when plasma collision frequency
ecreases, ls connected (in olosed magnetic traps) with the presemce
£ trapped particles. This effect should manifest itself most stron-
1y when a collisionless plasma is confined in configurations with
ooal inhomogeneities of the maznetic field“atellarators and ripp=
od toksmaks [2]s

By now such an increase of plasma diffusion coefficient has been
baerved in modelling experiments at several devices of the stella-
-ator type (see review [3] ). One cen believe that it is poasible to
yffeot plasma transport coerficients in toroidal megnetic traps by
hanging, in en appropriate way, the movement of localized particles.
ne feasible method [4,5] consists of transferring some pert of lo-
yalized particles into passing ones by means of fluctuating electric
jelds. The frequency of the field time change must be equal (or be
wltiple) to the localized particle bounce freguency.

For the particle to be tramsferred into & passing one (due to the
>1uc tuating a].ut:rigv fields) the longitudinal veloclty addition value
1ay be very small (W'mn-on) as compared with the thermal velooiby
yecause 'U,', itself is small for localized particles (ﬁ/-bru‘ (\[E
vhere £ is the relative inhomogeneity of the magnetic field).

In this Letter we present some results of studying the effect
£ fluctuating electric fields on low collision fregquency plasma
2t the 1 = 3 toroidal stellarator Saturn [3]. The experiment has
>een done in the regime of a very low collision frequency when the
| norease of the plasma diffusion is observed.

The hydrogen plasma with initiel demsity ~10'Con™ was produced
)y & titanium plasme gun located between the last magnetic surface
and the vacuum chamber wall. To messure parsmeters of plasma and
Lts lifetime T the double electrical probe was used, The lifetime
vas defined 2?‘511. deoay of ion saturation ourrent to the probe
starting with a time instant when:

Ne = 10%m~3, T, =548ev, T, =15+ 20ev, JenSWi .

The bounce freguency of localized particles is _‘f:,‘-‘-' A;?RVE
where N is the number of the magnetic field periods, R 1is the

torus major radius, £, is the relative value of the helical inhomo-
zeneity of the magnetic field, 1@ is the particle thermal velooity.
In the 1 = 3 stellarator £,, depends on the minor radius of the mag-

netic surfaces [2], therefore, the localized particle bounce fregquen—
sies would be different for different radii of the plasma column
crose-section. For the stellarator Saturn ( N=8, R=36cm) in the
range of radii between 2 and 5.5cm where the main part of the loca-
Sn~ny(r)\E, (r)

bounce frequency changes from 0.2 MHz to ~ 1,2 MHz (for Uy, =

lized electrons is concentrated,the
‘1.‘?-‘1051:::/-00). For this reason, the noise generator of the stochas-
tically modulated signal, similar to that described in[6], was used.

The frequency range of this gemerator was 0 ¢ 10 MHz and the band
width £2MHz, The HF voltage was applied to the exciting electrodes
(EE) &8 shown in Fig.1 so that mainly the longitudinal electric
fluctuating fields should be excited in a plasma [7}.

Pig.2 shows the dependence of T on the amplitude of the HF vol-

tage, LI , @pplied to EE when only one pair of EE was used.
The speotrum of the HF vuitage and the method of ite measurement
are shown in the insertion of Fig.1.

It is seen from the graph of Fig.2 that the confinement time in-
oreases with i up to the meximum value (af [I = 100mV) and then
begins to reduces This maximum value of T remains unchanged (30¢40%
Vi“';'?%%mpmd with ﬁ =0) but it movea into the region of lower HF vol-
tage amplitude (L[ =60xV) when two pairs of EE wordused appevently
due to the better coupling between EE and a plasma in the last case.

At fixed E. an effent of T increase (Fig.2) has a resonance che~
racter on the RF spectrum position dependence in the frequency ran-
ge O0¢10MHz, as shown in Fig.3 (two pairs of elements, E = 60mV)s
The resonance position is shifted, as compared to the range of the
bounce frequency of localized electrons, the range being calculated
on the basis of Ea") for stellarator Baturn (this range is marked
in Fig.3 as A{g). On supplying u monochromatic signal to EE, a slow
decrease of T is observed as HF voltage grows, Fig.4.

The T growth was not also observed in the case when elestron co=
1lision frequency was increased (by addition of neutral helium) to the
values conforming to plateau regime of the necclassical theory,

And finally it should be noted, that according to estimation,
the amount of energy delivered to EE from the gensrator 1n T time
makes up only several per ceunt (at ﬁ_a--ioomv) of the plasma energy
content and therefore cannot more or less essentially change plasma
parameters.

Thus, the observed inorease of T (30s40%) can be explained by
untrapping some part of the localized electrdns and the corres—
ponding plasma lose decrease.

The Tdrop at the further increase of [l takes place, apparently,
ﬁﬁ%u&h the increase of losses connected with turbulent diffusion, or
through other effects [8] caused by a rather high level of oscilla-

tions in a plasma.
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EXPERIMENTAL INVESTIGATIONS OF CURRENT DISHARGE-PLASMA
CONFINEMENT IN L=1 TORSATRON IN THE REGION OF LOW-FRE-
QUENCY CRLLISIONS
VoK. Bocharov, V.L, Berezhny, E.Ds Volkov, B.V. Kravchin,

V.G. Eonovalov, V.I, Kononenko, V.A. Rudakov, E,is Sukhom=—
iin, VeA. Suprunenko, A.M. Ternopol.

Recently in experiments on the torsatron "Vint~20" [1] the
confinement of currentless moclel plasma produéeﬂ. by titanium
injectors (Te=5 & 10av, n= 107 + -10"00”1-'3} has been investigated
in the region of low-frequency collisions (Veff = Veet Vei + Ven<
<:€13i ur"“.). It has been shown in this case that the ljfetime of

3
plasma particles is in satisfactory qualitative agreement with

the neoclassical theory developed for the case £, >£.[2].

In the given work the results of investigations on thermal
insulation and confinement in "Vint—20" device of ocurrent-carry-
ing plesma with parameters (n = 3-1012um'5; Te up to 80 ev) ha=
Ve been prasaanted:

The experiments were performed with the helium plasma under
initial pressure of neutral gas 601072 torr. The discharge initia—
tion was accomoplished by means of a btitanium injector. The cur-
rent in plasma was excited through an electric field induced by
the torsatron helicel winding itself while changing the basic mag-
netic field in time. All obtained results apply to case of summa-
tion of current rotational transformwith the main rotational
tranaform through the ohmic heating current field. The distin-
gulshing feature of the given experiment lies ﬂ.n a very low level
of impurities (the authors did not succeed to register carbon and
oxygen spectral lines at a sensitivity limit of apparatus). This
is aspparently caused by design features of the machime, neverthe-
lese, an appreciable anomaly of the current discharge plasma con-
ductivity is observed. Fig.1 shows condustivity anopaly %&.’lfor
two discharge regimes, differing in values of density and magnetic

field amplitude versus E/Ek, Here

g=V= V;' B = . cofl. =
Graf 27 R . et
6 i is Draicer criiical field, Grozz= =
(7
G = L2xR_ s I -= current in plas-
600, # S(v-vi)
ma, 5 - plasma co-lumn croas-secfion,
400) / V = system by-passvoltage, V,= its in=
4 ductive components,
] S B
' il The ensrgy content of plasma both

0 5 B Ee
in case of strong and weak anomalies

Fige1

i is a summary angle of rotationsl transformation, This relation-

ship complies with~ the pseudoclassieal law of thermal losses. For

the atrong resistance anomaly case E <012@g (Uand Y are

'3 =
current and thermal electron velocities, © 1s an average shear pa—

remeter), the coeffislent of proportionality "o" in the formula

X=cpy; equals 3.5 and in the case

[ d
e’ [N of weak anomaly %, ot =8 1%
6 / -2 attains 10, The demarcation of regimes
40 y / 18 observed at =8 .
ol JZ’“ o While maasuring the 1ifetime of
/ 4K charged partioles T, , primary emphe-
- . S 5 Ji‘.J,g sis was given to the revealing of fun~
ctilonal relationships and their corre—
Fige.2

lation with the neoclassical theory.
The collision frequenocy range (5‘10"’ 5 e 10° aau—1) in given
experiment for the torsatron "Vint-20" complied with a superbanana

is proportional to Lz | (fig.2), where
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region of the diffusion curve for which according to the theory we

A
ardun
il
4
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U
/
f 2 5 4 5Huoe
Fig.3
TH] FE
orbun X
\ 0
50 \
A\l 1l
-
" Fig4
5 \
1
0 30 30 7090 T, ev

o g '
\’:;;:ﬂ'
finement is described by

have D; sb 1.0712/32. The results of expe-

‘ rimental investigations of such kind of re-
lationships are shown in Figs.3> and 4, Stra=
ight lines on the graphs comply with neocla=
ssical theory predictions.

Experimental and theoretically calou=

lated fluxes were also compared between

themselvess

In Pig.5 the shaded band conforms to

the formula [2]:

¥

. ¥ ! 1
[=-4.34 ;L‘H 51;)'51 {(1*%)%”-3?%&%% 1

o
; P
assuming that Tique. ‘-_,-z-ﬁz%._'_

Te Te
The points conform to the measured di-
ffusion flux [ =- ?:l_:' in tempera-
n

ture range 20 to 70 ev. Over the range
10° =)< 54107800" " a satiafaotory ag-
reement between theory and experiment is
observed. A decrease of experimentally
measured flux at low frequencies can be '
explained by existence of the radial
electric £ield F£,~ E%. which must
cause disruption of superbansna motion.
The velue of radial electric fields mea-
sured in this experiment were of the or-
der of 5 § 10v/cm.

Thus, in the torsatron with high in=-
homogeneity of magnetic field some pseu=

doclassical losses of current plasma

energy are observed and the particle cop~

the law approximating the nsoclassical one.
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MAGNETOHYDRODYNAMIC INSTABILITIES IN A STELLARATOR
K. MATSUOKA, K. MIYAMOTO, K. OHASA and M. WAKATANI
Institute of Plasma Physics, Nagoya University,

Nagoya 464, Japan

Abstract: Stability diagrams on kink and resistive tearing modes are pre-
sented in a linear stellarator for the parabolic current profile and various

helical fields.

In a stellarator kink instabilities [1] and the effect of finite resis-
tivity on m.h.d. modes [2] have been studied by many authors. Here we pre-
sent more detailed stability diagrams on these modes.

We treat a pressureless plasma in a linear stellarator with an ohmic
heating current. The current has the parabolic distribution: Jz(r) =
jull - r‘zlaz). where a is the minor radius of the plasma column. The ex-
ternal region from r = a to r = b is filled with vacuum, where b is the wall
radius. We consider the following rotational transform angles: 15(r‘) = xg
(), 15(r) = 18(0.286 + 0.714 (r/2)%) (2), 15(r) = 1S(r/a)? (3), where 1]
is the rotn_t1ona1 transform angle at the plasma surface. Helical fields
given by Eqs.(1), (2) and (3) correspond to those of WVIIA and JIPP T-11,
L-2 and CLEO steilarators.

The Euler equation -dd;(r —S%) - %w = 0 is obtained from the energy inte-

gral which is derived under the stellarator expansion [1]:

sow= SE{([*var (48] S PT-4 OO F gm0 00T,

1-(an?
«}-:-LE-B_";;E’ p:-%‘li+L°-(r)+LS(r),d=m"+FL-i'%-,( %};-J,

where E denotes the radial displacement of the plasma column and 1%(r) 1s

due to the plasma current. Here pressure term and several terms of the

order of (ki-,fm)2 are neglected. We obtain the stability criterion of kink

and resistive tearing modes, following the theorem given by Newcomb[3] and

the numerical procedure by Furth et al.[4], respectively. In our calcu-

lations the length is normalized by the plasma radius (a=1, b=1.44, 3.0).
In order to understand the sfah'lth properties of kink modes, the

Euler equation can be shown in terms of £:

e R i D e P L T B )
The derivative of E 1s given by

Y|, (=P -GriEe 15 )}k dr. (5)
Equation(d) is simplified in special cases as follows:
=2, mel 32y =0, (6)
g=2, m31 ey = f - nfe, (7
2 4 =3, mel (P PE) = - e PR e (8)

The solution of the Euler equation is given by E-r""1 near the origin and
g=const. (small solution) near the singular point et We see from Eq.(5)
how £ behaves in the subinterval, i.e., whether £ crosses zero or not.

In the 2=2 case horizontally striped areas are unstable regions
against external kink modes which mean the instability due to the singular
point in the vacuum. Dotted areas refer to unstable regions against the
tearing mode. The m=1 internal kink mode is marginally stable within the
assumptions used here, since g=const. near the origin andg .=D from Eq.(5).
The m=2 and m=3 tearing modes are stable for 1?;11.

When an g=3 helical component exists, the stability criterion is
determined essentially by the =3 helical field. From the negative deriva-
tive of ¢ given in Eq.(5), the m=1 external kink mode becomes unstable even
without singular points in the region 0 <r<b, which is shown by the hori-
zontally striped areas by dashed 1ines. The unstable m=1 Iexternﬂ kink

mt:leI with the singular point inside the plasma (in this case the plasma

surface is perturbed) is also explained by the similar account. It should
be noted that the m=1 internal kink mode which is shown by vertically
striped areas becomes more unstable than tokamak. When 12 =0 (corresponds
to tokamak), the mode is marginally stable in accordance with the. 2=2
case. The m=2 and m=3 internal kink modes also can become unstable if
the condition (m2 = 1) v¢ 3r B4 12,8 s satisfied. Therefore these
modes become unstable for 1'2‘ which is larger than a critical value as
shown 1n the figures.
The unstable ranges of the m=2 ;md m=3 tearing modes as a function of
r's are shown for the _9.=3 case. When 1?’-0. values of AI are same as
those of the £ =2 field. The effect of the wall Tocation is also shown in
the case of \i =0, For the m=3 mode the wall effect is too slight to be
seen on the graph.
Stability diagrams with various current profiles will be reported
elsewhere[5].
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On Sawtooth Oscillations and MHD-Modes in the W VIl A Stellarator

WVILA Team”
Max-Planck~Institut fur Plosmaphysik, EURATOM-Ass.
D-8046 Garching, Federal Republic of Germany

Abstract: For discharges with plasma currents constant in time evidence is given on
sawtooth oscillations in the W VII A stellarator; MHD modes of m =3, n = 2 and
m=2, n= | are identified ot different plasma parameters,

First experimental results of the W VIl A stellarator ware presented at the
Barchtesgaden conference / 1/, At that time experiments were performed with a
translent plasma current whereas now stationary plasma paremeters ore maintained /2/
for & 0.3 3, Astudy of sawteeth and MHD modes still is hindered by technical im=
perfactions: very high plasma densities and feedback control of the vertical field are
not yat available, During current bullt-up, when pessing rational values of £ at
the plasma edge, strong effects are observed on various diagnostics /1/, In this
paper, effects occurring during the current plateau of the discharge are studied
exclusively, Table | lists the diagnostics relevant for the present investigation,

Plasma Signals | Wall Signals | Magnetic Sigaals

Soft X Limiter Signals| B, - Coils 7~ ety
/u-Waw Interf,] Longmuir Probe| Rogowski Coil L Suzes
HF-Probe Hard X Loop Veltage
Diamagn. Loop | Bolometer Position - ¢ E
(-
Table | { . ;
. I . srgim
HAg.l: L

Soft X diode array and B.-r.olll

The arrangemant of the soft X-ray datsctors and B‘-col Is is shown in Fig.1. Fig.2
shows the bahaviour of external MHD modes detected by the magnetic pickup coils, in
correlation with Internal disruptions as seen by the soft X-ray diodes, ij =1.3 ms.
The distortion coused by the 600 Hz-ripple of the OH system is also visible on the
Rogowskl signal, The stationary phase of the discharge is dominated by am =3,

n =2 mode at f/m = 7 kHz. The total rotational transform at the plasma edge is

£ (o) = 0.57. Therafors, this mode con be atiributed to a MHD instability.at the

Nao. 4914 Series connaction of
B=2.5T7
to =0.,23
4(a)=0.57

|
|P=20kA ""'lll'_ljl' “I“i l.

B° coils selectingm = 2

Hinn “‘“‘ i

m=3
Fig.2: MHD mode analysis

103 ms 104 ms

t=2/3 surfoce. Since in /1/ the complete diagnostic equipment was not yet avail-
able, this mode has been misinterpreted os  m = 1. During the internal disruption
am = 2 mode appears here for a short time, os observed by o proper series connection

of the B.-coill providing a simple Fourier analysis,

In the case of a rotational transform 4+ (a) £ 1/2 and to =0.11 a transition frem
m=3, n=2tom=2, n=1 has bean obsarved with frequencies f/3 & 7 kHz and
/2= 4 - 5 kHz during the intemal disruption. This feature could¥ndicate a change of
the radial current density profile in accordance with an observation of negative
voltage swings during this time and a medulation of the plasma current. These

phenomena are also expected by theory /3 /.

Fig.3 exhibits the growth of the inter-
nal m = 1 modes ( rﬂ'lOa/m) bet-
ween the relaxations and o strong

-2.8cm -3
mode activity m=2, §B/B=2.10

8, - Signal

Soft X at

0. cm
P at the outside, A mode coupling can
be seen between the B.-simail and
Fig.3: MNo.4094  the soft X-rays near the €= 1 surface.

Mode coupling of internal m = 1 and ex-
ternal m = 2 modes, €_=0.11, £ (a)%1/2

B=2,75T,£=100ms

For all-cases studied the modes propagate in the direction of the electron diamagnetic
drift, For the discharge in Fig.3 the observed frequencies agree within 30% with
those calculated from the laser profiles.

Sawtooth relaxations play an important part in energy transport. Taking the soft X-ray
flux ~(n, ]'g}2 - approximately valid for a plasma with T"'300 eVand &1 % of
fully fonized oxygen - the losses by the sawtooth relaxations only yield a confinement
time To =23, /(AA./p), where T cre the relaxation period and AA/p

the relative (peak to peck) sowtooth amplitude, respectively. For several discharges
withn ~2 - 1013 cm3 the values of Tg" are larger by a factor 2 - 3 than

fE' = (3/2 n.Te)/(q . [z). This means a substontial loss by the sawtooth relaxations,
even at o moderate density,

In addition to the conventional diognostics discussed above, in W VII A several
outer diagnostics (see Table I) show a marked correlation with the sawteeth, Shortly
after each relaxation the characteristic of a Langmuir probe situated in the limiter
shadow reveals enhonced ion and electron fluxes. The potentials of the four
insulated limiter segments, as well as the signals of a photo fransistor viewing the
limiter region are corralated / 1/ with the' Intemal relaxations and show super=
imposed high frequencias.

This feature is shown in Fig.4, top and centre frace, under discharge conditions
similar to that of Fig.2, Connecting
the two limiter segments as shown in
the left part of Fig.4 introduces
currents of the order of 1 A which
are modulated by about 2 A in
correlation with the internal disruption
(Fig.4, bottom trace).

Fig.4: Limiter Signals, t= 120 - 130 ms

Generally, the mode activity seems to decrease, when increasing the external
rotational transform. Especially, the m = 2, n = 1 mode diminishes, which mode is
believed to play an important part in the disruptive Instability, At ‘f'°= 0.23 and

4 (a) > 1/2 (equivalent fo q (a) £ 2) a disruptive instability is never observed, even
at high densities. The stellarator field has been seen to improve both the stability
behavlour regarding tearing and kink modes / 4/ as well as the plasma equilibrium.
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Ohmic Heating in the Wendelstein VI A Stellarator

W VIl A Tean™
Max-Planck=Institut fUr Plasmophysik, EURATOM-Ass,
D-8046 Garching, Federal Republic of Germany

Abstract: In ohmically heated discharges ot high rotational form the temperah
and density profiles are flattened out by internal disruptions within the q = Vt =] -
surface, The current density is limited to a.,s _2;; - %). This leads to a corre-

lation b the energy time of &lectr ,T’E' and the central plasma

parameters ng (o), Te(o), and Z e

Introduction

At the Berchtesgaden conference [ 11 first results on Ohmic heating in the Wendelstein
W VI stellarator were presented (R =2,0m, a=0.1m; helical windings | = 2,

m = 5, external rotational transform 0 (-&; £ 0.23, without shear ). After installation
of the control system for the primary current of the air core transformer the plasma
current |_ (1) Is now programmable. The available OH-flux d = 2.5 Vs allows o
duration of the discharge up to 0.5 5. To maintain the density for H2 dischorges an
additional neutral flux [(t) is necessary,

Electron Energy Confinement

As shown in [ 1] for high values of & [F={Z° +£P (@) - Ip‘-_‘ BkA the

pseudoclassical scaling of the-energy density nkT ~ (eo-i--cp) lp . Bn [21] does
not hald any . We will d
fluctuations which changes the profiles may be responsible for this deterioration,

that the grewing effect of the intemal

From the density and temperature profiles, obtained by Thomson scattering, the
current profiles are calculated under the :uiumpllt-:n of Spitzer resistivity and

Z-"- const,

Fig.1 shows from top to bottom radial profiles of electron temperature, density and
current density for -Eo =0,23 (heavy lines) and {:o = 0,055 (fine lines) and identical
plasma current | = 17 kA, The q = 1 surface together with the current density limit

d o) = ;B; U --Bn) are indicated, An experimental coefficient for the heat
o

conductivity xe can be derived by a numerical code frem analytical curves fitted

to the measured points of T and n, I31, (Fig.2). For comparison the coefficient DPCL

for pseudoclassical transport has been plotted, The diameter of the q= 1 surface en~
closing a region with enhanced transport widens with increasing external €, .

Increasing the plasma current has the some effect.

A simple correlation between the electron confinement time 'C'E' and the central
plasma parameters n, (o), Ta (o) nndd (o) can be derived. Similar to TR [3 1 the
variation of?_‘E' () across the plasma radius is mll:T‘E' (u)zTE’ (o), therefore,

&
' = S nkTgrdr DK B o ng () KTg ) Bed
Sy n g 67 Zy5 (1 %) B2

where n_isin lowcm-'s, kT inkeV, and B_in Tesla.
e e o

1
Note that this correlation does not imply a 512 scaling of T° g tincen, (o),
T. ©), Zeffund Bo are interdependent,

Fig.3 shows that the experimental data confirm this relation, Estimations of the
energy confinement based on sawtooth oscillations [ 4] demonstrate the importance
of the internal instability for the confinement. Siv.ilar to the current density the power

< 2, BOUZ.5T.

density is also limited in the plasma center. Under the conditions Z.ﬂ_

£ e 0.23 a maximum electron temperature of 300 eV was found.

Behaviour of Plasma Density

For n,> lﬂman-s the recycling is not sufficient to maintain the plasma density,
therefore, a constant neutral gas inflow is necessary. During a discharge the density

could be varled batwaen 8 + 10'2cm™> = 8 + 10'3em™3 by odditional neutral Alux 1),

e

K G.Cattanei, A.Cavallo, D.Dorst, A.Elsner, H.Hacker, H.Jdckel,R. Jaenicke,
JuJunker, R,C.Kunze, F,Leuterer, S.Marlier, G,Muller, F,Rau, H.Renner,

H.Ringler, J,Saffert, J,Sapper, P,Smeulders, M.Tutter, A,Weller, H.Wobig,
E.Wursching, M. Zippe

The increase of the density is connected with decrease in temperature and Za".
Applying an odditional neutral flux stationary cenditions ore reestablished in the
discharge ofter 50 ms. The particle replocement time T"A = F.,dv , which is an

upper limit for the particle confinement time, varies between 9 and 50 ms.

For Ba =25 kG, t’o =0.23 we have studied the plasma confinement with ¢ (a) =0.5
at the edge of the plasma. A stationary discharge without enhanced MHD oscillations
and current disruptions could be maintained. But still enhanced losses were observed,

In low density discharges they lead to a small reduction of density and an increase

of He and Z.". In discharges with stationary gas inflow I, Z‘," and k?‘ remain
practically constant, whereas the density drops by a factar of about 2 compared

with discharges at £ (a) E 0.5 (Fig.4). During the transition phase additional plasma
loss is also indicated by the enlarged probe signuls al a pasition outside the las
magnetic surface. The regime of enhanced losses is rather small, G—J = de_ « 10 %.
The some effect can be achleved by small variations of the vertical field. This is an
indication that the additional losses at £ (a) = 0.5 may be due to magnetic islonds in
contact with the limiter or due fo stationary convective cells originating from

MHD instabilities.

Refarences

[11  Proc, of Berchtesgaden Conference (1976), W VII Team, IAEA-CN-35/D2
[z1 Proc. of Tokyo Conference (1974), H.Hacker et al., IAEA-CN-33/B1.

L31 Invited paper of the TFR Group, Proc, of Lausanne Conf, II, p.1-13 (1975)
[41  This conference, W VII A team, paper presented by A Weller.

Fig.1 Distribution for temperature, electron and current density for different £ =
but with the some plosma current.
Fig.2 Heat conductivity derived from temperature and density profiles for different

'b::' Pseudoclassical values for comparison,

Fig.3 N lized energy confi t ime ‘L"E os a function of the central electron
temperature, Dashed curve: correlation given above.
Fig.4 Temperature and density distributions for £ (n)gﬁ.s (qE 2), #5048, aleng

with plasma current and energy content as @ function of time.
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BOME CHARACTERISTICS OF OHMIC HEATING
PLASMA IN THE L-2 STELLARATOR
DeKodkulina, E.D.Addryukhina, M.S.Berezhetsky, G.S.Voronov,
BeBeGrebenshchikov, M.S.Eabinovich, I.S.Sbitnikova, 0.I.Fedya—
nin,Tu,V.Kholnov, A.V.nndoleﬂ: I.8.89pigel,
Lebedev Institute of the Academy of Sciences, Mosoow,USER

The first ohmioc heating experiments (1] on the 1~2 Stella-
rator have shown the possibility of oreatiom a plasma with suf=
fiolently high parameters comparable with the parameters in to=
kamaks of oorrespunding sizes. The existance of the eriti-lal
current wap alpo discovered in these experiments whioh corres—
ponds to the achlevement of the total rofational transform an-
gle equal t09j; in the centre of plasma colum.This work is
devoted to the mare detalled study of filasma parameters,ensrgy
and particle confinement time in the current region essentially
lower than the oritical ome.

The L-2 Stellarator has ¢ =2 helical magnetio £ield,the
major radius of the torus R=100 cm; the mean plasma radius
@ =11,5 om; the maxrimum longltudingl magnetic field strength
By=20 kG. The angle of rotational transform 7 (0/=0.,2 on the axis,
lld{s(e.)- 0,7-0,8 on the boundary magnetic surface., A guasi-sta-
tionary ourrent with a pulse duration 16-22 ms was induced in a
$lasma, The following plasma diagnosiios were used in theses ex—
perimenta: eleotrotechniocal metheds, the diamagnetic! measure—
ments of the plasma energy and mean plasma density measurement,
The electron and ion plasma temperatures were determined hy XY=
ray and oharge exohange atoms: spectras The behaviour of the hyd—
rogen and impurities lines in the vieible speotrum part was al=-
8o studieds In Pig,1 the {ime-dependence of the main characteris~
tios of the disoharge is given: the plasma ourrent I,loop vol=
tage V, mean plasma density T, plasms conmduotivity & ,chmio hea-
ting power P, eleatron T, and ion I, temperatures, and plasma
energy W.All plaema parameters achi- o
eve the stationary vadues for the
time 7-10 ms depending on plasma den— P
slty.Within the ranges of the magnetio .
field (9-16 ki) and initial gas pres-— o
sure (l:l.#-ﬁ.‘lﬂ-‘~ torr) at heating
ourrents 9-20 kA a stationary disoh-
arge with Ge=0.4 - 2 = 10 Jom 2,
w,-zso-'ioo ev and 14=65-120 ev was obtained, ¥ig.2 shows that
T, decreapes with a density while T; imoreases, i.e. the dif- I

ference between ion and eleciron temperatures reduces. At pre-

gent we bave not yet information on density and temperature ra-
dial dietribution, The parabolic distribtution is supposed at all
estimations of the energy content

i T D0
and the lifetimes. As Fig.2 shows the W N rioidin
plasma energy ocomtent obitained by the o :\‘
dismagnetic measurements W, with - ‘\f”
the acouracy of 30% colncide with the : _T‘;_-;
value caloulated according %o the lom s
measured eleotron and ion temperatu— ole 2T R
ros for Te7410'2 on 2. At low densi- w R
tles the disorapancy between these ‘ ’:',”* o
values is obperved.It is difficulty - :,‘,f. ®
now to say definitely of the cause . ’/,/‘f‘» "
of this. The energy lifetime ig : "

praotioally not changed with a den- i
sity. As the ohmic heating ourrent
increases (Fig.3) the plasma energy and the lifetime inorease.

i i
Ayl A o)

However, this rize is limited at the ratio I/B=1,3 when the toal
angle of rotational transforn g+ %; =1 ( 4; = dus %o
current) appears on the plasma boundary. The plasma oonfinement
time decreases ss the swrface with 7 = 1 moves from the boundary
%o the centre of plasma oolumn,The abroupt inorease of ohmio
heating power after I/B=1,3 indi-

oates to the column resistance

a i i

Btk ad

r i St

rise, This and some other features & e :E

in the high current range permits ! Ca

ug to make assumption about the i
e

change of the radial distribution

i £
corresponding to deorease of the et e
effeotive plasma dimensions. Caloulation of the power transfered
from electrons to ions and absolute measurement of flux of the
charge exchange atoms esoaping the plasma shows that up to
30-40% of this power may esogpe due to cbarge exchange, The ion
energy lifetime corresponding to the
theoretioal coefficients for the plateun
reglon prove to be close to the experi-
wental one (4~4,5 ms af B=12 kg), exoce~
eding it 1,5-2 times,The funotional de—
pendence of the ion temperature on the
plasma density and the magnetioc field
strength do not ocontradict to the Arxt-—
symovioch formula, Caloulations of the
penstration of neutral atoms in a plas=

ma and the integer .charge exchange atoms flux was made. Ite
normalization by the experimentally measured flux permited us to
evaluate the neutral demsity in the plasma column,
s:l.-n.'l.hiuouly, the neutral dgnsity on the boundary was deter—
mined from H, 1ine intensity, Both methods gave ceimoiding
values and permitied ws ¢ amlomlate both looal and mean partic—
les lifetimes in a plasma, The looal particles lifetime at the
oentre of plasma column at B=12 kG is ~80 msec and falls to

the plasma boundary, The mean particle and energy lifetime as

a funotion of a magnetic field is shown in Fig.4. The oirocles
correspond o the values calculated for the T, and T, measured,
the crosses = to the diemagnetio measurements, The solid ourve
II corresponds %o the empirical sealing law 7~ n"’n, s where

Bg = is the sum of helical and plasma current poloidal

fields, the former in our case being the dominant, Both partiocle
and energy confinement time incrsases 'with inoreasing of the mag-
netic field. The confinement for stellarator ocase is essenmtially
better due to the external poloidal field, However, the better
oonfinement leads to the plasma conduotivity inorease and decrea—
ses the ohmic heatingrpower input in a plasma. In this commect~
ion investigations of other methods of plasma heating in stel-
larators are of particnlar importance,

* Permanent address: Ioffe Physical-Techniocal Institute, the Aca-
deny of Sciences, Leningrad, USSR.

1. DeK.Akuling et al, Paper to the VI International Qonfersnce
on Controlled Fusion and Plasma Physios, Berohtesgaden, 1976,
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PARTICLE CONFINEMENT IN HF-HEATED FLASMA IN THE
"URAGAN-2" STELLARATOR

A.Ge Diky, V.G« Eonovalov, B.,V, Erawchin,
0.5. Pavlichenko, G.P, Pavlova, O.M. Shvets.

Particle confinement in a plasma heated by the ion~oyclotron
waves in the ™Jragan~1" stellarator were studied earlier 1] . one
of results of these experiments was & conclusion about the neeclas-
sical particle diffusion in ICRH plasma. The drawback of these ex-
periments was a lack of data concerning magnetic field dependence
of particle confinement time. In this report we present data con-
cerning this question.

Parameters of the "Uragan-2" stellarator were described ear-
lier (2], The wave launching system was mounted inside of vacuum -
chamber on the straight part of the stellaratdr. This system was

58 Changing the magnetic field stren~
e
§® gth from 3,6 kOe to 9.6 kDe it was
{n possible to excite in the hydrogen
jl

plasma ion~cyeclotron, lon-ion hyb—

%) i rid and Alfven waves. In these ex-
‘i' ! periments electron density was me—

{: : asured by the 8-mm interferometer,

j: " plasms pressure n(Te « Ti) - by the
% diamagnetic loop, electron tempera—
E: ture = from helium lines ratio

t.es (5 10% of helium was added in the
Fige 1o hydrogen plasmsh
Partiocle confinement time T, was calculated from the electron
balance equation [3]. Fige1 shows the time behaviour of measured
parameteras for two values of magnetic field strength = 3.6 kOe
(left column) end 9.6 k0a (right column) with HF pulse duration
At = 2.5msec, Particle confinement time was measured at the mo-
ment At < 1ms, Experimental data on Tﬂnrn compared with these
predicted by the neoclassical theory. In the experiment the slect—
ron temperature was in a range: 20ev< Te £ 40e¢v. It means that our
data correcponded to the plateau regime of theory (0.1!;‘5— 20,53
'Ih:ﬁ—{-—e ). Fig.2 shows experimental velues of the diffusion
costricient Yep ( lexp = 2242, ) normalized on valuss of the
diffusion coeﬁiomﬁ&[ﬂ], caloulated for the case -hnnd=z{%>£
Dex

Dst
0

and plotted against the notmali-

zed electron collision frequency.
Hers ?uﬂ (solid line) corres—
pond to the theory for the axially

symmetric systems. The dashed 1i-

ne (%:@.G) takes into aceo-

gl=-——d=4——i i =

unt the helical inhomdgeneity of
the magnetic field [5]. Closed
circles are related to data obta-

ined for the magnetic field range

1=
o-——4=-1-—5-1-1t-—-r"

(]

<
A"

-;l-=

B Iz

for the range BkOe< Ho< 9,6 kOe.

Fig.2 If to take into mccount the fact
that the additional particle flux connected with electron and ion

temperature gradients (the thermodiffusion) wasn't taken into acoo=
unt, one can consider data for lower part of magnetio field range
as a good correspondance with theory predicted ones. Data for hig-

her magnetic field indicate the factor 20s40 amomaly of the partice
le diffusion.

excited on the frequency 5.7 Mc/s. C)

3.6 kDe< Ho £ 7.2 kOe, opened ones-

STELLARATORS

Trying to clear the reason of this anomaly up, wehave analy-
zed the particle confinement dependence on plasma parameters.
Fig.3 shows that the particle

'E:' confinement time decreases with ti
40 the increase of lon temperature.
" :..- This fact is in a qualitative ag-
20 B t with the theony predio-
k- .: o tlon,
(Ii: e ':_ The magnetic field dependen~
" . :-". ce of the particle confinement
o |° time (Fig.4) showes that in the
“TTTW W 0 0® T, rage 3.6:0s<Ho<7k0e the par-
Fige3 ticle confinement time increases

asl~Hos The saturation of T, in the range 7kOe< Ho< 9.6kOs reflects

the above mentioned anomaly of

Bt

sthe diffusion process. We ddn't
40 have any simple explanation of
* the observed anomaly yet. Trying
n J #
{l

to understand this phenomenon we
paid attention to the fact that

] starting with the excitation of
08 ,i ion~cyclotron waves we passed to
o the excitation of Alfven waves
MITTTT 4 580 Jue (50) (Hg= 3.6k0e)s Recent
Fig.4 experiments on Alfven wave hea—

ting of plasma in the "Protoclec"” stellarator [6] indicated that the
anomalous particle diffusion accompanied the excitation of these wa-

vess We shall study this phenomenon in detail in our future experi=-
ments.

Physicap-Technical Institute
EKharkov, USSR
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PLASMA HEATING BY ALFVEN WAVES IN THE PROTO-CLEO STELLARATOR

S. N. Golovato and J. L. Shohet
The University of Wisconsin, Madison, Wisconsin 53706 USA

Abstract: The shear Alfvén wave has been excited in plas-
mas in the Proto-Cleo stellarator. Doubling of both the elec-
tron and ion temperatures was observed. Evidence of the pres-
ence of a resonant surface in the plasma, which leads to the

heating, was obtained. Some enhanced plasma loss was also seen.

The shear Alfvén wave has been excited in plasma confined
in the Proto-Cleo =3, 7 field period stellarator. The experi-
ment has a major radius of 40 cm and a plasma minor radius of
abgpt 5 em. The confining magnetic field is 3 kG. Plasma was
produced either with a titanium gun or by RF breakdown of neu=-
tral hydrogen. The gun produced plasma had a peak density of

12 3

about 10 cm ° and electron and ion temperatures of 5 eV and

10 eV respectively. The RF-produced plasma had a peak density
of about 1010 cm_3 and an electron temperature of 10 eV. The
Alfvén wave was excited by a helical launching structure which
was positioned at a minor radius of 7 cm and makes 3 revolutions
of the major axis in one revolution of the minor axis. Figure
1 shows the experiment. The helical coil could be driven with RF
at 1-2.5 MHz, in pulses of 0.4-1.2 msec at power levels up to
VACUUM

200 kw.

FIG, 1. The experi-

g mental configuration
HELICAL “hins for the Proto-Cleo
D EBs stellarator.
=Ll
& eea
bt
\ﬂ’ FEED

With application of 1 kW of RF power, a doubling of both
the electron and ion temperatures was observed [1]. The elec-
trons and ions must be heated independently by the wave, since
energy equilibration by collisions was too sllow to account for
the heating of one species by the other. As well, the ratio
Ti/'re remained approximately the same after heating. The heat-
ing efficiency, measured as the ratio of the change in total
plasma energy to the total RF energy applied, was about 6% with
the majority of the rest of the RF lost in the wave launching
helix itself.

The experimental results were compared with theoretical
predictions of energy absorption using the analysis of Tataronis
and Grossmann [2,3]. In their theory, energy absorption should
occur in the vicinity of a resonant layer in the plasma defined
where the applied RF frequecy equals the local Alfvén frequency,
@ 8, + k)2

2
wy =

G !
where m and k are the poloidal and toroidal wave numbers, By
and B, are the poloidal and toroidal fields and [ is the mass
density. By, B, and p_ were assumed functions of minor radius
only. Radial profiles of electron temperature and the wave
magnetic field were made and showed no strong peaking as might
be expected at the resonant layer. This may be explained by
the fact that stellarators are not axisymmetric devices and
the resonant layers are not closed toroidal surfaces. In
Proto-Cleo, the diagnostics were located in a region that did
not cross the resonant layer. The dependence of the heating
on density and RF frequency for a gun produced plasma are

shown in Figure 2. It is predicted by the theory that heating

should be better at lower densities and lower frequencies for

Proto-Cleo parameters. This effect is seen in Figure 2.

T T T

T, WITH RE/T, WITHOUT RF

oENSITY (a1 e )

Fig. 2. Ratio of electron temperature with rf to electron
temperature without rf versus density at three frequencies,

Along with élasnm heating, enhanced plasma loss was ob=
served when the wave was applied. The loss only occurred during
the RF pulse and showed the same dependence on density and fre-
quency as the heating. The enhanced loss increased linearly
with wave amplitude..

Plasma was also produced by applying high power RF, up to
200 kW, to break down neutral hydrogen. The resulting plasma

had a density of about 1010 cm-3

and an electron temperature
of 10 eV, Radial profiles of density, electron temperature
and the wave magnetic field showed strong peaking as shown in
Figure 3. This indicated the existence of the resonant layer
as predicted by theory. The peakingwas more visible in the RF
produced plasma case since the plasma was being created at the
resonant layer where the wave fields were highest and because
higher RF powers could be used. The RF peaks at a larger minor
radius than n and T, due to the non-axisymmetry of the stel-

larator equilibrium.

ToleV)
n (x 107 emdy
RF (x10 mvolts)

Fig. 3. Radial pro-
files of n, T, and
RF amplitude with
and without plasma
for the RF produced
plasma.

RF w/ no plasma

ol L L 1 L 1 1
Z_ 5 4 S
nﬂA: 0 r (em)

The results of this experiment show that plasma electrons
and ions may be heated efficiently by Alfvén waves at frequen-
cies below the ion cyclotron frequency. The existence of a
resonant layer and the agreement with theory as parameters
were varied indicate that the energy absorption was due to the
effect known as Alfvén wave heating [2,4]. If the accompany-
ing enhanced plasma loss can be controlled, this heating tech-
nique shows great promise for fusion reactor applications.
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ROTATING PLASMA IN THE "TORNADO-650" TRAP
J .Bergstrtm, A.B.Beresin, V.M.Euznetsov,
E,Lehnert, B.P.Peregood
A,F.Ioffe Physico-Technical Institute, UBSR,
Leningred E-2I, Politechnicheskeya 26 - jointly with
The Royal Institute of Techmology, Bweden,
8~I00 44, Stockholm 70, Teknikringen 31
Results of the first experiments on bebaviour investiga-

tion of plasma created by means of crossed magnetic and
eleotric fields discharge in the Tornado trap are reported.
These are firet experiments where plasma rotation is driven
in a closed magnetic bottle.

The experiments were prepared and carryed jointly by the
Royal Institute of Technology (Btockholm-Sweden) and the A.
F,loffe Physico-Technical Institute (Leningrad~USSR). Re—
sults of works which had been carryed within the frames of
programmes "Tornado™ (PTI) and "Fiasco™ (RIT) have played &
role of prerequisites for the joint work raising.

There was ascertained by the works on "Tornado™ program=
me that the trap field is closed and belongs to the class
of fields having a spherical uewatru[x.é.s]; that inside
the region limited by the separatrix there is a volume with
the field strength increasing everywhere towards its bounda-
ry[4,5]s that plasma of n = 1072~ 10™ I/en’, T m I oV 18
hydromagnetically stable inside the trap and its hahm:l.cq
and losses are determined by the classical diftusion[&.?].

Features of the béhaviour of plasma rotating in the mag-
netic field which has field lines crossing an insulator sur-
face were studyed while realising the "Fiasco" programme at
devices ¥-I, F-2 and ¥-2a [8].

This new joint (RIT - PTI) programme is aiming at:
I.Froduction of plasma rotating in the magnetic field which
has no field line escaping the system or crossing its con=
structional elements.

f z;Bahlviour investigatlon of plasma produced this way in the
Tornado trap during the plasma decay. Statement of the life-
time dependench on temperature within the range of temperatu~
re up to several tens eV.
3.Investigation of possibility to exceed the Alfven plasma
rotation velocity limit [8.9] s restricting the rotation velo-
city for systems having end losses.

The experiments had been performed at the Tornado=650
apparatus (650 mm - separatrix diameter), equipped with sy-
stems of radial electric field production inside the trap
and manipulating it.

There were measured: plasma current, total over the spec—
trum (3000 - 8200 i) plasma light radiation dependence on
time, integral ovér the time spectrum of the radiation in
the range of 3600 - 8000 ..A and microwave radiation in the
range of 6 -~ 8 mm, Besides the plasma was photographed in
its own light without time resolution.

Briefly, the results gained are following:

I.After several training discharges the discharge inside the
trap becomes stable-ignited, the reproducibility of plasma

and d:i.achw.'g_e parameters is good.

‘ 2.0n the time-integral photos of plasma
there was not noticed any inhomogenelity
n{ discharge or plasma,
3.The short (Sor.a) intense microwave ra-
diation is registered at the starting in-
stant of the dimcharge. During all later

trum of Fe.

time of plasma rotation and decay this
radiation is abment.

4, There are no oscillations or pulses on
the current g:nd total light radiation og-

‘Hr

TUp and down - reference spec

cillogrammes. These time d.epea_:.dez_we cur=
ves are perfectly smooth (Fig.I).

J\__,

A,

Hp

Fig.2 Plasma radiation spectrum.

Fig.I Upper curve - totel over the spec—
trum radiation (3000 - 8200 A), lower

'N‘

curve = plasma current.

ty,

S5.Many times reproduced plasma radistion
spectrum photos (5 = II expositions each time) have atomic
hydrogen radiation lines predominantly: B H.F' H., B‘(nsz).

Presumable interpretation of the results performed with
the help of some preliminary estimations is following:
I, Plasma density is of the order of I0T* om™>,
2. Ionization percentage is high in the central region. Neu-
tral gas temperature around the plasma body near its surfa-
ce ip higher than hydrogen molecules dissociation temperature.
3« In the course of rotation and decay plasma has no large—
s_cale disturbances.
4, Rotating plasma, presumably, have no contact with the con-
ducting constructional elements of the trap for the phenome-
non of plasma cleaning of heavy impurities due to the rota-
tion can not be completely responsible for the cleanness of
the plasma produced.
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FIRST RESULTS ON THE CONFINEMENT OF A LASER-PRODUCED PLASMA
IN THE W IIb STELLARATOR
H.Baumhacker, H.Brinkschulte, K.Blichl, M.Hashmi, §.F. Marlier,
W. Riedmiiller, and M. Salvat
Max-Planck-Institut fUr Plasmaphysik, 8046 Garching, FRG.
Abstract: Isolated deuterium pellets were irradiated with a
focused Nd glass laser beam at the axis of the stellarator
W IIb. The plasma density in the torus reaches a maximum with-
in 50 uws. At a toroidal magnetic field strength of 0.25 Tesla
a space averaged density of 7 x 1012 cmﬂa decaying within se-

veral msec has been detected.

The production of a plasma by irradiating matter with high
power lasers offers the possibility of filling a stellarator
with a plasma of high energy density and low degree of impu-
rities without ohmic heating current. This method was studied
earlier at the Lebedev Institute (1) using a large lithium
disk and in Culham (2) using suspended wires of different
materials as targets. In order to reduce the large amount

of neutral gas produced if extended targets are irradiated,
we used isolated deuterium pellets at the axis of the W IIb
stellarator.

W IIb (2) is a stellarator with a £ =2 helical field and has
a major radius of 0.5 m. It has a built-in limiter with a dia-
meter of 0.12 m. A laser plasma production system consisting

of a deuterium pellet droper, a triggering system and the

energy laser was developed. Pellets about 300 u in diameter
18

and 500 u in length containing about 2 x 107" deuterium atoms
were produced by cutting off the lower
end of an ice stick (see Fig. 1). The
pellets fall freely (0.3 m) down into the
stellarator. If the pellet is detected by

a triggering laser focused close to the

axis of the stellarator, the energy laser
is fired. It is a Nd glass laser, which Tig 1

delivers single or double pulses with selectable time distance
and energy ratio, a half width pulse duration of 25 ns and a
total energy of ~100 J. More details are given in (4). In
order to find out the initial conditions of the laser-produ-
ced plasma, we measured the total number of ions by means of
ruby laser interferometry and the energy of the ions by means
of the time-of-flight method with electrostatic probes in a
separate vacuum chamber without magnetic field. The results

pertaining to single pulse laser shots are shown in Figs. 2

and 3 as a function of the 2110" total number .
laser energy and the radiation of electrons
L]
energy hitting the pellet re- .
L
spectively. .,
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increases slightly with increasing laser energy and exceeds

2 x 105 m/s corresponding to more than 500 eV per ion. We
have performed an optimization of the number of laser-produced
ions with respect to the relative position of the laser focus
and the pellet position. The maximum ion number was obtained
when the pellet was hit 1.5 mm before or behind the laser
focus, where the cross-section of the laser beam is about
equal to the pellet cross-section. The number of the ions in-
creases with increasing laser energy. Even in the optimum
pellet position only about 2 x 1017 ions were detected corres-
ponding to an ionization degree of ~#10 & of the pellet. This
is in agreement with the result of numerical calculations (5).
Longer pulses or double pulses are required for full ioniza-
tion of the pellet (6, 7, 8). Most of the experiments in the
stellarator itself were therefore performed using two succes-
sive laser pulses (At = 70 nsec, 31/82‘-'1/2, El + EZ ~80 J). In
the torus cross-section that is situated opposite the focus of
plasma production we measured the space averaged electron den-
sity by means of a microwave interferometer as a function of
time. Fig. 4 shows that the density reaches a maximum value

50 us after the lasershot. The density decreases within a time
of 1 to 2 msec depending on the toroidal magnetic field

1 -3

strength to values below 1 x 10 cm ~. Until now, only fields

up to 0.25 Tesla have been applied. A maximum density - aver-

aged along the limiter diameter = of 7 x 1!:!12 un‘s was found

at B = 0.25 T. At the stellarator axis a density higher

tor
1 3

than 10" cm? can be assumed if allowance is made for a den—

sity profile. Taking into account. the volume within the limi-
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ter of the W IIb stellarator of 3,6 x 104 cm 3. a maximum

total number of electrons captured in the stellarator of

17

3.6 x 10 is found. This number increases with increasing

toroidal magnetic field strength (Fig. 5) and exceeds by a

factor of 3 the maximum total ion number produced with single

pulse laser shots. The current in the helical windings was

varied from O to 1000 A. At low magnetic field strength and

with t = O to t = 0.3 the plasma capture seems to depend only

weakly on the rotational transformation. No signal exceeding

noise is obtained by Thomson-scattering from an axial volume at

50).1- and later. This indicates that the electron temperature

is less than 5 eV at an electron density of 5 + 102 cm °.

Conclusion: The largest part of the deuterium plasma produced

by laser irradiation from isolated pellets on the stellarator

axis is captured by the magnetic field.
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DC Current Generation by RF Travelling Field
in a Magnetized Plasma
Masaji FUKUDA and Kiyokata MATSUURA

Institute of Plasma Physics, Nagoya University, Nagoya, Japan

Absract: The DC toroidal current driven by RF travelling field
is studied experimentally in connection with the absorbed RF
power and the plasma resistance in a magnetized plasma. The DC-

current distribution and the RF field distribution are measured.

An RF travelling field can produce a unidirectional current
in a steady state/1-3/. The mechanism of the current generation
is that the RF travelling field transfers not only RF power
but also momentum to electrons in the plasma/4/. The force
balance between the electromotive force produced by RF travell-
ing field and the frictional force due to electron-ion collisions
leads the following equation/4,5/

Pa
————=n Jp, (1)
(—Heevp)

where Py is the absorbed RF power, V_ is the phase velocity

and n is the plasma resistivity. Thi: current generation is

expected to be applicable to the current sustaining of tokamak
/5/. In this paper, we report experimental results for the DC
toroidal current in a low magnetic field: (1) relation between

the generated current I, and the absorbed RF power P (2) bc

a’
current distribution and RF field distribution.
Experiments were carried out by a tokamak device named

Synchromak/3/. The schematic diagram of the device is shown in
Fig.l. The major radius of the discharge tube is 25 cm and
minor radius is 5 em. The plasma is limited by a metallic
limiter of 4 cm in radius. A stationary toroidal magnetic
field Bt up to 3 kG is applied. The RF travelling field is
generated by a transmission line which is set up locally on a
glass discharge tube. The phase velocity of the field Vp is
1.9 x 106 m/sec, which corresponds to the electron thermal
velocity of 11 eV. The RF power, from 200 kW nominal output
oscillator, is fed to the line for a duration of 1.0%2.0 msec.
The RF frequency is 3.6 MHz. The argon plasma is produced by
the RF field itself.

We measure It' Na' Pa and plasma resistance R as a function
of electron collision frequency M at a constant magnetic field
!t = 0.3 kG, where “u is varied by changing the gas pressure.

Here Y is calculated from the relation v_ = n(NeezimJ. The

e
plasma resistance R is measured by a current response to a

weak pulse induction field which is generated by a current
transformer with iron core(0.02 V*sec). The electron density

is inferred from the fringes of 50 GHz microwave interferometer.
Typical values at B, = 0.3 kG and P = 1,9 x 10'4 torr are as
follows: I, = 200 A, N_ = 8 x 10°% en™, P, = 90 kW and R = 24
mil. Figure 2 shows the voltage QE/IO produced by RF travelling
field and the voltage R x It due to the frictional force, where
Io = -Neavps and § is the cross section of the plasma column.
Both voltages decrease with increasing v and indicate almost
the same dependence. The voltage Palln is nearly equal to R x It

i rad/sec. This

within the experimental ranges of Va ™ 37 x 10
result is consistent with eq.(l). Therefore we see that the

force balance relation is satisfied in a collisional plasma.

The radial profile of DC current is measured by a magnetic
probe. Figure 3 shows the profile JDc(r) at Bt = 0.3 kG and
P=7,5x 10_‘ torr. The current profile shows a hollow
structure even for a guasi-steady state. From measurements of
Langmuir probe, the profile of plasma density is observed to
be fairly flat and not to be hollow structure. Therefore the
structure is not due to electron density profile. Figure 4
shows radial profiles of RF magnetic field 6:’ ﬁe and Ez, which
are measured by magnetic probes underneath the exciting coil.
The field Ez penetrates in the plasma with increasing By and
then a bell-shaped profile develops/3/. The field ;B is gener-
ated in the plasma and the amplitude is comparable to or higher
than the field B . These RF field profiles indicate that there
is an excitation of a proper mode of plasma wave. From
dispersion relation of cold plasma, the wave is thought to be
a Whistler mode. The perpendicular wave length is estimated
from the shape of RF field to be 17 cm, while the value calcu-
lated from the dispersion relation is 8.2 om for “a = 6.4 % 1012
on™? and B, = 0.3 kG,

From these components of RF magnetic field, the RF electric
field can be calculated. The ratios among the amplitude of

components thus obtained are

7 s g 3 = s 3 -3
[B | : IBgl : |B,l =1 :0.5:2 %10

The RF electric field E, is very small compared with the fields
Er and Ee. Since the fields Er and ;B are approximated by a
Bessel function Jlik*r), the absorbed RF power has hollow
structure. Therefore we see that the generated current has also
hollow structure since the plasma density and plasma resistance
are fairly uniform.
References: /1/ K.Hirano et al.: Phys.Letters 36A (1971) 215.
/2/ S.M.0sovets and I.A.Popov: Proc.5th.Europ.Conf. on Contr.

Fusion and Plasma Phys. Grenoble, 1972,
/3/ M.Fukuda et al.: J.Phys.Soc. Japan 41 (1976) 1376.
/4/ R.Klima: Plasma Phys. 15 (1973) 1031.
/5/ D.J.H.Wort: Plasma Phys. 13 (1971) 258.
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DIRECT TOROIDAL CURRENT GENERATED BY MICROWAVES
R, Klfma, V. Kopeok§, J. Musil, F. Fdsek
Institute of Plasma Physics, Czechoslovak Academy of Sciences,
Nademlynské 600; 180 69 Prague 9, Czechoslovakia
Abstract: Generation of direct toroidal current by travelling
microwaves is demonstrated experimentally, At parameters used,
this current is apparently carried by fast electrogs, The ex~
perimental results can be interpretted satisfactorily on the

basic of previous theory,

The recent experiments [1] support the idea of the "po-
ristaltic" stationary tokamak [2] by using low-frequenocy wa-
ves. The purpose of the present contribution is to give first
preliminary results of (i) the excitation of the toroidal
current in a magnetosctive plasma by microwaves and (ii) the
comparison of the experimental data with the theory [3].

The study was carried out on the toroidal device INTER=-

MEZZ0, Fig. 1. Basic parameters of this device are: stainleas

MULTIGRID
ANALYSER

CoIiL

LIMITER Fig. 1

MICROWAVE
INPUT
1=2,35GHz

Bmm interferometer

steel vacuum toroidel chamber with major radius R = 35 cm and
minor radius 4.7 om, limiter radius 3 om, steady toroidal mag-
netic field up to 2.5kG. A helical slow=down siructure placed
inside the vacuum chamber is fed from the magnetrom 60 SA 51
(/2% = 2,35 GHz, P = 0+5kW) in 200-500usec pulses with 50Hz
repetition frequency. The initial plasma is generated by a di=
rectly heated cathode. The plasma density =n, the toroidal
current I, and electron distribution function are measured
by an 8 mm interferometer, Rogowski coil and electrostatic
multigrid analyser, Experiments were carried out in hydrogen
at Wu/cuzl.’?, W, being electron cyclotron frequency.

The experimentally found dependences of I and plasma

density r..);/w‘ on the microwave power P are given in Fig., 2.
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Hydrogen pressure was p = 2x10-31‘:orr. Fig. 3 shows the depen-

dences of I, end P on hydrogen pressure for fixed density

w,.‘/w‘: 7 . The date given by the electrostatic multigrid
analyser (p = 2,2x10 Jtorr, P = 5kW), see Fig. 4, demonstra-
te the presence of electrons with high parallel velocities Vi

of the order of hundreds eV,
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According to the theory [3], the value of the toroidal
current generated by a travelling wave is, in CGS elst. units,
I, =ek,P/2aRmyw ,
where e and m are the charge and the mass of an electron,
k, is the longitudinal (here the toroidal) wave number of the
wave excited in the plasma torus, Ve is the effective ocollisi=-
on frequency of electron momentum transfer. From the cold pla-

sma dispersion theory k“ = 2.5 4in the range of parameters
©

|t )aE
E

0 50 100 150 200

—— E[ev]
Fig, &4

used. According to Fig. 4, we suppose that I, is created by
fast electrons with emergies about 100 eV and, therefore,
v= = 2::10913 [tnrr] is given by electron-neutral collisions
[h]. The theoretical values of Iy found this way are also gi-
ven in Fig. 2 and 3. It is obvious that the agreement with
the experimental values is satisfactory.

We note that the wave excited by the slow=down structure
(whistler wave) propagates antiparallelly to the magnetic
field E;. This fact is given by the non-reciprocity theorem

established in [5] .
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ON THE STABILITY OF ELECTROMAGNETIC MODES IN THE
BOUNDARY LAYER OF A GAS INSULATED PLASMA

D. Ohlsson
Royal Institute of Technology, 10044 Stockholm 70, Sweden

Abstract. In gas insulated plasmas large density and pressure
gradients are likely to arise close to the boundaries on account
of plasma neutral gas interaction effects. In this paper the
stability of gravity driven electromagnetic modes in the boun-
dary region is investigated.

Introduction. In order to fulfill power density requirements in
future steady-state fusion reactors the ion density in central
parts must be of the order 1021m_a. In such systems high densi-
ty neutral gas will surround the hot plasma, provided the flux
of neutral particles from the plasma is not continuously removed
by external means. From investigations of the equilibrium pro-
perties of gas insulated plasmas it is found that large driving
sources for plasma instabilities will be localized to the narrow
partially ionized boundary layers surrounding the hot fully
ionized plasma. The stability properties of these layers there-
fore become essential for the whole gas blanket concept, in
particular since minimum-average-B and shear properties of the
magnetic field are likely to become less effective, on account
of insufficient magnetic-line-tying due to large resistivity
and the small localization region of the modes being considered.
Basic- Equations. We use the ordinary dissipative MHD equations
for a three-component plasma consisting of ions,electrons and
neutrals. Conventional notation is used. The plasma and neutral
gas are coupled through the exchange of directed momentum. The
plasma also indirectly affects the neutral gas through the vis-
cosity tensor in a way previously described by Lehnert [1].

Digpersion Relation. We make a localized perturbation analysis
in cylindrical geometry assuming all quantities to vary as
EXPfi(krr+m0+ Ez—wti]- We define ks=m/ﬁ and k_=n/L. We will
only consider modes for which the lines of force are curved but
not compressed or expanded. The magnetic field is in the polar

direction. Plasma neutral gas interaction is reconsidered as
compared to earlier investigations [1] and expressed in terms
of the mass and viscosity tensors. The plasma-neutral gas
coupling is generally highly anisotropic. Thus the final dis-
persion relation can be written

3 2
Flw,k) = w +u{yr-ur(mu+mnpln ma?] .

a2 2
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the mass and viscosity tensors. Generally these elements are
complicated functions of the defined parameters including the
frequency.For the case when WSSy the electrostatic and
electromagnetic modes are strongly coupled and the dispersion
relation splits up into two equations

Here m:. m:, W and u: represent the diagonal elements of

2 2 2
©),2 +i(uu0mnp0mr)m1’2+mr—wr(wu+unp) = wy =0 (13)
2
[T )
w r T A
3= i3 4 K (14)

wy *+ “r(mu + mnp) - wp

We have here neglected the frequency dependence of the coupling
coefficients,inertia and #rictional drift motion. The interpre-
tation of Eq. (13) and (14) is straight forward. Note the

strong stabilizing effect represented by the term wr(mu*mnpl.

Here w becomes strongly enhanced due to plasma-neutral gas
interaction. This example should, however, merely be considered
as special application of the general dispersion relation. For
typical neutral gas blanket data we actually find for a wide
range of parameters, that the electromagnetic and electrostatic
modes decouple. The electromagnetic modes become strongly
damped on account of large resistivity alang the lines of force,
and the stability properties are determined by the low fre-
quency electrostatic modes. The general dispersion relation,
Eq. (1) has been investigated by the Nyquist technique, taking
into account the frequency dependence of the mass and viscosity
tensor components (due to plasma-neutral gas interaction) and
also inertia and frictional drift metion effects.

Results. The stability criterion becomes

w (w__ + 2w )
% () BT = 2 et P L2 :
A= (1 + ) ”g . + wg ~ wp <0 (15)
w r
ci
(V") * k k
Here wg = e 14 w_(16) =B 2 1(17)
5 hd [m W ~wliw (w40 )44?] E L2 M k2
iy np gt np’ TRA A

Note that this general criterion also applies to cases when the
electrostatic and electromagnetic modes couple. The tensorial
mass elements should be evaluated for Wb e. The result is

nm *
n ny, 2 4 4
dk; and ﬂck2=(u+uii)k‘

2
mck1=m(1+

Here the driving source for the modes considered is associated
with the term w2 which arises on account of the "bad" curva-
ture of the magnetic field. This term is reduced by a factor
mf/m:i- The term mf/m:i is associated with plasma density ex-
pansion and compression effects due te the inertia drift motion
and corresponds to a stabilizing effect. The second term repre-
sented by ”uwnp corresponds to a large stabilizing effect

due to a joint viscous-resistive.pressure effect previously
discussed by Lehnert [1]. The resistive-pressure effect simply
represents the smoothing and damping effects of resistive dif-
fusion on the plasma density perturbations. The viscous effect
is substantially enhanced on account of plasma-neutral gas
interaction effects. Note further that the Nernst effect redu-
ces the stabilizing joint viscous-resistive-pressure effect
by a factor 3(Y-1)/4Y . The third term wg represents a
destabilizing effect which arises on account of plasma density
expansion and compression effects due to the ion-neutral
friction drift motion. The last term finally corresponds to a
stabilizing effect which arises on account of a joint action
of diffusion (due to ion-electron and ion=-neutral collisions)
across and electron motion along the field lines.

Let us investigate a numerical example by choosing the fol-
lowing data typical for gas blanket boundary layers , i.e.
n=n_=10%1n"3, -ff=-ri=1~n=ax1n" Ok, d(inn)/dvr= -60m "L, i
d(lnnnlédfiﬁﬂm ,1_:5/3, B=1T, d(1nB)/dr= =2, kr=6x10 m "y
k,=6x10°m" ", kg>0m . Thus yielding A<<0

Conclusions., Due to the joint action of all effects considered,
the present analysis indicates that complete stabilization of
localized gravity driven electromagnetic medes can be achieved
under rather general conditions in the boundary layers of gas
insulated plasmas. Consequently in these regions neutral gas
stabilization is an alternative to more conventional type of
stabilizing mechanisms associated with minimum-average-B and
shear properties of the magnetic field.

This work has been supported by the European Communities
under an association contraet between Euratom and Sweden.
Reference.

[I] Lehnert, B., Plasma Physics and Controlled Nuclear Fusion
Research 1974, IAEA, Vienna II (1975)717.
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ABSTRACT - Experimental evidence for black-body emission near the electron
cyclotron frequency from a collisionless toroidal plasma is presented. It is
suggested that this black-body emission occurs via a mode conversion at the
upper hybrid layer. Results of black-body emission near the second harmonie
are also presented. The usefulness of this method to measure profiles and
temperature fluctuations in a hot toroidal plasma is demonstrated.

Electron temperature profiles and their time evolution in Tokomak
devices obtained by measuring the electron cyclotron radiation at the second
harmonic have been previously reported ~-. Measurements of the cyclotron
mﬁlinn near the fundamental frequency o have been also reported L2, but
these results were widely dominated by reflection from walls surrounding the
plasma. On the other hand the lack of a comprehensive theory of the emission
around u,, makes the interpretation of these results very difficult.

In this paper we report simultaneous measurements of the electron
cyclotron emission radial profiles of the fundamental and second harmonic
carried out in the PLT Tokomak. The experimental arrangement is illustrated
in Fig. 1. The emitted radiation is measured in the extraordinary polariza-—
tion perpendicilar to the magnetic field in the direction of the large
radius R by two microwave horns placed in the region of high magnetic field.
Note that the radiation at the fundamental, in contrast with the second
harmonic emission, can propagate out of the plasma only in the direction
of increasing magnetic field. Therefore in order to measure only the
radiation from the plasma and to avoid the contribution from the reflecting
walls the receiving horn must be positioned as shown in Fig. |. Two supere-
therodyne receivers have been used, with a local oscillator covering the
band 60 - 90 Gz for the uw emission and the band 135 - 140 GHz for the
2"".:0 emission. Both receivers have the same pass band video amplifiers
(F, = 375 % 125 Miz).

In Fig. 2 the measured
radial profiles of the emitted

pover at uw . and ﬂm“ are shown.

~These profiles are obtained by

varying the toroidal magnetic field

| and supposing that the emission is
localized in the layer where

| By i, 8y = ey, Gy andu, ave

the frequencies of the two local

s oscillators).
3 EM WAVE It is clearly seen from these
results and from the systematically

observed identical behaviour of the
Face 8 Payucq
time, that the same power is radia-
ted at oo and 'M“.

For the experimental condi-

as a function of

tions of Fig. 2 the optically
thick layer condition for the
second harmonic /17 :

2 kT (x)
oAr =42 (&} 7—-—5—1—!{‘—)»1

mc
where
(Uz -
Y= A=
" e

Flawre 1 - Es imental set-up ol oh is easily u:hﬂlz:l therefore we
teristic frequencies profiles : have Poce = KTy 7y (/27 is the
Yee sleotron oyolotron, Yy band of the video amplifier).
spper Iybeid, o, VOPEY OULOT The emission at the fundamen—
tal shows the same black-body
behaviour and this is confirmed by the results shown in Fig. 3 where the
P profile is compared with the electron temperature profile measured

wce
by Thomson Scattering.
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Figure 3 - Power radiated at the u,
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131

However according to conven=
tional hot plasma theory for emission
atw,, perpendicular to the magnetic
field /37 we find :

2
O ©ea i
AT g (g

? w,

x (v%)j%-\- 1072
This discrepancy can be remo-
ved by supposing that perpendicular
electrostatic waves thermally exci-
ted near the cyclotron layer can
propagate towards the upper hybrid
layer where they undergo a total
mode conversion £ and finally are
emitted outside the plasma in the
direction of increasing magnetic
field. Considering that transverse
Doppler effect is the dominant
damping, the condition of black-body
enission for perpendicular elec—
trostatic waves is :
ade ¥ 1172 am V32 R
te ce

w_ v 4/3
ey
P

and with T, = 3.10'? en®, B =28%5,
T, =1 keV, we have u.ﬁr-ﬁlﬂz > 1,
The weak dependence on the electron
temperature suggests that this condi-
tion is easily satisfied over most

of the plasma cross section in

agreement with the results shown
in Fig. 3.

The time evolution of the
electron temperature and its local
fluctuations can be very easily
obtained and in Fig. 4 an exemple of
the sawtooth temperature oscillations
is presented. The emitting layer for
both w , and 2w, is localized at the
plasma center (r=0) and very similar

oscillations with/T /T

exl).l can be

seen on both signals.

In conclusion the local elec-
ﬂm/“ Snu/.,
tron temperature and its time evo=~

n & s lution can be readily obtained by the

gure 4 - Sautooth oscillat of
the power radiated at g
(lover trace) and 2u,,
(upper trace). The
fundamental and second
harmonie radiation are
loecalized at r=0.

emission measurements at L provided
that the receiving horm in positiomed
as shown in Fig. 1. The optically
thick condition for Yoo compared with
the corresponding condition for mu
is satisfied over a much wider range
of the electron density and temperature values making the emission at w_,
more attractive for the electron temperature measurement.
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ELECTRON-CYCLOTRON EMISSION AS A TEMPERATURE DIAGNOSTIC FOR TOKAMAKS
W.R. Rutgers
Association Euratom-FOM, FOM-Instituut voor Plasmafysica,
Rijnhuizen, Jutphaas, The Netherlands

Abstract. Electron~cyclotron emission can be used as a local temperature

diagnostic but the interpretation of the measurements is not always simple.
Reabsorption and ray refractive effects on the emission at twice the elec-
tron-cyclotron frequency are briefly discussed and experimentally verified:

)

It has been shmml that the line profile of cyclotron emission at lu“
(m“-q B/m; the electron-cyclotron frequency) can be used to measure the
temporal variation of the electron temperature with good spatial resolution
for tokamak discharges under low runaway conditions. For these discharges

the optical depth at Zm‘;d is much larger than one. Therefore, the specific
intensity of radiation is directly proportional to the electron temperature

if the electron plasma frequency £ o is considerably smaller than the electron-

cyclotron frequency E: so that effects of plasma dispersion can be neglected.

e
In this paper measurements of self-absorption in an optically thick line,
temperature fluctuations due to internal disruptions in the Princeton Large
Torus, as well as measurements of emission under high density conditions
(!p°> foe) in the turbulently heated tokamak TORTUR in Jutphaas are presented.

Radiation at 2w - from PLT was measured with a three-channel grating poly-
chromator for vertical direction of observation through the centre of the
discharge. The measured profile (Fig. I) is broad, implying that radiation
emitted outside the antenna pattern of the detection system is measured after
reflection at the vacuum chamber. The direction of observation is importanmt
because in the case of a tokamak, radiation at a particular frequency is
emitted as well as resonantly absorbed in a vertical plasma layer in which
the static magnetic field is constant. For vertical observation cold plasma
in front of the )ight collecting cone can reabsorb radiation from the hotter
plasma core if the absorption coefficient is high. The result is a dip in
the line profile as measured for 2w, (Fig. 1). In fact the plasma centre is
completely inaccessible in a plane of constant B for an optically thick

2)

from cyclotron emission is impossible in this case.

plasma due to reabsorption™ and a space-resolved temperature measurement

An example of the effect of temperature fluctuation on the emission is shawm

in Fig. 2. The emission measured at frequencies corresponding to mc

p— Pt T

i Fig. 1.

Profile of 2uw., measured with
> two channels (dots and triangles)
of a grating instrument. The
L line broadening is due to the
inhomogeneity in the (static)
toroidal magnetic field.

Cold plasma in front of the
light guide reabsorbs radia-
tion from the hot core where
the static B-field,and so 2w,
has the same value.

== specific intensity
°

PLT, He
’» By 3.45T 1

*40 +20 o -20

~—— position (cm)

A e a s e ol
T T LARE RARES RAREE B LB
I Fig. 2a.
/ Cyclotron emission versus time
for a freq Yy corresponding
./ \' to 3, at ¥ = 0 cm (top) and

r = 14 cm (bottom). The time-
scale is 4 msec/large division.
Internal disruptions manifest
themselves as sawtooth oscilla-
tions on emission from the
centre of the discharge. Outside
the instability surface an in-
crease in emission is cbserved.

Fig. 2b.

r=3cm (top) and r = 18 m
(bottom) . The time-scale is

20 msec/division.

Note the much longer decay time
for emission at r = 18 cm com-
pared to emission at r = 14 cm.

at r=0, 3, 14 and 18 cm from the axis of the discharge is shown as a func-
tion of time when intermal disruptions occurred repeatedly. On axis the well-

known "sawtooth oscillations" are observed ied by an i e in

emission outside the instability surface. Here the decay time of the per-
turbation increases with the radius. These observations show that cyclotrom
emission can be used in the same way as Bremsstrahlung meuurmam:l;] to
study heat tramsport. The advantage is that, in the case of an optically
thick plasma, the emission is proporticnal to T, and does not depend on

plasma density or effective charge.

Calculations Ef electron-cyclotron emission are mostly done assuming that

the ratio of electron-plasma frequency f o OVer electron-cyclotron frequen-
cy fce is smaller than one. Strong modifications of line profiles and total
emigsion can be expected if fpa“.;g > | (Ref. &). Therefore, a simple experi-

ment was Set up on the turbulent heating experiment mnm”

. Radiation was
measured with a Putley detector, a set of wire-mesh filters and a polariser

(see Fig. 3). The parameter £ /f was varied by changing the plasma densi-

ty from 4x10!% w3 ro l.&xlnzg.m"g': The total emission and the emission at
2, vas measured for the extraordinary mode (E 1 B). The temporal behaviour
of the emission is consistent with the measured dissipation of energy in a
turbulent skin Eollowed by the collapse of this skin a:):d redistribution of
no propagation at 2w _ of the extraordinary mode is allowed for VI < ip“c <
V3 and f IEc < /8. When the plasma density is increased, this atopband is
indeed found (Fig. 3). Radiation was also measured for constant density and

energy over the entire cross-section of the diuhlrges. . It is known that

various magnetic fields, becsuse bursts of super-thermal radiation at fp.
are also observed occasionally. The level of emission, however,decreases for
low B-fields. Therefore cyclotron emission is not overshadowed by this effect.
Moreover, the specific intensity is estimated to be 107!! watt m™2 sr™! Hz™!
for low density, indicating a plasma temperature around 2 keV, which is in
agreement with X-ray measurements of Ta (Ref.5). The specific intensity for
high densities can be estimated by using the spectral emissivity, as calcu-
lated in Ref, 6 for arbitrary demsity. A correction factor for black-body
emission, taking plasma dispersive effects into account, is indicated in
Fig. 4 by a broken line. The measurements are in qualitative agreement with
this theory but a detailed comparison is difficult because the plasma tem=-
perature decreases with lm:rening_dnli:y.
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Fig. 3.
W: vacuum window

P: polariser -
T filter 10 &/inch Fig. 4. Plasma emission in the extraordinary mode for

3 various values of f,o/f.e. Circles: emission at 2f

Bt filtex 20 L/inch for different densities. Crosses: total emission £or
different values of the magnetic field. Broken line:
see text. Propagation not allowed in the shaded regiomns.

— Tpeflce

C: cryostat
D: InSb detector.

In cenclusion, cyclotron emission measurements can be used as a temperature
diagnostic. Complications arising from reflections, reabsorption in outer
plasma layers, and plasma dispersion should be avoided by using an absorber
opposite the viewing port, looking along the major radius and keeping

fplfc < 1.3 respectively.

Acnkowledgemont. It is a pleasure to mention the hospitality of the Plasma
Physics group during my astay at the University of Maryland. Discussions
with Drs. D.A, Boyd, F. Stauffer and H.W.H. van Andel were very helpful.
This work was performed under the Euratom-FOM association agreement with
financial support from ZWO and Euratom.

Part of this work was done at the University of Maryland with financial
support from ERDA and NSF.

Befarences.

1. R. Cano, Proc. 7th Bur. Conf. on Contr. Fusion and Plasma Phys., Lausanne
(1975), Vol. I, l4b,

2, W.R. Rutgers and D.A. Boyd, submitted to Physica Letters.

3. J.D. Callen and G.L. Jahns, Phys. Rev. Lett. 38 (1977) 491.

4. C.M. Celata, K. Audenserde and D.A. Boyd, Bull.Am.Phys.Soc. 22(1977) 182.

5. H. de Kluiver et al., this conference.

6. K. Audenaerde, Thesis University of Utrecht (1976).




DIAGNOSTICS

SPACE POTENTIAL MEASUREMENTS ON EBT
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Abstract: A heavy ion beam probe has been used to measure the
space potential profile on EBT. The results indicate an inwardly direc-
ted electric field inside the electron rings and an outward directly
field on the outside.

Introduction: A heavy ion beam probe diagnostic system has been
placed in operation on the ELMO Bumpy Torus (EBT) at Oak Ridge lst;nnnl
Laboratory. The ultimate objective of this diagnostic is to provide space
and time resolved measurements of n, @, and '.I.‘e over the minor cross sec-
tion of the plasma. Initial effort has concentrated on obtaining a
radial profile of the space potential. This paper will provide a brief
description of EBT, discuss the characteristics of the diagnostic system
and present some initial measurements of the space potential profile.

EBT is e toroidally connected mirror device which uses intense
microwave radiation to preduce and heat a steady state plasma. There are
24 mirror sectors each having & mirror ratio of approximately 2 to 1.
The major radius is 150 cm and the minor radius is 15 cm at the midplane
between a pair of mirror coils. Nominal center line nﬁpetic field is
0.5 T. The plasma is formed and heated by 60 kW of radiation at a
fequency of 18 GHz and 30 kW at 10.6 GHz.

There are two components to the plasma; a high beta, hot electron
annulus in each mirror sector and a less energetic toroidally contained
plasma. The high beta electron annuli establish a region where there
is a reverse magnetic field gradient which provides stability for the
toroidal plasma. There is no conventional rotational transform, but the
plasma is confined to toroidal drift surfaces that are determined by the
radial pressure gradients and electric field. Typical characteristics
for the toroidal plasma are a density of 2 x 1012 and an electron

temperature of 200 eV.

Heavy Ton Beam Probing: The principles of heavy ion beam probing
are illustrated in Fig. 1. A beam
of single charged heavy ions, the Bb‘
primary beam; is directed across
the confining magnetic field and
through the plasma. Bome of the
ions undergo iocnizing collisions ‘\
with the plasma electrons to form
doubly charged secondary ions. A - ++

Rb
small detector located outside the
plasma looks only at those secon-

Fig. 1 Heavy Ion Beam Probe

dary ions created in a small seg- Schematic
ment of the primary ion trajectory, thereby providing three dimensional
spatial resolution. The observation point can be scanned over the cross
section of the plasma by sweeping the injection angle and energy of the
primary beam. The intensity of the secondary ion current is a measure
of nr(me) where t(TE) is the effective cross section for the ionization
reaction. Separate evaluation of n and 're cen be obtained by probing
the same point with two ion beams that have different ionizing cross
sections, or by observing both the 2’ and 3+ secondary ions from a
single beam. The energy of the 2+ secondary ion differs from the injec-
tion energy of the primary beam by the space potential at the point where

the secondary ion was created. Typically this energy difference can be

measured to better than 10'1‘ Vp where e‘lp is the energy of the primary

beam, Beam probe measurements of n, @, and Te on other plasma systems
have been reported in the literature[1-3].

The beam probe system for EBT is designed to operate with either
Rb‘, K‘ or Ha* primary ion beams. For Rh+ the energy range is from 7
to 20 keV. Primary beam current is of the order of 10 microamps. This
produces a secondary ion current in the 10 nanoamp range for a 5 mm
sample length of the primary beam trajectory. The primary beam is
chopped at 3 KHz and phase-lock detection is used to improve the signal
to noise ratio. The plasma beta in the electron ring region is approxi-

mately 0.5 which prod a ble displ

of the primary tra-
Jectories that are tangent to the rings, but negligible distortion of
other trajectori Detailed

of the trajectory displace-

ment should provide information about the size and shape of the rings.

Bpace Potential Measurements: The energy of the secondary ion is
compared to the primary beam injection by means of a feedback controlled
electrostatic energy analyzer. The beam transmitted by the analyzer is
detected with a split plate and the difference signal from the two halves
of the detector is fed back to the top of the analyzer through a very
high gain amplifier. This holds the beam centered on the split plate
detector, and if the system is adjusted such that the beam enters at
the design angle, the feedback voltage is directly proportional to the
space potential. The analyzer is designed to operate with the beam
incident at an angle of 32° with respect to the ground plane. The
voltage correction for variation in entrance angle is less than 20 volts
for an angular range of *+ 4°,

The system is calibrated by reducing the energy sufficiently to
bend the primary beam into the analyzer and inserting a precise gain
of two amplifier in the feedback chain. It is then slaved to the pri-
mary gun voltage so that when it is used for secondary ion detection the
feedback signal is proportional to the plasma potential plus any correc-
tion due to variation in entrance angle. In operation the mnalyzer is
adjusted to compensate for the 2° difference in entrance angle between
the primary and secondary beam. Figure 2 shows the potential profile
along the indicated line through the A
plasma. This line scan, generated
by varying the beem energy, was
chosen due to the low variation in I i
entrance angle (v 2°) of secon- v
daries preduced along this line,
The results show that there is a

positive space potential in the

ring region with respect to the 1 1
12 cm 12 cm

i Fig. 2 BSpace Potential Profile
This implies an inwerdly directed Along the Line A-A. The insert
shows the location of this line

radial field inside the electren in the plasma.

center of Lhe Loroidal plasma,

rings and an ?ut.md.w directed field outside the rings. The symmetry of
the nearly ver;:icnl scan is to be expected, but it should not be inter-
preted as indicating axial symmetry. We are presently carrying out pro-
files along horizontal scan lines and hope to map the complete cross
section in the near future.
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MEASUREMENT OF THE POLOIDAL FIELD IN THE PULSATOR TOKAMAK USING
A NEUTRAL LI BEAM IN CONJUNCTION WITH THE ZEEMAN EFFECT

K. McCormick and M. Kick
Max-Planck-Institut fiir Plasmaphysik, D-8046 Garching, FRG

J. Olivain, CEA-CEN
92 Fontenay-aux-Roses, France

Abstract: A technique for measuring the poloidal field in a To-
kamak plasma is briefly sketched‘. The experimental setup on Pul=-
sator is described. To demonstrate the viability of the diagno-
stic, results for one discharge series are presented and dis-

cussed.

The poloidal field Bp(r) causes the orientation of the total
magnetic field to assume an angle 8 = BPIBT with respect to the
toroidal magnetic field BT(r) . The diagnostic approach used here
measures @(r) directly. Since B‘l.‘ is known, EP may be calculated.

Referring to Fig.1, a neutral lithium beam of some keV energy
is injected into the plasma. The collisionally ax:'ited Li reso-
nance line radiation at 6708 & 2P-25] is gathered by an £/20 lens
from a volume determined by the beam width and imaged field stop
size [hare, 2x1x1m3] . Since the optical system is situated per-
pendicular to the toroidal field, the line is seen to be split
into a Zeeman triplet. The shifted ¢ components are polarized
perpendicular to the local magnetic field direction and have a

splitting of = 1.1 R for B, = 26 kG. The unshifted ¥ component

T
is polarized parallel to the field direction. After passing
through the lens the W component is separated from the & compo-
nents by a Fabry-Perot of 0.6 % band width. The .orientation of
the ¥ component, and therewith the angle @, is measured by a po-
larimeter consisting of a Faraday Rotator (FR) and a Wollaston
prism (WP) analyzer. The filtered light is split into two compo-
nents by the WP, and then detected by two photomultipliers, the
output signals of which are fed into a differential amplifier.
The servo amplifier, reacting to the difference signal, drives
the FR thereby rotating the plane of polarization of the ¥y compo-
nent until the output of the differential amplifier is nulled.
The FR current required to achieve this is proportional to .
Thus by monitoring the FR current on an oscilloscope, 8(t) is
obtained for one radial position. A profile for @(r,t) is built
up by scanning the 11° beam radially from shot-to-shot.

The ion gun consists of a cathode-anode configuration of the
Plerce type. Li ions are provided by the p-—Eucryptitez-coveraﬂ
cathode. Neutralization takes place in a pulsable Li-vapor cell.
The 120 ms pulsed, 6 kV neutral beam used for these measurements
has an intenaity of the order of magnitude of 1o pl/cmz, Li®
equivalent, in the Pulsator torus. Due to the restricted diagno=
stic accessibility, only the outer 1-9 cm on the plasma radius
can be scanned by the beam.

Measurements were made on a 50 kA discharge with L 3 x
1013cm_3. Bp = 27 kG and a limiter radius of 11 cm. Fig.2 shows,
from the top, the plasma current, the photomultiplier output (in
photons/sec 4w ster.) for the cases of the beam voltage on and off
and the servo amplifier output (B p/a,r in mrad.) for three conse-
cutive shots at a radius of 6.5 cm. The PM smignal for the beam-
off case results from the plasma continuum spectrum. The time
constant for the servo amplifier has been adjusted so as to yield
an acceptable signal to noise ratio, and this is responsible for
the signal rise time at the start of the discharge.

In Fig.3 the experimental results for a series of 36 shots are

plotted as a function of radius for t=7o0 ms. The circles give
the mean value and the error bars the largest and smallest
values of all data taken at a particular radius. The noise level
is about what one would expect for the measured PM signals and
time constant, assuming only photon statistics as a noise source.
From the experimental points the plasma center is found to lie
0.5 cm to the outside so that the plasma radius is lo.5 cm. The
safety factor q= rBT/RBP at the plasma center is 1.1.

The three curves in Fig.3 are computed for the temperature
profile T = 800 eV [1-(x/11.5)%]? and the three indicated z_.,
profiles. Spitzer resistivity and constant electric field over
the radius are assumed. The actual Te profile, via Thomson scat-
tering, was not measured for this series. The given profile is
typical of Pulsator discharges in this density regime. Neverthe-
less, BPIBT is a sensitive function of Te(r} and since the exact
Te(r) is not known, and because the trapped electron effect has
not been included here, these curves are meant to have more of
an instructive nature rather than to say anything definitive
about 2 .;(r). Most importantly, one sees that although the un-
certainty in the individual experimental points is large, the
points taken together yield a reasonable BPIBT profile.

Efforts are now being directed towards producing a more in-

tense neutral beam in order to increase the signal to noise ratio.
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ION TEMPERATURE DETERMINATION FROM FAST NEUTRAL SPECTRA

YusNeDnenirovekii, 8.E.ILysenko
I.V.Kurchatov Institute of Atomlc Energmy

D.P.Eoatomarov
Moscow State University, Moscow, USSR

The problems discussed in this paper deal with the ion tem=

perature determination from fast meuiral speotra for thick plasmas
O’a na > 1 , where G'u is the sharge-exchange oross-section,
n = plasma density, a = plasma radius.

In this oase one may see three hardships in explaining the
spectra:r (1) § ( 0) <¢N(a) (¥ (r) = neutral density), (2) central
neutral density is determined.by recombination, (3) neutral with
energies 3~0;1 = 10 keV undergo several acts of charge-sxchange,
when moving from the centér to the periphery of the plasma columm.

The basio equation for the distribution function of neutrals
is the followirmy

FUL 4 ef = (e, X + a,0) Py & Wir,v) )
where s = 8. + 8, 8= szvn. 8, = G;v.n, o, = 6.v.n,
S'. and 0',.-:-9 the oross-sections of lonization by eleotrona and
photorecombination, |f‘-' =local Maxwellian ion distribution,
In the diffusion approximation,

T
LICR A on ) (x) + neL/67, . Atx) -J'J:E dx! (2)
s 24 xev O/ 0731078 ana - ——
oxp (na\[Gry O, ') >10° H(a)/n(0)e Yor particles leaving plasms
parallel to the xauia we have
Fo=vE(v) = fttpd; @
-0

where B = exp(l [edx'). Ususlly the function P = P(E)(where
Ewm l'zlz) is trpo.i-mntnlly measured, Por "thin® plasma

7,002 2] = -1 /21nF /7E

If €= EI'Ii(OJ >> 1, one may get an asymptotic formula for
the integral {3) using saddle-point method, Putting (2) into (3)
we obtain

Fa=ET +0(0)I, = exp(~£) u(f) (4)
where
8oy exp( ) I 2en(1 + 8, /8,)
- I, = 01@( ) (5)
SR S rors datd
X = :l (E) Xm= 32(5}

F a
& '32"'{_—;' s, dx* 4 &"nf'r.ﬁ s(x')dx', (6)
T = Tlx) = 1/2y () z

The saddle points x, (E) and x,(E) can be determined from
the following equationst

B, . = g
gl = 1?‘%* ",T) - 37" =0, g -{;-V—E- ET' =0 (T}
It is convenient to introduce a correcting factor

¥ =m000/25 =1 -21nw/dg
Let us consider a model problem

Ty = 2,(0) (1 4ot }2)", } » x/a, n = comst i
@ox¥ = Sgx = comst, O Vo = S, = conet = 1/4 8
If recombination is not essential, then
1. B Ve IVE
- 1 - 1 - - L (9)
Voot E*382 iyswe
If recombination plays the dominant role, then
1 o Eo
We=1 +2-E(1 - z +;‘?z)

Here & = sa(vy)™!, Va1 +VE/5 . For the T-10 installation
at 7, 7 0.8 kev, n ~10'* cn™?, a = 35 om, Vg, % 20.

The results of the numerical computation of integral (3) are
plotted in the Figures given below for the aboie mentioned para-
moters when %, = 1,(0)(1 =3%)'*%, n = n(0)(1 «32)'+5,

Neutral density profiles are given in Fig. 1 for two values
of plasma density m(0) = 1 and 2,10'4 om™>, Here and in the other
Pigures the results of computations without recombination are plot-
ted in dotted lines,

Pigures 2 and 3 represent the dependence of ',U-on the energy
of neutrals and plasma density, It is evident that when recombina-
tionis taken in consideration the correction for the caloulation of
temporature is much lower. The dependence of the function F on
plasma density is plotted in Pig. 4 for fixed energles E = 1,5,

5.5 and 9.5 keV. Central neutral demsity N¥(0) curve is also given
in that Migure. Ome oan see that for n>n ...~ 10" oo™ reconm-
bination plays the dominant role.

Formulas (5)...(7) make it possible to obtain the information
about lon temperature profile from the F(E) speotrum, Let us con-
slder the case when recombination is not essefftisl, Taking the
logarithm from (4) and differentiating it, ome can got

a Vi ¢
f.-ﬁh(rmg)m‘%;ﬂz &[8(::') ax' (123

Taking the last equation together with. the first one in (7),-ome
can determine two functions r‘--'(:) and E(x) from the experimentally
meapured function F(E), The initial conditions in the point x = 0
are the following:

d E
T *(0) =0, n(:):;a » T(0) -‘:1_1:.& 1n(F(E) ‘j.::)

The authors thank M.P. Petrov for fruitful discussions,
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DETECTION OF ATOMIC HYDROGEN BY RESONANCE FLUORESCENCE

P. Bogen and Y.T. Lie
Institut filr Plasmaphysik der Kernforschungsanlage Jilich GmbH
Assoziation EURATOM/KFA, D 517 JUlich, Germany

Abstract: An experimental arrangement is described which allows
the determination of atomic hydrogen densities down to values
of 3-10% cn? by resonance fluorescence at Le(1215 R). Its pos-
sible application to measurements in the limiter shadow of a
Tokamak is discussed.

Introduction: The knowledge of the neutral hydrogen densities
near the walls of Tokamaks is of great importance for the under=
standing of the energy losses by fast charge exchange neutrals
and of the recycling of the hydrogen gas. A measurement of the
absolute intensity of a suitable hydrogen line can give the de-
sired information, if the electron density n, and temperature
Tn are known and are sufficiently high. But local hydrogen den-
sities are difficult to derive. An alternative, but technically
more involved method, 1s the resonance fluorescence on the Lg
line. This method is practically independent of n, and Te (ne
and Te may be zero) and allows local measurements. Since power-
ful lasers are not yet available at the desired wavelength of
1215 ﬁ, we have studied the detection limits which can be
achieved by resonance fluorescence using a thermal light source.

Theoretical estimates: The number of photons emitted by a light
source with a blackbody temperature T per cn? surface, per cm
wavelength band and per solid angle at the wavelength A is given
by By =(2c/ A") [exp(heakT)-1] "}, e.g. T=50 000 K, A=1215 R,
81-2.8-1021 photons/cm“s R sr. In the case of an optically thin
absorbing layer of thickness £ the amount of light absorbed is

sven B ol keda = et At m f£/ mc

where K is tﬁe absorption coefficient, f the oscillator strength
and n the neutral particle density. For nt=1010 cn2 we obtain
the value leKdA.-S.lo's R. Il1luminating the scattering volume

V with an intensity By using a solid anglaa!?l » the number of
photons scattered into a solid |ng1ea£?z is given by

O=5wB, [ KdA - Vd-aQ, aR,

For an estimate we assume n=101" ca™3, A!?lnal?z-lo'z, v=10"2
cn’,d= 1072, T=50 000 K, which gives in 1,us about 100 photons
on the photomultiplier and, with 10% quantum yield, 10 photo-
electrons, which can easily be detected, if the plasma radiation
is not too strong (d takes account of the losses at the mirrors,
windows and the grating). In the above formula, quenching colli-
sions (normally not important) and polarization effects (giving
small corrections) are neglected.

Light source: To obtain a low detection limit, the light source
should have a high temperature, a large area and a long emission
time. A solution might be offered e.g. by a laser produced
plasma /1/ or a vacuum sliding spark /2/. Experiments with the
latter showed considerable difficulties due to the fact that the
plasma ejected from the source damaged the optical parts after

a few shots. Therefore we preferred a gas discharge lamp filled
with 100 Torr helium where, because of short mean free paths,
the damage of the optical parts by the plasma was considerably
reduced. The lamp mainly consisted of a quartz tube of 8 cm
length and 0.6 cm diameter, the plasma was observed end on
through a hole in the electrode. At a current of 40 kA, tempera-
tures up to 70 000 K were measured at the He A=4686 R 1ine. The
duration was about 2,us. For the resonance fluorescence on the
L line, the A=1215 R line of the He was used. A special pro-
blem is posed by the line reversal due to small amounts of hy-
drogen inside the light source, especially at the cool ends.
Since the Ly lines of hydrogen and deuterium are separated by
0.3 8 and since the deuterium concentration is 1.5-107% times
smaller than that of hydrogen, the problem of line reversal can
obviously be solved much easier for deuterium than for hydrogen.

Experimental arrangement: Light source, focussing mirror and
spectrometer are set up as shown in Fig.l. We used a spectrome-
ter between light source and scattering volume to get a clear
distinction between the resonance signals due to L and other
scattered light. Behind the exit slit of the spectrometer, a
LiF window separates the scattering volume from the spectro-

meter. A number of baffles screens the detector against the
stray light produced by the slit and the window, a dump -at the
end of the scattering chamber absorbs the light beam. Perpendi-
cular to the 1ight beam, the scattered radiation is detected by
a solar blind photomultiplier with CsJ photocathode and Hgfz
window. The scattering volume can be filled either with a noble
gas or with atomic hydrogen produced from H, by an electrode=
less ring discharge as indicated in Fig.l or by a molybdenum
wire heated up to 2200 K.

Results: Typical fluorescence signals from atomic deuterium at
Lo, are shown in Fig.2. The signal at n-1.5-:o‘° cn"3 is more
than 6 times higher than the false light measured 16 f away
from the 1ine and also 6 times higher than the signal observed
in vacuum at Ly . This means, that the detection limit (fluo-
rescence signal = false 1ight signal) is about n=2.5-10" cm”
Because the atomic deuterium densities are difficult to measure
by other methods, they are derived from a comparison of the
fluorescence signals in deuterium with those in krypton (A=
1236 R), the density of which can easily be determined with a
pressure gauge. For equal monitor signals and equal densities,
the ratio of the fluorescence signals is Sp/S,.=f, Rzn"xr 3?xr
=2,2. The main error in the calibration is presumably caused
by 1ine reversal in the light source. A second rough calibra-
tion can be derived from the curve of growth of the fluores-
cence signals in deuterium (Fig.3). Its maximum has to appear
at an optical thickness C=1.6 (C=8.3:307'% nfea%/a; in cgs
units, the Doppler width aD-?.ls»m"A(T/,u)”z and usmole-
cular weight)., Since T is not accurately known, this calibra-
tion 1s accurate only within a factor 1.7. Within this error
limit, both calibration methods give the same result /3/.

Fluorescence in atomic hydrogen gave a factor of 5 lower sig-
nals than in deuterium under otherwise equal conditions, a
phenomenon which can easily be understood considering self ab-
sorption in the light source.

Conclusions: The detection limit of 3-109 cm-3 is sufficiently

low to measure the deuterium density in the shadow of the Toka-

mak limiter where n is estimated to be in the order of several
10%% ¢n™3, The excitation by the lignt source described above
uitha!?-lﬂ'z is equivalent to the excitation by electrons with
ng=3+101% ca™®, 1,100 eV or n=10'7 a3, 7 -1 eV. Therefore
the fluorescence radiation should be sufficiently above the
noise of the plasma radiation, if tangential observation is
possible as it is planned in the TEXTOR apparatus. In this case
the illuminating radiation has to pass through a hole of about
1 c¢cm dfameter in the liner, which gives only a small perturba-
tion of the plasma wall interaction. The planned arrangement is
shown in Fig.4. Dia
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MODULATIONAL INSTABILITY PRODUCED BY LANGMUIR TURBULENCE
IN A MAGNETIC FIELD
R.Pozzoli and D.Ryutov“’
Laboratorio di Fisica del Plasma - Associazione CNR-EURATOM
Istituto-di Fisica, Milano 20133 Italy

Abstract: The modulational instability of broad spectra of
Langmuir oscillations, excited by electron beams, in a plasma
in a magnetic field, is studied. Criteria of modulational
instability are found, which are completely different as

compared to the case of no magnetic field.

FORMULATION OF THE PROBLEM We consider the influence of an
external magnetic field B on the stability of a plasma with a
high level of homogenous Langmuir turbulence, with respect to
the excitation of low-frequency, long-wavelength perturbations.
The existence of the corresponding instability in a plasma '
with B=0 was demonstrated in 1964 by Vedenov and Rudakov [ﬂ
(see also Ref.2). We restrict ourselves to the case of pertur-
batipns with wavenumbers g smaller than the characteristic
wavenumber of Langmuir oscillations K. The case gz k will be
considered separately (for a plasma with B=0 it has been trea-
ted by Nishikawa and Zakharov EB"’]). We shall refer to the ca-
se of not too strong magnetic field, when the electron gyro-
frequency Wee is smaller than the electron plasma freguency
NP. In this case the magnetic field results only in a small
correction (as compared to wp) to the dispersion relation:

(see e.g. Ref.5)

@a w, +3 /2, + (W5 k,}_/z w,lt'j(l - w:/n‘c‘) 1)
where Vo is the electron thermal speed, and k; the component
of k perpendicular to B. We consider the case where a broad
spectrum of Langmuir turbulence is excited by a beam of ele-
ctrons with characteristic kinetic energy £ (say, runaway
electrons in Tokamaks or beams of relativistic electrons in-
jected into solenoidal systems), Estimating Fehl,fcm)l
we observe that in most of the present experiments the mag-

netic correction in Eq.(1) overbalances the thermal one.

DERIVATIdN AND ANALYSIS OF THE DISPERSION RELATION The ef-

fect of Langmuir oscillations on the low frequency motion

of the plasma is due to the ponderomotive force. For one
electron it may be written £=-VU, with u-(w /2n) Iﬂkﬁ_l_c_ !
where N, are the "occupation numbers", related to t;e spectr-
al ener;y density of oscillations wk by the relation
ufwk/wk. In the unperturbed atate—the ponderomotive force _
.1.; z;rn'.'_rt arises because of the spatial inhomogeneity intr-
oduced by the perturbation. The coupling between the perturba
tion of the occupation numbers 6Nk and the density perturba-

tion &én is described by the linearized kinetic equation for
the occupation numbers fl,2]= %Nﬁq- ']I.a Vs N! = baN;: .V‘Smﬁo

where gqsg_:ﬁ is the group velocity of Langmuir oscillations

and Sws.hbm/z-n. Considering modulational electrostatic pertur-
bations with frequency {L<{W),, and phase velocihy]ﬂ/ql«'\n‘;
we treat the electrons as being in Boltzmann equilibrium along
o _ 6P -5l
n

=
where & is the electrostatic potential of the modulational

the field lines. This results in the relation:

perturbation. We assume that the ions are cold and can be

described by hydrodynamic equations. This leads to the rela-
.0 (Fm gt Fm PXd

tion: E( e 0 2 -_[a + Wi (e V) &e]

where %1 is the ion gyrofrequency, and hsB/B. Notice that,

because of plasma quasineutrality of modulational perturba-
tions we assume 8‘1\;:5‘\\,!5"\-. From the previous equations
we obtain the following dispersion relation:
2,
oF 1= W /02 =gt T~ Teip
|- W 86/ 0 M :
where O is the angle between g and B, and T off is defined by

the relation 1;#:( #”)J“_?ﬁ/b_stlx (the integration should
be performed according to the Landau rule). Note that T eff is,
generally speaking, complex, and depends on both AL ana q-
Since the ions are essentially involved into low=frequency
modulational oscillations, we expect that |ﬂf"1|<( |"_r°}|

fact it may be shown, a posteriori, that this relation is veri
fied under very unrestrictive conditions. For this reason we

neglect J in the denominator of the expression for T
x-NK/3K |

’.":"]{la
Note that now T, . depends only on e .

eff®
where X =g/q.

With this assumption Teff_ ‘efﬂrj
We consider here the case of isotropic turbulence (for a det-
ailed investigation of the general case see Ref.6). In this
case NE=N[k)' and T pe= T_%SKI'Q—I(“‘)JJ‘- with I(k)=J&‘°ﬁ'
where n=k/k, and Ja . represents the integration over the solid
angle in k-space. Using the Landau rule we can writa I in

the form: I= u'n:jdo xem 6(26.. '\J‘ JCJD (2)

where denotes the principal value of the 1ntegra1 It is
easy to see that the integral with the IS—funct:Lcm in Eqg.(2)
is zero, and I (and T g.) is real. ‘The stability problem is

reduced to the determination of the dependence of Teff on 8,

the condition for instability being that for some angle e

f>'1‘. An estimate for the maximum growth rate of the inst-
(ejwﬁﬁ(:&i_‘—e)—l) . The analysie of the integral

I is very simple when thermal and relativistic corrections in

ability is [
dispersion relation (1) are neglected. In this case. Teff may

be written in the form: (8) , where w:jwkdi_g is the

Teff%%r
energy density of the Langmuir oscillations, and F(8) a well
behaved function of O ,which in ©=0 and 9=TE/2 tends to -00
and + o0 , respectively. Thus, modulational perturbations
propagating perpendicularly to the magnetic field tend to

be strongly unstable. When relativistic and thermal correcti-
ons are taken into account the divergence in F(€) is removed,
and the analysis of the integral I shows that the most unsta-
ble perturbations are in a region around e="‘/?-.- Ifi this re-

gion (which turns to be much more larger than the interval

IB-EI< r where our assumptions on the electron motion are not
WL: X

eff = wz

the order of the introduced cnrrecticns and F(€)~1 .

valid) we can estima.te L 5 F(BJ where & is of
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SUPERFINE STRUCTURE OF UHF SPECTRUM (F THE EXPLODING CURRENT CAVITON

Potviaghviliy) M,P, Vasil'ev

No.F. Parepelkin, V.A. Buprunenko, V,
3T AB e + Vafe iR, Moncow: tsR).

(KPTI » Eharkov, USSR,

The analysis of numerous plasma lzpu'imanta shows the sporadic su-
perthermal UHF radiation in the vieinity of plasma frequency W-i, in

NONLINEAR PHENOMENA

formed by two independent methods. In the

current discharges to be the universal characteristic of
plasma independent of heating technigue and a magnetic trap type (ate-
llarators, tokamaks,Z - and 8-pinches), The term “sporadic" radiation
is borrowed from astrophysics and it defines the most completely that
phonomenon in plasma devices which resembles surprisingly the 1st~type
solar radio-emisaion bursts. A special interest to this type of radia-
tion was shown up in experiments on plasma turbulent heating[1]. In
the .raruat'ion- spectrum a number of intensive harmonios ., 2Wpey se«vy
deoreasing according to the law-i2, was observed[2], In the burst
1—5-‘10'5306 accompanying fast plasma heating in a torus(3)1it has been
discovered a deep-100% modulation of »iy radiation by frequencies of
acoustic range «2wp

A detailed investigation of spatial-time and spectral characteris—
tics of superthermal noises-ii,and~-W: in conditions of quasi-stationa-
ry current heating of plasma in "Uragan" stellarator (4] led to the con-
chwsion that the noise excitation process had exceptionally explosive
threshold character and was probably comnscted w1.£h trapping and accu-
mulation of turbulent noises in local regions of plasma. In these ex~
periments the information on local characteristics of - and -wpt osci=-
llation coup=*tign in plasma was obtained by means of probes, as well
as by the method of analysing HF - modulation spectrum of UHF -radia-
tion -Wpe observed out of plasma. The mechanism pf superthermal emission
wWwpe 18 shown to be connected with nonlinear interection in plasma of
two speatras (-l and Wwiy,3 2wy. Moreover, the noises K-t and 2wt
were ldentified as long-wave oscillabions with
U2l excited near low-hybrid-resonance frequ-
encies in inhomogensous plasma.

The feature of -Wxand - noise excitations
in YUragan" stellarator in pure hydrogen dischar-
ges fell into the fact that an intensive flash

moment always conformed to a plasma density strip-
ping phase, as well as coincided with a moment of
oocuring strong loocal ‘diamsgnetic perturbation,
which value m;-io-.z‘ e Fige1 shows oscillog-
rams for hydrogen discharge (H,=7.2Koe):1 - vol-
Fige1 tage 20mv/em per div., current = 2 ka/div.; 2 -
density fle, between lines -2+10'%0n™>; 3 - 2 mn signal interferogram;
445,6,7 - probe signals observed from the local ares simultansously
8y, Wpey f (6 10kev) and 2wt , respeotively. (Scannings25Qusec/div)s
It has been observed a strong spatial localization of signals AH,, W,
92U and | on the length $0.5cm on characteristic radii inside the

o

E T X

plasma column, The range of signal localization on.t and Y depended om
vllu; and eh, S0 'when required it could be withdrawn into the region
of combined probe aerials. The conclusion about spatial localization
of instability region in plasma has slsc been drawn from without-con-
tact unnrcum:'s of noise spectrum. Fig.2 gives the helium plasma
spectra, averaged over a great number of discharges, for various magne-
tio field strengths (1 ~4.8; 2 =7.2 and 3 -16.8koe) at constant para-
meters figh,2+10'%cn™>, Tyw100ev, Ev25mv/om and £:=0.58. It is seen
that at trapsition to high magnetiv fields ey 1t takes place a su-
perthermal speatrum ghift into the range of wavelengths )\nuonfnmi.ng
to a plasma maximum density in the column centre.

For profound investigation of the generation mechanigm of sporadio

UHF noises the study of superfine atructurs of UHF spectrum was per-

: '|  first (indirect) method the experimental
¢ l 7 data (4] were used on the fluctuation apect-
¢ \ - Gd\j run of UHF radiation t-Wp which were obta-
v " ined at square~law deteotion of noises Wpe
1llen v h T W L. LD & wide frequency bandsi-O.1ile for the
Fig. 2 synthesis, by means of computer, of the si=

miler fluctuation spectrum by seleotion of speotrel componsnts and fur—
ther square-law transformation of a spectrum-model, In the second met-
hod the information was obtained by means of a wide-hand pulse UHF ana-
lyzer in 5Spsec (1:‘—4502()‘45“). Figs.3 and 4 show UHF radiation spectra
for the helium plmsma, respectively, the spectrusmodel and the spect-
rum at the output of the fast-response analyzer. Notice, that frequen-
cy resolution in.the analysis in both cases was not worse than 3¢ 6Mlps.
In the first experiment the superthermal UHF radiation was observed
from a periphery plasma region by means of a funnel-ghaped antenns on
a frequency «)'512-10.553: (H,=4.8koe,£,=0,58)« In the second experiment
the radiation was received by a cosxial UHF probe located also in a pe=—
ripheral plasma region on the radius y=5cm (the radius of an edge un-
destroyed magnetic surface in the stellarator n.:a.au). The received
signal frequency was Wpe=13.1%0,35GHz, the mgn-u':'a field H;=7.5koe,
€¢=0s63, In both cases the maximum plasma density in a column centre
was o= 3+10"%0n™3,

(RN M [ SO O 12 3 4 1

I
The apo_ot::l.‘l. analysis re—
¥ sults show that both indepen—
L dent methods give practically
= i . identical spectra of spora-
- = Lo dic UHF emission in the vici-
Fig. 3 Figs & nity of electron plasma fre—

quencywW- with a characteristic set of coherent lines shifted at a
frequency on AW=Wx=105; 150MCpe for Z=1;2, In thid case it is obser—
ved in the spectrum a rather intensive pair of lines displaced om a
frequency scale in a characteristic value 2aW=2wpt , where about 80%
of plasma UHF radiation energy is concentrated. Q - factor of these
lines ia high and constitutes Q 107,

The data of independent

t nf%u.rhullnt noise spectrum
inhma in similer regimes on "Uregan" stellarator"[4], where the

#poradic excitation of narrow-band oscillation spestrum =2ujwas ob-
served, allow o identify separate lines in spectra presented in Figa3
and 4, Figed: 1 = Gprt2di; 2 =W Bt 3 -t Hei B =thet SGti 5 =lhpet
Glpls Flgelt 1 = pei 2 =Wttt 3 =Uhy+ 203 & =l Blpts 5 ~Uyr pl s
Thuas, the superthermal UHF emission is gensrated by plasma on fixed
frequencies, perhspe the satellites are radiateds ity and We+3w; or
Wpg+ 2Wpt and gt HWpl o

It is possible to conclude, while summing up investigation re-
sults, that the mdchanism of sporadic UHF emission h)?.nnd the excita=
tion of intensive electromegnetic oscillations in plasma with narrow
spectrum @-W112Wpt are solely connected with an explosive process of
the relesse of electromagnetic energy accumulated in resonant plasma
cavities—caviténs, We are camnnot excluded that it is just the current
caviton explosions, that play the masn role in transfer phenomena,and
also lead to the injpotion:of superthermal electrons and ions into a
closed magnetic trap, and these are accelerated to relativistic .enexr-
gles by the quasi-stationary electric field (runaway electrons).
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ION ACCELERATIOR IN RESONANCE ABSORPTION EXPERTMENTS

H. Bchamel, K. Elsésser
Theorstical Phyeics I, Ruhr-University Bochum, FRG

Abstract: The importance of density berriers in the generation
of fast ions observed in resonance sbsorption experiments is
pointed out. Bolving mode-coupling equations numerically, two
mechanism are found to be responsible for ion amcceleration:

i) a transition from a standing to a moving state of the den-
sity barriers during a stage called soliton flash, and 1i) the
enhanced ambipolar fields related with the density barriers.

Experimental observations show the appearance of high
energy ions when a plasma is irradisted by a wave. Because the
accelerated ions carry an appreciable amount of energy with
them, bulk heating of the plasma is reduced. It is therefore
desirable to understand the origin of this phenomenon. For
this purpose, we solved the mode-coupling equations and ex-
plored the physice involved at the resonance layer.

We use an extended version of ZAKHAROV's equations which
describe the interaction of Langmuir- and ion waves on the
ionic time scale. If E is the collective variable representing
the high frequency oscillation, and ¢m the ion density per-

turbation, the equations are 1

Cardanhi)E - G- 3Ad) e - Sup,, 'O @)
A vdd ) < SR E)Rd fn] @

In (1) we have included an external electric field oseil-
lating at o= Wpe + §w . Due to its presence energy can be
exchanged with the system. Por §w< O, one is in the regime of
the oscillating two stream 1nlub111t;r_ where cavity formation
takes place, analogous to what happens at the rescnance layer
of an inhomogeneous plasma. In the ion equation we have inelu-
ded the full ion dispersion, and also the lowest order ion
nonlinearity. In addition to the viscous damping term in (2)
we also considered the Landau damping of both waves while
solving the equations in the Fourier space. The edvantage of
such a system against a particle simulation code is that be-
sides the computational efficiency it allowe to isolate phy-
sical effects and to look for the mechanisms involved. E. g.,
it turns out that a key role in accelerating ions is played by
frequency shifts of the ion waves whose time- and amplitude
dependence can easily be investigated.

The numerical findings are as follows: If the external
field exceeds a threshold value the system is unstable against
the modulational instability. Density cavities are formed in
which the high frequency field b tr d. It h away

PP P

the electrons by the ponderomotive force (radiation pressure)
and, through the ambipolar field, the ions will also be pulled
out of the resonance region. Because of mass conservation
shoulders will appear on both sides of the cavity. These
shoulders are nearly standing in space as long as field trap-
ping takes place. The effective frequency of the ion modes
constituting the density perturbation is seen to be nearly

gero. At a certain time a strong change in the evolution oc-
curs. The electric field intensity having the shape of a so-
liton almost completely disappears in a few ion plasma peri-
ods, and the ion density perturbation strongly incremses. The
disappearance of IEI* is due to the Landeu demping of the
electron modee being enhanced by the generation of high k -
modes, and is also due to an energy exchange with the external
field. This stage called soliton-flash (or quaei—colllpu”)

2) as well ms in

has also been seen in laboratory experiments
particle simulations 3). The shoulders up to this stage are
standing in space and therefore able to reflect and trap ione
through the related ambipolar potential. During the flash the
ponderomotive force responsible for the downshift of ion wave
frequency disappears and the ion modes become ion acoustic-
like. As a result the lhould-_ra start moving apart with sound
speed, carrying with them the trapped ions. Furthermore these
ions are situated near their turning points and experience a
strong force due to the gradients of the ambipolar potential.
Thus, the ions will move with a larger velocity and leave the
region of enhanced density. The shoulders therefore will dif-
fuse as they are moving apart. This effect can clearly be seen
in the micro wave absorption experiment of Wong and Btensel 2)
in which 7eV ioms (= 35T, ) are found. In this experiment
the shoulders are unsymmetric, The shoulder at the lower den-
sity side is more pronounced than the opposite one. Thie is an
effect of the density gradient. Aucnrdilisly. one would expect
a stronger flux of accelerated ions down the density gradient
which is indeed observed. Note that the ponderomotive force

as a possible acceleration mechanism would predict a symmetric
flux of fast ions. Finally we mention that also the particle
simulations of Bigov & EKhodirev 3 support this idea of ion

acceleration.
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PLASMA PARAMETRIC RESONANCE IN THE
NON-MONOCHROMATIC PUMP-WAVE

¥Yu.M.Aliev, A.A.Chernikov, O0.M.Gradov
V.V.Pustovalov, V.P.Silin
P.N.Lebedev Physical Institute, Academy of Sciences of
the USSR, Moscow, USSR
V. Stefan
Boris Kidri® Institute of Nuclear Sciences - VinZa,
Beograd, Yugoslavia

The effect of a finite-bandwidth pump-wave on the
evolution of potential parametric instabilities is
considered. It is found that conditions with finite-
bandwidth stabilize plasma or facilitate parametric
growth of the turbulent noise.

Any real generator of electromagnetic radiation have a fi-
nite-bandwidth effect of which on parametric instabilities can
be essential 1= « In this report we represent some aspacts of
dynamical finite-bandwidth parametric theory, recently deve-
loped by us.

We considered a fully ionized plasma interacting with the
pump field

E(®) = E_(Dainlugt + ¢(t)) (1)

where amplitude Eo_u?) and phase $(t) are assumed to be slow
varying compared with carrier frequency W r which is closed to
the electron plasma frequency Wp o Flrst, ve considered the
case of a set of rectangular impulses with duration 1, repeti-
tion period T and peak 1nt¢nnity E « Introducing an effective
electric field intensity sitf T Ez which characterize time-
average power of a generator, we wr!.t- down the oscillating
two-stream instability (OTSI) threshold for rather durable
impulses Ya‘r»lh’. = growth rate of OTSI for monochromatic
pump-wave) ,

Faff, thr . N -
4n (n.'l‘. + nlﬂ.“_l Gy

where ¥ is a decrement of electron plasma wave. The best con-
dttlona for excitation are fulfiled for wave propagating along
E with wave-number k\n satisfying the condition 4w, tk ) =
-u, - (l + %km "'De i 2 The expression (2) takca place
also in r_ha case of a very short impulses LA T<<1, but the ex-
treme wave-number k is defined by the nondition LTS tk ) =
.-T!; -z-;—n, n=0, tl...

The effective threshold of periodical non-decay h’>>hl.)

instability is:

~

E TY
eff, thr 0,78 s (3)
‘lna'l'n Wy oWy

and is realized for i, ~ 0,35. The value (3) is z— times less
than corresponding expression for instability thleshold in the
case of monochromatic pump. Let us note that decreasing of the
instability threshold takes place also for negative mismatches
bu_ + nx T = wg » =0,1 ..., because of excitation of many
frequencies in spectral expansion of a pump-wave. The effect
of decreasing of the threshold was firstly discovered in [4] '
for the case of two monochromatic pump-waves. In the case of
decay of a pump-wave into Langmuir and ion-acoustic waves such
a decrease of the effective field intensity does not occur. So
1f ™21, |y, - Voo, mst»f. then

tminy, ¥) 2

2
E

££, th
il thr - —t— “

lnneT-

where Wy and Yg are frequency and decrement of ion-acoustic
wave.

Let us consider now the case of slowly frequency modulated
pump-wave. If the frequency width A is defined by periodical
frequency modulation

A 2n4
su(t) =Vt for |t|<— ; Su(t + ) = Selt), nm0,al. (5)

7

then for rather wide spectral wlfﬁ A>3y, the threshold of
OTSI increases by the factor tv) in cunplrimn with the
case of monochromatic pump-wave

2 o,

E 4 T2 o172
A gl =) (6)
in (n.’l‘.#ni'l'l) T wg

The threshold for the decay instability (t—s1l+s) with such a
pump also increases

2 -~
E 32 A-min(y_ Y)
thr _ T il m
lIn.T. L] LACH

For monotonically time-changing frequency a urﬁ:}t- ampli-
fication of the coupled wave amplitude takes place
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PARAMETRIC EXCITATION IN LOWER HYBRID HEATING OF
A TWO-ION SPECIES PLASMA
M.Bornatici®
Associazione EURATOM-CNEN sulla Fusione, Centro Gas
Ionizzati, C.P. 65, FRASCATI, Rome, Italy
G.Artico,R.Spigler
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PADOVA, Italy
Abstract: The parametric excitation of lower-hybrid and
Buchsbaum waves in a two-ion species plasma is described by
means of the fluid equations. The growth rates are evaluated
and the effects of plasma and pump nonuniformities upon the
instability thresholds are discussed.

Introduction: The parametric excitation of lower-hybrid and
Buchsbaum waves is one of the nonlinear processes which could
be important in the heating of the high density region of a
multispecies toroidal plasma by RF waves which match the lower-
~hybrid frequency near the center of the plasma. In a two-ion
species plasma in the presénce of a uniform magnetic field
g-noz and a crassed'alectri!: field gﬂtﬂocns mot - -a-%lg waves
propagating in the x-direction can be driven unstable by the
coherent relative ion motion induced by the pump .‘.ield”"m .
Ion coupling (klgjﬂ : By cambining” .the linearized continuity
equation, the x and y-components of the equation of motion,
where temperature and collisional effects are neglected, to-
gether with the scaled Poisson's equation, i.e., x replaced by
(1+ p‘/nil-l 2:. one arrives at the following egquation, for a
two-ion species plasma,

2
t:—t; + @y D ng=-@in M3 (5,301,20300) ()

where n -zj . ei‘uj (t) A zj and ?fj being the charge number and
the density fluctuation of the j-th ion species, respectively,

keeBy 2z
"j- ‘m!_ nj’ ﬁ.} l:oaubt' (2)
&)
Pyqr=tymyed By (1«&2 /ﬂz}-l 2j' Egquations (1) constitute a

system of two coup].ed equa\:inna for n; and ny (here 1 and 2
denote the two-ion species). It appears that the pump field
has ‘an effect on the plasma provided that ‘"1’“‘2' i.e.
z;lfmlﬁ!:zfmz. We consider Egs.(l) in the weak coupling limit,

|<<1 For the case in which there are two distinct time
lcales one can separate Eqs. (1) into a high frequency part,
describing the high frequency motion (lower-hybrid wave) and a
low frequency part, describing the low frequency motion
(Buchsbaum wave) . One thus obtains the two coupled equations
which describe the propagation across a magnetic field of lower-
~hybrid and Buchsbaum waves in the presence of an external pump
field,

(—‘32‘ +ol)n = 1@%, B, n (3a)
7 ¥ Opglty g = 191 P2 M,pe

2

d 2 oy =2

tase gl e =¥ 0gp Ba By (3b)

with m =(1 + m /ﬂ ) =2 (m + mz ;) the lower-hybrid frequency
for a t.wo-—ion species pianmn "B"hi: 1@+ ) ngﬁﬂpl )tha
Buchsbaum or ion-ion hybrid frequency; g (mp
Thresholds and growth rates: Both decay and purely growing

instabilities can result from the ion coupling induced by the
pump field. By denotii:g

LE—t“"J

L
w
LB E

ST a fmp Tl ki

i 1
r’=k

2
for the decay .lnstahnityu) ‘the minimum threshold, [I‘m‘d)l =%’

and maximum growth rate, ro‘dln l:l‘i3+,’m(1°tdl-§m3). are given by

v \@ 6 Lm 12 0w wm %Bae
22) = m—‘—z = el )8 B2 ()
(C') x*de 2 7™ %1 “4n % Y

@
Ao, ( qlzzml i ugtlde tﬂ'% (—)W m,a/z 6

Vo

where C: 'E.,:j Eilie_ui ;—%: 9y = -z-a!—:i; ¥ g and ¥y are the damping
rates of the luwar-hylarid and Buchsbaum wave, respectively. For
the purely growing 1natahuity(” (‘i'aqwm). the minimum
threshold is a factor (up/2%) /% higher than the threshold(s),
and the maximum growth rate Y“’ﬂ(Zﬂ I‘z)l /3 (>wg) , can be
written as fta}= 20!5(7"” 21/3 : where r(d’ is g.i.ven by (6) with
vo/c such that the threshold for the excitation of the purely
growing instability is exceeded.

Numerical evaluation of the instability growth rates: We now
consider the specific case of a plasma composed of hydrogen
tapaclen 1, hereafter denoted by index H) and a aecond species,
e.g., p*, H!?, 0'®, characterized by 7,/A, = 1/2, with A the
atomic masg, so that &, /2. One then has 22 = 2.46x107

[q[-! (140.5 == q ;‘/2 E /f 'l.‘ 1 3’ (kv, GHz,keV); it follows that
‘o/C = 4.5x10 7, for qH-D .8, qz-o +2, Eg=3 kV/cm, £ =1GHz and

= 3 KeV. Threshold (5) turns out to be Vg, n/Cg) d)=0.11

B/(kxl.delfo oy valog) /2, (Tesla, GHz), for w = o4,
i.e., 'Nam2x1013 cm=3, fox f - :I.GH:. For collisional damping,
oy 1.7x107, v/m ~2x10"6, so that w, e @ 107

for B = 5T, £, = lGIIz and ”‘x;ﬂe =0.03, which cnrrespﬂnds to
Uyl 0.3 vith T, = 2 T,. Therefore, V /C_=4.5x10 > 4.5x10°
( /c ) ' i.e., the threshold value of the pump field is about
68T V/cm. The growth rate (6),)"()'” Yy, =52¢.ssxlo'3 (fa/B)!"z
g/C.(GEz, Tesla), yields ru /ma = 5x10 for the above
parameters. The growth time of the decay instability,
(1’(m]-]""."lxll.cr6 sec, is typically a factor 10° shorter than the
elec"ron collision time.
The threshold of the purely growing mpde is a factor

(©5/2¥3)1/2 5,10% higher than the threshold of the decay insta-

bility so that the case we are considering of a pump field of
3 kV/cm should be marginally stable (the resulting threshold
field is in fact about 3.3 kV/cm). We note, however, that the
threshold for the excitation of wavelengths shorter than the ion

Larmor radluu'n'is a factor

2,2
nl p2

*khnz 2 1/2

oo ;2:2 + 03 '”:1
{whefe' kzn§_¢l, with p, the Larmor radius), smaller than that
corresponding to the excitation of wavelengths longer than the
ion Larmor radius considered here“') . For our specific case
a= 0.24, (Tnﬂ'ﬂ'z. 52-2) , and the threshold field for (knj)zzbl
is then about 8x10° V/cm.
The density gradient and the finite spatial extent of the pump
produce effective thresholds which can be higher than the uniform
thresholds. For a local scale length of the density gradient
[de/dexrl-lo cm, the finite extent of the pump produces the
highest threshold, which can be written as ¥ zr&f -k |V "”w‘mlxz,

with v (B the x-oanponent: of the group velocity of the lover-hybirid
{Buchnbaum) wave and L, ] the width of the pump in the
x-direction. For the case we are considering, reffxl.sxmsaec_l
257/, @ ~1.7an , i.e., the threshold field due to the spatial
variation of the pump intensity (the pump wave propagates in
well-defined resonance cones) is about 15 kV/cm, for the con-
vective decay instability.

One of the authors (M.B.) whishes to express his gratitude to
the Centro Gas Ionizzati, Frascati, for hospitality during part
of this work.
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Abstract: It is analytically shown that the nonlinear inter-
action of lower-hybrid cones with finite frequency density
fluctuations can lead to moving solitary envelopes for the

wave electric field.

We consider the propagation of intense lower-hybrid waves,
taking into account the nonlinear coupling with finite fre-
quency density perturbations. The physical idea is as follows:
In the linear analysis the rf transport reduces to the linear
mapping of the source along the characteristic lines which are
called lower-hybrid cones. In the nonlinear regime the propa-
gation characteristics is affected by the ponderomotive as
well as BxB forces. As a result, deviations from the linear
cone occur. The nonlinear effects can lead to filamentation of
the lower-hybrid field, and the interaction of plasma partic-
les with localizel fields affects the transport of the wave
energy to the center of the plasma, In particular, Morales and
Lee [1] considered the filamentation arising from the coupling
of lower-hybrid waves with perturbations in which electrons
and ions move adiabatically along the external magnetic field
lines, such that both species retain their Maxwellian distri-
butions. The use of adiabatic perturbaticns is based on the
assumption that the generation and evolution of the lower=
hybrid filamentation occurs slowly compared to the transit
time of the density fluctuations across the wiatn of the wave
structure. Such an assumption may be inadequate in real plas-
mas [2]. Here, we generalize the investigations of Morales and

Lee to include finite frequency density perturbations.

From the warm two-fluid equations, one can readily obtain
the equation governing the slowly modulated lower-hybrid po-
tential ¢ = 9(x,z,t)exp(-iwt) + c.c, where ﬂ.i «u«ﬂe and l’lj -
ey Bo/mj o is the gyrofrequency of species j. Within a two di-
mensional model, one [1] finds

TN (B JREY) SO CRRARY)

9 (1

+ a;(qoa; * ey 0% 0l + hoa;)¢ + Vmp"i(1 + ni) -V4=0,
(=]

where thermal effects have been tredted as higher order correc-
tions, and ions are assumed to be unmagnetized. The terms in-
volving fi(x,z,t) arise due to the interaction of lower-hybrid
cones with the finite frequency density oscillations. We have
- vlg? L] 2 .2 L] - 2 0
also defined a, "e"'p./ﬂa + vi"'pi,” ¢+ by ';"’pj"'"' '
co--zﬁm;a.fn;m‘ + ZV;wP’,_/u". v; = Ty /my, and m;j-" n e’/
mj. For ﬁ-o-nna-ba-co, the waves propagate along the charac-
1

teristic lines dx/dz = C = (g, /|e_|) ™ 1, where g, =1 +w;el
n - m;!_/u'. and e, = 1 = %:mp'j/u'-

Applying the usual WKB ansatz, namely a,_ -+ at.-i"’ and
at « w, we obtain from eq. (1)

2
21 b 2 2 2 2 L
. [(1 *“rﬁj)“x* 32 3 0 + e 0k0 + e 220 +adro

252 L S i O
+6,0,3,9 +b 2 9=qa ax(noax') + B 3=(n°32v1 ' (2)
where a = tupi/u)‘- (upe/ﬂe)'. and B = up’e!u'.

Density modifications appear because the large amplitude
lower-hybrid wave exerts a low-frequency ponderomotive force

on the electrons and ions. The equation for fi is given by

4 2

22 2, i - a2la2¢a2 2 2 a2 n v

dglag + By) ng ca[aztat L R ax](mc' * T'llr'_n';'T;) =i
(3)

where LA is the sound speed. In deriving (3), the cold plasma
dispersion relation for the lower-hybrid wave, namely €, 3;¢> -

|=_|3: ¢ = 0 has been used. We have also assumed w > w =

LH pi

0 *“’p’u“‘é’-%'

Let us introduce the new variables £ =x-Cz, { = Cz, and
consider solutions in the form ¢ =g (£ -Vt, g), A=R(E-VE, L).
Assuming stationarity in the frame moving with velocity V in
the E-direction, for Vv« (me / mill"" c Cy /k "e’ and at a‘ « Il:L 33 P
where k is the wave vector of the lower-hybrid pump, and Ae is
the electron Debye length, we obtain tFm (2) and (3)

v+ iatu+ o lvl?e) -8ty =o, (4
oy
where § = =C(a + rsr:’)l"l o [aw ngm (V2 -l c‘wv] 4 dp e po=
=(e/le glct) (2v/wIP, & = (a +c,C*+b C)w/2VP, and P = 1 +
mp’e /n; + C?,

It can be shown [3] that according to eq.(4), a monochro=-
matic wave of u.mpl:l:tuda Yo becomes convectively unstable if
Ncl > 8 Ko + where L is the effective wave number of the pump.
For § = 0, we obtain the localized solution of eq.(4) by let-

ting ¢ = Aexp(i@8), x =3_8, O = - ap 8. We consider solutions

4
of the form A = A(n), x = k_+ky(n), A =a,+0,(), n=E=Ap,
where Kot nu. and A are real constants. We look for solutions
which vanish asymptotically at large distances. In the case

20, + k3 > 0, a localized solution [3] for the amplitude is

T

Al = ’
Ko + 27 (g +x2) 7 cosh [(n=ng) /4]

(5)

-k
where A = (x; +20) 7273, Purthermore, the nonlinear phase

is determined by k, = (3/8)A%, and 0 = - kg - (3/8)k A%,

In summary, we have shown that the finite frequency per-
turbations coupled with lower-hybrid waves can yield propa-
gating localized envelopes which can cause transport of rf
energy into the plasma beyond the boundary region. Finally,
we mention that the role of E x# nonlinearity on the soliton
profile may cause a damping of the pump wave by the excitation
of a sideband. This problem is treated by Kaw et al. [4].

* Supported by SFB "Plasmaphysik Bochum/Jilich".
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VARIATIONAL PRINCIPLE FOR NON-LINEAR STABILITY ANALYSIS
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Abstract: A variational method for mhd stability extending the
work of aernsteinj) to higher orders in the perturbation is

given,

Introduction

The variational principle of Bernstein et nluill for the stu-
dy of mhd stability is well known. It may be recalled that it
deals with the second order energy variation corresponding to
motions of first order in {, the perturbation displacement.
However in many stability problems this linearized approach is
not satisfactory. E.g. it uses infinitesimal perturbations and
yields no idea of the domain of validity. A non-linear analy-
sis is desired. A higher order analysis was developped by one

of qan

, extending the linearized normal mode analysis. The
method is formally rather simple, but. the cu;eulution of the
coefficients of the higher orders as functions of the various
wavenumbers, etc. is very cumbersome. A variational method for
higher orderﬁ is wanted from:

4) A practical point of view. This requirea less calculations
than the normal mode analysie: one has only to calculate the
sign of the (minimal) change in the potential energy of the
system under consideration. Of course, one obtains less infor-
mation: only the knowledge stable or unstable for a certain

range of the linear perturbation E or/of e(see further).

b) A principal point of view. Moreover, this may be a first
investigation of a general variational way to study non-linear
stability or motion.

Method and calculations.

Consider a (static) equilibrium configuration. All relevant
quantities are expanded in series to the fourth order in the
linear displacement E. The change in the potential energy due
to the perturbation is

W= W= W = AW AW AW AN+ .. ()
where W, is the potential energy of the unperturbed system,
where AW = o (equilibriuml) , where 4,W is the result of

1)

Bernstein et alui™’ and where

] 2
AW = ,}J [g,ﬂﬁ’i p_(AyE) ~vp, (@YE) (Egrad E-EaiyE)
3y 1 2
i 21’.'3!,3' av_ + g[pasiEjEk 3-—5—*5—,:“1 X, 3T oy v,
+ 5 Jl (B, .0B) + Bldiv ) .(dv € (E grad E+EAYE))
2 9g
- dlv E(aB+B AV E) -B, jﬁin d\r.-%JEln’(ﬁijduj) (2)
P 2 3k,

80 = |[—® {(aly (E.grad E-EdivE)) + 2aiv_E lﬁ—j'” -

- HE2 o (ase 6 (asv, (£.grad,E-Eatv,6)

Y

I (y+3 2 1 %
+ 5**?7} P, (div E) ] av, + 57 lp.ciijﬁkil 3;:;3;:;55:;5§:2gvn

+ !li [(% (4B + B, divaﬂa_ div, (Ediv, E+E.grad E)

%y -3 68 A as0 ()
-2 (B .4B + a::uv.g) 15-;;” dv, i) l 18, Ut y4de 4

The third order term is always destabilizing, unless it is zero.

Choosing now the displacement in the form

E(x,t) = e,e"tE(x)

as for the first order analysis, one obtains (trivial) expan-
sions in €, . Now the method of Callebaut consists in uniting
c._and exp ot into one quantity: ¢ = £, exp ot yielding (non-

trivial) expansions in e. E.g.

'W=eW + €W+ e+ E'W + ... (4)
1 2 3 .
Minimizing the functional integral one obtains the Euler egua-
tions:

E, + B, + e’E_+ ... =0 (5)

which are a system of partial differential equations. Solving
(5) (directly or by iteration) and substituting in (4) and
giving values td the parameter e yields zero-stability lines.
Further elaboration and discussion and in particular the appli-
cation to force-free magnetic fieldlaJ‘Liil be presented
orally.
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SELF~CONSISTENT COMPUTATION OF TWO~-STREAM EXPLOSIVE INSTABILITY
Z. Sedladek
Institute of Plasma Physics, Cmechoslovak Academy of Sciences,
Nademlynskéd 600, CS 180 69 Prague 9, Czechoslovakia

Abstract: The twomstream explosive instability was investigated
numerically with a Hamiltonian model of wave~wave interaction
ineluding coupling of the waves to the sitreams and harmonics
generation. An abrupt and almost complete deceleration of the
streams accompanied by saturation of the explosive growth and

formation of a turbulent state was found,

1. INTRODUCTION

The majority of investigations of explosive instabilities
[1-<6] are restricted to pursuing the time evolution of the re-
sonance triplet of the interacting waves. Non-linear mechanisms
for the explosive growth limitation were proposed [11-6] but the
influence of the reaction of the background distribution func=
tion evolution and the harmonics generation seem to have been,
with few exceptions [7], overlooked, In this contribution,
taking the explosive instability of two counter-streaming
electron beams with equal demnsities and equel velocities [3, 6]
as a model example, we show by numerical integration of im~
proved coupled-mode equations the dramatic influence of these
factors upon the evolution of the explosive instability.
2, HAMILTONIAN DESCRIPTION OF THE WAVE AND STREAM DYNAMICS

The method used was proposed in [9] and tested there on
the béam~plasma instability. The basic Hamiltonian is derived
from the Fourier transformed microscopic continuum Lagrangian
due to Low [10] by an expansion scheme whioh makes proper
distinction between oscillatory and secular variables. Asuming
the equilibrium distribution function in the form F-_(v)-

= N1J(V-‘4)+N2 J(V—Vz) one thus obtains:
H(Esn, Tin; w))f(—1—rrn+—1—rrn-
. §uns Ty faniMan) =L | 2mN, "2 "0 " 2mN, 420
'Jnk\éfzn Tyn 'jnk\/zfz,n Mon + g%: e, e,.,) (1)
kg0 ~jk
en--fm‘g[N,e 5 'zn (f’#)*Nze : &(’Zn (62,«)]

1 '
z..n (En:) B f—n * 2_11]"");'; E én*n,ﬂ\z fn, E"z+
_{__ . 2 EIEI' E'

+3_f (?nk) nom m 8n+n,+nz+n3 fn, fnz fns"'...
Here 61,"1 7T1‘n } Ez'n 3 ﬂ:Z,,n ere the Fourier components of the
displacement vector and their oanonically conjugate momenta
Tor the first and second stream, respectively, lgu'? for OL= o
and zero otherwise, and the prime at the sum sign is to de-
note that terms with ni-D are omitted. As seen, the coupling
coefficients depend on the variables 61,0 ’ Fz‘a . The equations
for the variables 61’0 ,n'w H f&o , ng'p describe the evolution
of the background distribution function and are, in their
turn, dependent on the wave amplitudes, thus providing for
the self-consistent description of the waves and streams,
3. COMPUTATIONAL RESULTS

The set of canonical equations generated by the Hamilton-
ian (1) was solved subjeot to periodioc boundary condition and
to the initial conditions corresponding to the resonance tri=-
plet (the same as in [3, G]) Various numbers of space harmo-
nics and orders of wave-wave interaction were tried. In general,
each computational run gave a similar overall picture (Fig, 1):

&n initial explosive stage with coherent wave-wave interaction

well described by the idealized theories restrioted to the
resonance triplet [lo--ﬁ], followed by a total collapse of the
streams,; saturation of the wave growth and formation of a
turbulent state characterized by stoohastioc behaviour of all
the wave amplitudes and equipartition between the mean kine-
tic and mean electrostatic energy of turbulent pulsations.
Inolusion of higher harmonics and higher-order wave-wave
interactions enhances the explosive growth, but does not
alter the final state substantially,
%4, CONCLUSIONS
It is evident that for Lhe final stage of the explosive

instability evolution the enormous alteration of the backe
ground distribution function is of dominant importance, The
fourth= and higher-order wave-wave interactions alone are
not capable of developing the saturated turbulent state.
Similar conclusion was drawn by Byers et al. [_7] for the
case of an explosive instability of oyoclotron waves.
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Fig. 1. Plots of (a) the total eleotrostatic energy WE

(measured by the equilibrium kinetic energy of one stream),
{b) variation of the stream velocity AVZ (measured by the
squilibrium velocity of the stream), (o) the canonical co=
ordinate ézla - an integral of sz (measured by the wave-~
length ?1'21'{/‘() to dooument the total loss of veloolity of

-1
the streams. The unit of time is Wy , kV/wy, = 1.597.
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STABILITY OF BGK EQUILIBRIA
K.R.Symon*, J.L.Schwarzmeier*
Dept. of Physics, University of Wisconsin, Madison, Wis., U.S.A.
and H.R.Lewis

Los Alamos Scientifiec Laboratory, Los Alames, N.M., U.S.A.

Abstract: An analysis of the stability of a BGK equilibrium
solution of the Vlasov equation is presented, as an illustra-
tion of a general method of analysis of inhomogeneous equili-
bria which is particularly suited to numerical computations,
Comparisens are made between the results of the analysis and

numerical simulations.

The Problem. We consider a one-dimensional electron gas in a
fixed ion background of density n,. We assume a stationary BGK
wave solution £ (£), @ (x), where

F=tmvioedx), Px+a)=d . ()
The linearized Vlasov-Poisson equations for a small perturba-

tion ;. d in density and electrostatic potential are
¥+V%Ff'%j—':'§é="’%%%, g%:#zef#e!v. (2)
It is convenient to transform to a modified perturbed distribu-
tion function g as follows:
‘F"'P‘i{’f‘s; P"‘eﬁ,:"ea_g’- (3)
Equation (3) is a special case of a general class of wuseful

transformations in which f’ can be any suitably chosen operator.

We substitute Eq.(3) into Egs.(2) to obtain

s34 B
,3,?+,{'f= eﬁé—f s A =drefgdy, ()
where £,/\ are the Liouville and Debye operators:
2%, 2
L=vig *R5E5 - (s
A=t ~kpw, ki =-4met[r(E)av. (6)

Note that kD is the reciprocal Debye length. The algebraic

merit of this transformation is that it eliminates a¢,/ax from

the . Vlasov egquation. The physical merit is that the Poisson
equation now contains a term which may make the eigenfunctions
afA resemble the x-dependence of the eigenfunctions of oC.

The Solution. We introduce eigenfunctions of the operators A,Jf:
A (x) = Ay, (7
L5 (667 e{r’-o-(f')ﬂx,ﬂj = f'VJl(i"JJ(!-'-E’Jeifﬂ(g’)ru’g), (8)

where (1(£€) is the frequency of the particle orbit with energy

£, r is any integer, and TT!,EU is the time required for a par-
tiele on the orbit of energy & to go from some reference point
to the point X. There are ordinarily several orbits at each
energy; integrals over £ are then understood to include sums
over each such orbit. All eigenfunctions can be chosen to have
the Floquet form:

halx) = e"xh(xJ, hixta)=f(x), t9)

The entire problem now becomes diagonal in the index 3. We as-

sume a fixed choice of f; in the éxample below, f =m/e. Ve

expand the perturbations in these eigenfunctions:
7,9, 2] cZ,Xr{E,t)e""‘MEJT“'* “ (10)
¢ t) =Z, o (t) 7y, (1

We Laplace transform the resulting equations for the coeffi-

cients r & “n , Solve the Vlasov equation for the transformed

coefficients ?’: , and substitute in the field equation to ob-
tain:

Zpr Dyye W) &, = T (0, (12)

where «w is the Laplace transform frequency variable, 1;(uu de-

pends upon the initial conditions,and the dispersion matrix is
a - W B AE) Koy (E) Ko ()
— Tl
Doy () = Ay S+ #me* 2, for QM EIGer ) 43
where
- [ (E)T

Ky le) = [dr & 9, [t £)] . (1)

The Dispersion Matrix. The matrix Dla} has the interesting and

useful property
*
LD,,.,,,(U)] =D, (@) (15)
A matrix with this property may be called a hermitian function.

When Eq.(12) is solved for E;, and the Laplace transform in-
verted, the solution may be expressed as a superposition of van
Kampen modes located along the cut in the realw-axis associat-
ed with the matrix D(u), plus a sum of discrete normal modes at
complex freguencies & which are roots of the dispersion rela-
tion :

det [D,,. ()] =0, (16)
The coefficients of the eigenfunctions qn(n for any normal mode
form an eigenvector corresponding to a null eigenvalue of the
matrix P{w) evaluated at the normal mode frequency.
Numerical Methods. The above analysis is particularly suited
to the numerical determination of the frequencies, growth
rates, and perturbed potentials and distribution functions for
the normal modes. We discretize the energy spectrum of the
orbits, choosing a finite number of energies suitable for de-~
scribing the perturbation. Integrals over energy become sums.
We alsc choose a small number of eigenfunctions 7uOU . The
transformation (3) results in an operator /\ whose eigenfunc-

tions match rather well the low frequency normal modes. Thus a
single eigenfunction vch) leads to fairly good results, and
three lead to quite accurate results, as we shall see below.

il ion results. The above analysis was applied to a par-
ticular case for which results from numerical simulations were
available for BGK equilibrium and for the wunstable normal
mode. The equilibrium potential is shown by the solid, approx-
imately sinusoidal curve in the figure below. Also shown is
the form of the perturbed potential associated with the
unstable mode, and the corresponding eigenfunction (dashed
curve) of the operator /{ for this case. If the perturbed po-
tential is expanded in the first three eigenfunctions of‘A, the
result is indistinguishable from the simulation result, 1In the
table below, we show the theoretical and simulation results for
the growth rate (in units of &ﬂ;’] using a matrix D(w) based
upon one or three eigenfunctions ot‘A. and for the coefficients

of the three eigenfunctions in the expansion of the perturbed

potential,

Theory Simulation
Growth rate (1X1) 3.03 3.104.004 ot 5
Growth rate (3X3) 3.07 3.10£.04
Coeff. of 7, 0.99894 0.99861
Coeff. of 7q 0.03765 0.04115 \\\‘f/
Coeff. of s 0.02662 0.03215

*Supported by U.S. Energy Research and Deyelopment Administration,
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QUASI-LINEAR EQUATIONS FOR THE TWO-MODE MODEL.

W. Malfliet
U.I.A. University of Antwerp, Dept. of Physics,
Universiteitsplein 1 B-2610 Wilrijk (Belgium)

Abstract : The usual approximation to investigate the pertur-
bations in the kinetic theory of plasma consists of the one-
mode ansatz. To obtain & more rigorous description we intro-
duce a two-mode model which has several interesting features

as illustrated for the quasi-linear equations.

1. Introduction : The one-mode analysis is currently used in
the kineticitheory of plasma in order to facilitate the cal-
culations. This seems to be @ serious restriction, not only
from the mathematical point of view, because the required rea-
lity condition immediately imposes the property mR(ﬁ)--wR(-f)
for the real frequencies. Moreover there exists often more
solutions of the dispersion relation in such cases than for
instance one mode with positive phase velocity.

As an example we examine the usual quasi-linear analysis

of the Vlasov-Poisson system.

2. Analysis : The dielectric function in the Vlasov theory
is defined by

* SFO

ki

2 -
p(k,p) = 1 -irie” , &V =0, (1
(k,p) g 4 —s—;—(p*ik-v) v (1)

if the longitudinal electrostatic fluctuations vary like
*

exp(ik.t - pt) with p = -iwp (K) - v(k). With the aid of

u = k.¥/k and-IFoﬁ)dzvl - Fo(u) eq. (1) is transformed

into

Z 6F_(u)
D)~ 1 - iy —— & @)

Similarly the dielectric function for the (-i)-modes, which

are also present, reads

2 SE_(-u)
Dby -y -dElgl p K obT g 3
2 mk® € (p+iku) Su ¢ S:

It is easily observed that D(ﬁ,p) = D[-i,p) for
symmetric distribution functions. This means that the fre-
quencies must be the same irrespective of the k-sign !

In the limit of long wavelengths the frequencies are

found from eq. (2} to be :

o) - kvp)? = uf, (143 (k/kp) 2+..) 14)
and
§F_(u)

hJ 3

MCRE RCHOR AR )
wp (k)
i
k

with |y/w] €1, |k| = k and v, = fuF (u)du which characterizes

the asymmetry of the distribution function.

For the (-%k)-modes we have from eq. (3)

gk + k)% = m':(l + 3(k/kp)2ean ) (6)
and
8F_(-u)

(k) = =L ) + kv o 7 7
TR SaE G R Wi

b -k

g

K

We immediately infer that there are two modes un{i) and
-wp (k) which must satisfy the relations wp (k) = -mReI) and
y(i) = y(-K), if Vp 7 0. In the other case (vm = 0) there
exist two possible relations. First the just mentioned ones,
(odd property) and secondly we have two modes for which
uR(-ij - mk[i] and again y(k) = y(-k) holds. Now the
quasi-linear equations can be derived in both cases.

a) “R{i} = *WR(—E). In particular the diffusion coefficient

may be written as :

1) %

aff -+ 92 -+ Q [k)

D (v) = Jdky (k) kakgl +
R N LD

(2) 3
WL i = )

(k. veug (1)) 2oy % ()

where Q(i)[i) (-Q(i)(-i);iul,ZJ.represencs the ppectral function.

of the potential waves moving to the right (i=1) (positive

phase velocities) and to the left (i=2negative phase velocities).

The total spectral energy is defined as Q(k) = :q(i)[i).
i
b) u“(f) = wR(-i). In this case we have :

p(l) (i}

2
D) = & raky (R)k kg 0
. T R i

P& j (9)
(k. Vg (5) 2ov2 ()

The spectral functions P[i)[ﬁ} have now the property
Py =pO)k-X) (4,3=1,2; iF5). Hence waves moving to the
right and tb the left appear in both terms of eq. (9).

The usual conservation laws still hold in both cases
and the different approximations for the diffusion coeffi-
cient may be used as well.

More practical examples can be considered. The two-
stream instability problem for instance will show very easily

this behaviour of the different modes.
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Lower Hybrld Heating in a Mirror Plasma

H.Derfler, O.Gehre, F,Leuterer, H.M,Mayer, M.Tutter

Max~Planck=Institut fur Plasmaphysik
D-B0446 Garching, Fed,Republic of Germany
EURATOM-Association

Abstract: We ine a rf plasma produced in a mirror machine. The density obtained
corresponds to the lower hybrid density, We observe resonance cone propagation,

parametric decay and harmonic excitation.

The mirror machine "Liwerex" has a length of 2,8 m, a center magnetic field of

4000 Gaufl, and a mirror ratio of 1.8, The plasmo is produced in the center of the
device by 30 kW rf power at fo" 106 MHz in 2 msec pulses, which are opplied
coaxially to o ring between two limiters, os shown in Fig. 1. Preionization is done

by short, negative 500 V pulses fed to two Penning plotes at the end of the mirror, We
used deuterium ot o pressure of 1 1o 4 * I()-4 Torr, At pressures <2 +10"*Tore we ob-
tain @ maximum density of 6 « 10"011’3, which agrees with the lower hybrid density.
At higher pressures we can exceed this value; the diamagnetic signal, however,
decreases with Increasing pressure. Fig.2 shows the phase shift of a microwave inter=

fi and the di

ic signal as functions of the applied rf power, The dia-
magnetic signal increases proportionally, while the density saturates. From the dia~
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at 2 fq ylelded T. % 2 eV, The value of T; was confirmed by charge exch

measurements.

With an axially movable and tumable double coax probe we determined radial profiles
of the exial electric field. In Fig.3 top we see that the profil taken at fo shows strong
maxima at radial positions near the limiter radius, With increasing distance from the
coupler these maxima occur at the same radial position, but get smeared out, We
believe that this is due to o cone ' propagating with a very small cone
angle, because f_ &, in this case, Indsed, interferomatric measurements con-
firmed the forward character of this field in axial direction and the backward wave
character in radial direction, The maxima decrease by about 10 dB in a distonce of

30 em, The frequency spectrum around f_ is asymmetric and exhiblts sidebonds ot

Af = n . f ot the low frequency side, Corresponding lines near f an . f; are
observed in the low frequency spectrum, which suggests parametric decay. Radial

profiles at the frequency of the first sideband as well as at the corresponding low
frequency line are also shown In Fig,3 and show an even more pronounced

a8
0
0
12106 MHz
L L
121005 MHY

255 MHz
Fig.3

localization at the position of the pump frequency maximum as observed earlier I:yz),
The sideband and decay line maxima are, however, more than 20 dB weoker than the
pump wave maximum, With increasing rf power the line character of the spectra dis-

appears in increasing background noise, At tant power and i ing neutral gas

prassure the lines disoppear nearly in the some way os does the diemagnetic signal.

In addition to this parometric pump decay we cbserve a very strong generation of
harmonics of the pump frequency (up to the 17th). The intensity of successive
harmonics decreases by only 4 dB. From this we may estimate, that the power in the
harmonics is about 1/4 to 1/2 of the power in the pump wave. The harmonics also
propagote along resonance cones, which because of their higher frequency penetrate
deeper into the plasma, as shown in Fig.4 for the 5th harmonic, At higher harmenics
the maxima can be seen to join on the axis and then diverging again with increasing
distonce from the coupler.
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In Fig.5 we compare the measured cone angle for each harmenic with theoretical
curves for varlous densities, These have been obtained from the r cone

equation ‘7 B ‘/__i_.l:?

assuming homogeneous density profile, The first harmenics also show parametric

sidebands, which themselves propagate along resonance cones corresponding to their

frequencies.
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&
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ABOUT LOW HYBRID HEATING IN TOKAMAKS

8.L. Musher, A.M. Rubenchik, B,I, Sturman

Institute of automation and electrometry
Siberian Branch of USSR Academy of Sciences,Novosibirsk,
USSR

We calculated the absorption energy distribution via pa-
rametric instabilities for tokamak TM-3,

1. In a usual scheme of low hybrid heating energy must
release mainly in the center of plasma at the expense of the
transformation of an electromagnetic wave into plasma one
[‘I-EJ. But recent experiments on large units [3] showed that
a greater part of HF power absorbes in plasma periphery.
This absorption is explained most likely by the development
of paremetric instabilities [3-5].

Anomalous dissipation caused by collective processes
allows, as opposed to the usual scheme, to optimize heating
characteristics without binding it rigidly to the existance
of trensformation point. In the present work we will show
that it is possible to achieve rather uniform plasma heating
by choosing frequency, slowing-down of electromagnetic wave
and type of excited oscillations.

2. Let us consider isothermal Te“‘TL plasma with the
density changing smoothly across the magnetic field. Choose
its direction for Z axis, and let T axis be in the direc-
tlon of the demsity gradient. Let electromagnetic wave pro-
pogates along the L , its energy £ changes in conformity
with the equation

%heE =-1E —Q “1)

The energy flow into plasma attributed to parametrie in-
stabilities was found in [6].") With the fulfilment of a
Tather mild condition < >SS and rather high exceedings
over a threshold £7' LA E

@-015% o GF o)
Threshold field E th is defined by collisions or by the in-
homogeneity of plasma and pumping. Density and temperature

profiles we chosen close to those observed in tokmg.ks 5
n:-rzo(l.fﬁi%;),’ 7=%5(Z71-2) &
where ({ is a small radius of torus.
In the frequency range under consideration there are two
types of electromagnetic waves, i.e. fast and slow ones.Until
‘recently plasms heating was mainly related to ~wave for
which it is easier to fulfil transformation conditions and

‘the opaqueness area is na.rrcl'or [ 2]

3, For ») -wave ?ﬁci'c o ;f’r j et_In concrete
calculations plasma pa.ran.eters were used corresponding to
tokamak Te3 = lo= 900ed; o= 51013, GJj= 7-10"1, e
value of the incident power P(~a)=& (= a.)lfz/ “2)changed in
the limits from  wér, which corresponds to the parameters
of HF generators commonly used, to 100 kw/cm « Representa=-
tive results of the calculations, when /2z= 1,5, 8ré given
in Figs. 1. From these calculations it followes that select-
ing frequency and power of pumping it is possible to obbtain

*Mme coetricient in (2) ia taken from work [7] ,where the mu-
merical simulation of the parametric instability was carried

out,

rather uniform plasma heating. The situation is extremely cri-
tical to the change of the heating parameters however.The part
of energy absorbed in the center decreased 3 times as the
power increased twice, about 2 times as the frequency decreas-
ed from 2,56), to 1,56, , and 2,5 times as o< (see (3)) ineve—
ased from 1,5 to 2 times (see Fig. 1).

\ I
2

Spatial d.ish-ibuténn of the sbsorbed energy.
Fig.A.A2- 2—3= 3 kw/cm“. Curve I corresponds &) =
Pl o-dd = P ety -

0.13. cu:naII- Q= 2.5 C'-’.'..o
=0, 29. Curve IIT - = 1.5c)
Fig.2. The heating by a fast wave., P( a.).s 15 kw/cm?,
Curve I corresponds =63, Curve II =€) =2c) .

It should be noted that in all calculations presented a
considerable part of energy is absorbed at the edge of the
interval, X' ~~(, This fact indicates that energy absorption
in the region of limiters,d <~C, which was not taken into
account can be rather substantial.

With other heating parameters the c.narg:.r distribution
over a section can be obtained with the help of, the following
similitude relationships (see (1) - (2)) %@cwf .

4. Plasma heating by a fast wave has become the subjaﬁt of
study only in -Ery recent time [8] For a.fast wave Zfz.:-‘cf.ﬁ@

£= Z——ﬂ‘g! ;  I=2Vec g (5
ﬂrmsg-rptz 71?:11_1. }e & la:i;u;&hizg is of the form:

In the plasma periphery 1{}«, exceeds considerably @j{ ’
but in the center they are of the same order. Therefore the
wave energy and thus anomalous absorption in the periphery for
the /-' -wave considerably reduce when the power of pumping are
the same and the area of the energy absorption shifts towards
the center Q~ﬂ5P9/T, see Fig. 2.

Extremely substantial appears to be strong dependence of
the energy absorption by the [' -Wave on R;, as 1t is seen
from (1) (#) @~ /5 . Bquations (1),(3) illustrate that
for the 4 —wave collisional damping results in the heating
of the central plasma areas as well. With the dependence on
/Ly so strong teking into account the toroidality is quite
essential [8] g -/Z.ﬁt (A "1)/(—.4 ’b/?.

The absence of absorption of the P -wave energy in the pe-—
riphery allows to combine a collective method of plasma heat-
ing with that based on linear tramsformation. In conclusion it
may be said that a relatively long absorption length of
ﬂ -wave makes in promising for heating in large-scale devices.
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THE WAVE BXCITATION IN & PLASMA AT A HELICAL RESONANCE
HF HEATING
R.&.Demirkhanov, A.G.Kirov, 8.Y.Ilyinsky, V.V.Onishenko,
&.V.Sukachov,and D.A.Voytenko

Sukhumi Institute of Physics and Technology of the State
Committee on Utilization of Atomic Energy, Sukhumi, USSR

The main experimental dependences and an approximated theo=-
retical model of the plasma resonance HF heating in a toreoidal
trap when Bo/(“q—f“)ﬁ E-V":u (I) (where ® is the HF field engular
frequency, and Fu is the wave number slong the torus #u=2TR/n
had been reported at the recent conference /I/. The theory /2/
in case of the condition BO/(’“:P'-}V:%E/E. (2) met, predicts the
"helical resonance™ - the excitation of helical HF MHD oscill-
ations in a plasma at W << Wai. These oscillations may be repre-
sented in the first approximation, as consisting of two types
of waves: magnetic acoustical and Alfven ones. The phenomenon
observed is treated as a constrained resonance HF field excit-
ation of stable helical modes of Eruskal-Shafranov type with
¥ = 0. It follows from the theory that the field distribution
in the plasma must be: ¥, o ym]-I

[ e { 1 A ¥
A= 07% [ ‘Tﬁﬁf (-&)Je «(1-7)E) } @)
where Ty is the resonance demominator. The first addend is a
skinning quasi-Alfven wave and the second one - a fast mag-
netic ~ acoustigal wave.

At Bo(l"—,j’.', )-Jé(:o'/ﬁn (4), a "pure" Alfven resonance is
reelizable when a volume Alfven wave with A,-(- lp is excited
in the plasma (r_ is the plasma radius). In case of & non-
uniform deneity distribution over the radius there cen be
a singular point (3) within the column and there can occur
the Alfven wave excitation, amplification and effective dis-
sipation /4/. Both resonsnces greatly differing in their phys=-
ical nature, slightly differ in their resonance field value
(Bo)' especially if we consider the real nonuniform density
distributions. Therefore, the macroscopic empirical depend-
ences presented in /I/ do not mlléw to make & single-mean-
ing conclusion v for the: lear predictions bet-
ween these two mechanisms of the HF field excitation and com-

plification in the plasma volume. In both cases, the dissipation
mechanisms of HF energies should be different.

In R-02 device described in /I/ we have carried out a number
of measurements on the HF field distribution within the plasma
in the resonance region by means of miniature multicolil magnetic
probes. The spectrel composition of the oscillations has been
measured by a spectral analyzer. The present paper gives also
the results of neutron emission measurements in the resonance
regime operating with deuterium, these measurements conp].afe the
assessments of ion heating in the resonance obtained as & result
of diamagnetic and spectroscopic measurements.

The measurements hsve been carried out in the regiom of the
resonance peak, BosInG:fI! at n~ 2.5_1013“-3_ & rotation hel=-
ical magnetic guadrupole field with no=2, n,=6, £=I,2 MHz,
igmog has been used as an exciting HF field. The quasi-sta-
tionary current in the plaau-’frﬁ IkA, the stellarator rotational
angle being 1 > 0,59 . Helivm snd deuterium served as operating
gases. Probe and diamagnetic signal measurements have been accom—
panied by microwave measursments of the demsity and the quasi-
-stationary current in the plasmas and the current in the HF wind-
ing. It should be noted that the HF field was turned on from the
very beginning for stabilization aims. The plasma demsity in-
cressed and reached its resonance value for given BD in the re-
glon of 300—400fl$u.£tr the discharge onset. This led to the
fact that the plasma average density in the discharge process
had passed successively the vslue corresponding to the "quasi-
-A1fven resonance” (3), and afterwards it went through the value
corresponding to the "helicsl resonance™ (2). When the average
density spproached to some critical value of T, meeting
Expression (I), the HF power began to be strongly sbsorbed, and
there appeared the voltege drop in the circuit and the dlsmag-
netic signal growth. The diamagnetic signal grows up to its peaik
value for I00=I50, $. The probe measurements showed that during
this period & considerable growth of the HF field level took
place in the plasme. Afterwards, =ll of the parsmeters reach ste-
tionary values. Fig.I shows the HF field distribution in the
plasma at the moment of the peak value reached for diamagnetism.
It cdn be seen that nearly for the half of the radius, the HF
field increases 3=4 times in comparison with the vacuum HF field

intensity in the same point but witn- T
out the plasma and at the same cur— B orhup A
rents in the HF winding. It should be
immediately noted that on removing
the magnetic probe tubings out of the = D]
EF field intensity and the dismegne- o e=——1 | | A | IRerorl
tic signal in the plasma began to A\ /
increase. This indicates that the re~ .o \; B
al gains are higher at the resonance, .. = /
then cited. The total pattern of the
HF field distribution and the sign  Fig.I. Distribution of HF
characteristic change, in the first field amplitudes in the
approximation, well coineides with plaema at the fixed point
Expr-(%), if 55 = Icm, which cor- of time
respondes to the discharge electron
conductivity within the sccuracy of the factor of two. The initisl
pressure can be chosen based om the average density vulua:ﬁé Eres‘
In such & case we observe some amplification the HF field, its
spatial maximum being shifted to the plasma surface while the dis-
charge develops, i.e., we observe the density increase. The above
dynamics coincide with the motion of the local "Alfven resonance™
point (3), with increasing the peak value of the density nopuni-
form profile in time. However, there is no marked heating of the
plasma in such conditions. Unfortunately, we are short of the ex-
perimental date identifying this regime with the "Alfven resonance"
exactly.

Pig.2 shows the HF field inbtensity at the second negetive peak
(Pig.I) of the plasma specific enmergy and the HF circuit current

=
o]
=
2
i~
-

(for the constant voltage at — 515

the EF generator) as functions iﬂﬂ'*u'—ﬂgwu-m‘ chﬁ g

of the intensity of B, field ‘ ] "‘\ Ll

during the discharge station=— s A

ary stage, when §,=n, .+ Here, P! 4 VN i

a well-defined correlation 1 /] )(\

between the excitation, the DA N

HF field resonance and the 83— \

Fig.2. I) plasma specific ! =

energy; 2) winding currenty ; 0 BB o

3) field value in the plasma. 8.6s

Fig.3~ I,2) sequence of the small redius 130

ﬁginta from the centre to the pariphnx.vs Ep.aa. Al
vacuum field on the plasms surface; T~

4) dismagnetic signal. 1‘ 1

plasma heating is also seen. The current drop 1 hZ

in the HF circuit indicates the resonance ab- 5 [ v

sorption of the HF power. Fig.3 shows the diaé 09 I o

magnetic signal and the HF field intensity in A e

the plasga at resonance as functions of the .7 [ e

current Jec . The analysis of these dependences /q n i

indicates that at first there occurs the HF i

fie1d excitation end amplification in the plas- ‘ss i w mo 4

ma, and after the field attains some threshold

magnitude the plasma energy begine to increase fest. This fact
coincides with the results of /I/ snd indicates a nonlinear
type of the HF energy mechaniem dissipation /2/. This hypothe-
8is is partially confirmed by measuring the spectra of magnetic
probe signels, the probes being located in the plasma. The spec—
trum anslyzer proved that the HF field frequency harmonics: -‘fé,
-iw, 2w excite which constituted a marked part of the plasma
diamagnetism growth snd the stationary stage when energy remo-
val from.the plesma was sustained by the HF energy dissipation.

The following conclusions cen be drawn: I) in the resonance
heating regime the HF field excitation and its factor of five
gein (at least) take place over the whole plasma volume; 2) the
distribution type of fields in the plasma indicates that this
resonance is most close to the “helical resonance™ as judged by
its pattern; 3) some experimental data indicate the paremetric
effects appeared in the resonance, these effects may be respons=~
ible for the HF energy dissipation /2/.

The ion temperature evaluated on the basies of the neutron
emigaion smounts to Ty 3.T0%ev(dsuteriun,B =ITkGs,n=3.10"2on>)
which well agrees with the diamasgnetic and spectroscopic measure-
mént results /I/.
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DYNAMICAL STABILIZATION OF MED CURRENT INSTABILITIES
IN A TOROIDAL SYSTEM WITE RESONANT EXCITATION oF
HELICAL HF WAVES IN A FLASMA

R.A.Demickhanov, A.G.Kirov, S.I.Ilyinsky, N.I.Malikh

and V.V.Onishenko

Sukhumi Institute of Physics and Technology of the State
Committee: on Utilization of Atomic Energy, Sukhumi, USSR

Dynamic stabilization of MHD instabilities in order to get
g =1 is one of the means of optimization the thermonuclear
reactor based on tokamaks The dynamical HF stabilization
effect of MHD current instabilities, including the disruptive
instability, bhas been demonstrated in the exberiment described
in /I/. Tn those experiments the HF field has been skinned at
the plasmz column boundary and plasma parameters have not been
large ones, Ta‘ I00 eV. Although the stabilization effect is
distinctly exhibited and plasma macroscopic oscillations were
completely removed the HF field pressure required to stabilize
has been relatively large, E:- /§:=0.5, while it was consider=—
ably less than the plasma pressure, ﬁ', >> I. The skin HF sta-
bilization drawbacks are such that: I) the skinning process
can result in the density gradient sharpening and diffusion
loss increase and 2) with such a method of stabilization there
is no direct effect on volume modes which develop in the centre
of the plasma column and can play a decisive role in developing
the disruptive instability, according to the recent investiga-
tion /2/.

In our experiments in R-02 /3/ it has been found that a
resonant interaction of a helical HF field with a magnetized
plasma column takes plase when Bo(ﬁfrP;)- =)f (I) where A is
the HF field period along the torus and £ is its frequency:
In /4/ the HF excitation and amplification in a magnetized
plasma in such conditicns have been indicated and a theoretical
model of the phenomenon has been offered. In case of a helical
resonance /I/, we have performed comparable investigations of
the plasma column macroécopic MHD instability within and
outside the resonance region in order to determine the effect

of the HF wave volume excitation in a plasma on the dynamical
stabilization conditions.

The experiments have been carried out in R-02 device which
is £ =2 stellarator with a longitudinal current in the plasma
/3/.« A stabilizing HF field is presented by a rotating helical
guadrupole with m=2, n=6 and £=I,2 MHz. The toroidal magnetic
field intensities are B =5+I4 kGs, plasma densities:

137, 1072 cn™> ana heli.um and hydrogen were used as operating
gases. The stellarator rotational angle is £. €w.

Without the HF field the discharge is macroscopically un-
stable; especially strong instabilities develop at 9, < I.4.
With the HF field the discharge regime essentially changes.

At small magnetic fields, Bus —5:8 kGs_and large densities,

nge 5-7.10%cn™? when B (47 *« AT  and the HF field is
skinned some critical value of the HF field intensity existe
which meets the ratio: By /By= 0,65 /2/ and when it is
slightly exceeded (~ 54#I0 %) the discharge transforms into a
stable state in a threshold manner, the plasma conductivity
essentlally increasing at the same time. The measurements 31
this stabilizing current threshold value in a HF circuit, I ,
at various magnitudes of a quasistationary current in the
plasma, allowed us to determine the stability region in these
conditions (Fig.I)s The stabilizing HF field threshold value
well coincides with the results of experiments in B-0 device/5/
and the predictions of the dynsmical stabilization theory for
skinning HF fields /6/1 By/By> [ m[max(m.m)- {17 (5),
Qualitatively, the discharge trmfomtion into a stable state
on meeting the condition Bol(""'_'fs) 7221 remains unchanged, i.6.,
at a given quasistationary current in the plasma there exists
the HF current critical value in the circuit and whem it is
exceeded the discharge transforms into a masroscopically stable
state in a threshold manner. However, this critical value becomes
considerably lower than (2) and is equal to By/By = 0,2,
where 8y is the field gemerated by the HF currents, I, , in &
HF windings, at the plasma boundary omitting the HF fields
generated by the HF currents in the plasma itself. The corres-
ponding stability region in Fig.I is limited by Curve 2 from
above. The variation of the discharge main characteristics,
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the pladma current and

density measured by a micro- i__‘ (

wave interferometer with 2400

A =2,% mm, is shown in 20000 .>K A /ﬁ
Fig.2 and 3, respectively, /

with the transition through 6% /

the stability threshold. In 200 / !

these figures the HF current g, / » |+
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Traces I.
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surements presented in
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of a helical resonance in
the plasma, a considerable
amplification of the HF field takes place (345 times). The
stability condition (3) approximately holds if one mccepts the
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t transition through
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1d within the plasma as By, Tnis fact indicates that in the
sent case the inner HF field exerts a stabilizing effect.
The analysis of the experimental data allows to make the
lowing conclusions.

I. In the conditions of the helical resonance, the HF

currents in the circuit necessary for stabilization and, thus,

the
be
an

can

the
stal

value of the active power absorbed in the HF circuit, can
essentially reduced (the power being less approximately by
order of magnitude);

2. In case of the helical resonance, inner volume modes

be stabilized in principle;

3. In a thermonuclear reactor, it is possible to combine
functions of additionsl heating and sustaining the MHD
bility at small q in the same high-frequency system at

W< Wi

a.
3.

5
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DYNAMICAL FEEDBACK CONTROL OF THE CURRENT FLASMA
COLUMN POSITION AND STABILITY IN TOROIDAL SYSTHEMS

B.A.Demirkhanov, A.G.Kirov, G.I.Astapenko, L.F.Rouchko,
E.MZLomakin, A.V.Sukachov, V.B.Maiburov

Bukhumi Institute of Physice and Technology of the State
Comittee on Utilization of Ktomic Energy, Sukhumi, USSR

EBSTRACT: The experimental results on feedback control of the
major radius snd vertical direction plasma column equilibrium in
B-0I device and feedback stabilization of MHD kink instability
in R-0 device are presented.

Laboratories in several countries develop the thermonuclear
reactor projects based on tokamak. There arises a problem of op-
timizing plasma and reactor parameters and impoving its techno-
logical and economical aspects without altering the principal
design of tokamak. We suppose that the most considerable effect
can be achieved by introducing plasma dynemical control systems:
I) by improving the equilibrium control quality over the major
radius and vertical direction, especially during initial stage
of discharge and additional heating stage; 2) by dynamical sta-
bilization of MHD instabilities in order to get q~1I.

As the estimations show, on lowering the safety factor q, we
can essentially limit the reactor size and cost, the constant
magnetic field intensity requirement, etec.

The principal possibility of the equilibrium dynamical con-
trol by feedback in the discharge stationary stage has been de-
monstrated on TO-I /I/. Dynamic stabilization of MHD and dis-
ruptive instabilities by HF fields in toraidal systems with the
current at small q's has been demonstrated in our experiments
on B-0 and RT-4 devices /2/. The effects of flute instability
feedback stabilization in mirror machine has been shown in /3/.
The theory /4/ predicts the possibility of suppressing MHD cur—
rent instabilities by feedback while the experimental data ana-
lyesis suggests that surface kink MHD modes are responsible for
exciting disruptive instability /5/.

The present paper gives the experimental results of plasma
column equilibration and stability dynamic control by feedback.
The results show the possibility of considerable improvement
of current toroidal discharges by dyramic control methods.

Experiments of major radius and vertical direction plasma
column equilibration control by means of magnetic fields have
been carried out in R=-0I tokamek (R=45cm,a =3,7cm) at B,=I0kG,
p ~I.10%orr, J,=Ie5ki. he fast control system (0 - 200 kliz)
is designed according to the impedance principle /I/; it con-
trols the column position during all stages of the discharge,
including the initial stage.

The main goal of the experimentsis to study the behaviour of
the discharge parameters (J,, By,P;,0)as a function of the majar

radius control system gain K, = :;:;er .+ from K, £0,5 up to

E,=5; E; = 1,6 corresponds to the ideal casing. The system
controlling the column vertical position has the constant gein
K. = 3, which corresponds to the ideal casing too. The control
system introduced results in complete elimination of the column
displacement in the vertical direction at K .2 and in consider-
able improvement of the discharge parcmeters. Further increase
in Kr up to 7 does not effect the discharge.

The major radius plasma column equilibrium experimental
results at various K are shown in Fig. I:
I) K, £0,5 (sections of

control windings are Jp|xa
closed); s
2) K; = I
U]
3Ky =2 '
4) Ky =3 + 4. 0s i

J

It is seen that at closed
sections of control wind- o

t
A HEeK

ings, the discharge cur- pyo v, Jp(t) as a function of gain K.
rent decreases fastly

after reaching maximum in a time of I msec, which coincides with
the time constant of windings. On changing the gain from K; = I
to K, = 3, the discharge current increases approximately by a
factor of I,5, the current duration at the level of 0,5 increases
by a factor of 2 and the loop voliage decreases from I0+I5 v to
345 v. On further increesezof the gain up to 4 + 5, there is no
improvement of discharge parameters. The meausurements of plasma
conductivity accomplished at Ky~#, J,~2,5 kA and B, ~IO kG,gave
d~5.IOI5 CGSE which corresponds. to plasma temperature of 60 eV.
The controlling field value, B), being somewhat high in com-

parison with the required value B = 2,%9- (ln%’g +p,+ !‘;2)
indicates that we can reach §,>I at K, = 3.

Thus, the experiments with a fast control system of plasma
equilibrium indicate the considerable improvement of the dis-
charge parameters by including a rigid control of the major
radius from the initial stage of the discharge and by including
the automatic control in the vertical direction too.

The experiments on the stabilization of the kink instability
have been performed on R-0 device /2/. In order to accomplish
these experiments there has been developed & sixchannel feed-
back system including three pairs of helical windings with
m=I,2,%; n=I, emplifiers with phase correction and current
power output amplifiers. Bach padr of helical winding consists
of "sine" and "cosine™ windings, which are shifted at angle
/2 relative to each other along the major azimuth.Amplifiers
with phase correction have the summator which summarizes sig-
nals from "sine™ and "cosine"™ windings of various weights. It
allows to introduce a spatial phase shift. The output emplifiers
permit to obtein I5 A of loading current in the frequence
range from IO0 kHz to I,5 MHz. In the experiments identifying
kink instability modes ranges of g-values have been determined
at which kink instability with m=I,2,3; n=I occura. The data
obtained are well agreed with the theoretical conclusion,
however, it has been found that the main unstable mode develop=-
ment, for example, m=2, is accompanied by the excitation of
intense m=I; 3 modes. Thie can be partially explained by the
magnetic axis displacement over the major radius in R-0.

In order to exert an asctive effect on plasma , m=2 mode has
been chosen. Without feedback, the plasma current increases up
to the values corresponding to the safety factor q=2; there
occurs Shafranov-Kruskal kink instability which restricts
further increase of the plasma current.

With feedback the plasma paresmeters improve essentizlly
when emplifiers phase characteristics mnd spatiel phase shifts
have been chosen correctly. There has been & considerable in-
crease of plasma conductivity and plasma.current magnitude and
durationj the pperation at q=1I,5 has been provided (Fig.2)-:

At the gain of control system equal to the conducting casing
close to the plasma, the optimal spatial phase shift is
AY=70° (Fig. 3).

However, the analysis Jka [ AL~
of the results obtained I B
shows that at this stage /'_ \
of experiments a complete 0 \
suppression of kink in- j \,\ \
stability cannot be pro- ] “-&
vided. This may be exp-
lained by the fact that e ke us 05 tmser
( as it follows from the Fig.2. .'J,(t) dependence:

I) without feedbaclk;

enalysis of the disper=-

sion relation for kinic 2) with feedback, AP=~70°%;
modes with feedback) at 3) with feedback, AP=230°.
given frequency charac-

teristics of amplifiers, we can only reduce the kink instabi-
1lity growth rate, because the feedback system frequency range
is restricted by low

08

frequencies.
Thus, the experi- % 8
ments show that the w F N\
feedback stabilization /‘ \
system can considerably ™ : ¥
influence the current 0 i
discharde parameters slr er‘ i

in toroidal systems.

In such cases the cur- Fig.3. The current amplitude change

rents in control wind- vs spatial phase shift ay,

ings are Jcantr<10-23p.

where JP is the plasme current.
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Shear Alfven Wave Heating Experiment in the Heliotron D
K.Uo, T.Obiki, A.Sasaki, T.Mutoh, S.Kinoshita and A.Iiyoshi
Plasma Physics Laboratory
Kyoto University, Uji, JAPAN
Abstract: The plasma heating in the Heliotron D device is suc-
cessfully performed using the Shear Alfven wave. The cause of
the quick electron temperature decay during the rf pulse is

investigated.

A method of plasma heating which make use of the shear
Alfven wave has been proposaed by Hasegawa and Chen (1). Ex-
perimental results of the shear Alfven wave heating have also
been reported in refs. (2), (3), (4) and (5), and they showed
the significant heating of the plasma. However, it has been
reported that during the rf pulse the electron temperature
quickly reduced after the temperature reached the maximum value.
In this paper, some preliminary results of these phenomena are
reported.

Heliotron D device is used in this heating experiment.
The details of the experimental arrangement was described in
ref (2), (4) and (6). A helium plaesma was produced by an
Ohmic discharge and a élama current, IOH' is 5 ~ 15 kA with a
toroidal magnetic field strength of 2 ~ 3 kG. The ion temper-
ature, Ti. = 20 ~ 50 eV averaged on a chord including the center
was measured by Doppler broadening of the He IT 4686 ; line,
the plasma density n_ of 3 x 10'? - 2x 10" cm by a 4 mm
microwave interferometer, and the electron temperature at the

plasma column center, T

. ™ 30 ~ 300 eV by the Thomson scatter-

ing of a laser light. The positions of the measuring apparatus
for the temperatures are located approximately at the opposite
side of the rf antenna along the torus. The toroidal length
of the antenna section is 1.45 m which corresponds to the wave
length of 2.9 m and a toroidal mode number n = 2.

Examples of the time variation of the plasma parameters
with and without the rf pulse are shown for three different
plasma parameters in Fig.l. The upper curves show the varia-
tions of the electron temperature and the lower curves that of
the ion temperature. The electron temperature is almost
doubled at the maximum in each case and the ion temperature
increased about 15 . 20 eV. The electron tampefatura rises
quickly at the beginning of the rf pulse and it decreases also
quickly, during the rf pulse, down to the level without the rf
pulse. The plasma current does not change significantly during
the rf pulse and no large amplitude fluctuations are observed
during and after the rf pulse. The plasma density measured by
the microwave interferometer shows a gradual increase during
the rf pulse, its rise time is longer than that of the electron
temperature.

The rapid decrease of the electron temperature seems to be
caused by an rf breakdown in the vicinity of the rf antenna due
to the electrostatic field of the applied rf power. We have
taken time integrated photographs of the plasma at the rf an-
tenna section. Figure 2 shows examples with and without the rf
pulse. It can be seen that the light intensity at the plasma
region and in the vicinity of the rf coil is increased when the
rf power is applied. The occurrence of the rf breakdown is
also confirmed by the spectroscopic measurement. Figure 3

shows a time variation of CIII line intensities at the rf
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gection and at the opposite side of the torus. It is also
shown that the impurity line intensity is larger at the rf
section at the beginning of the rf pulse than at the opposit
side. This implies the impurity concentration is increased by
the breakdown. These facl’.u suggest that the electron energy is
lost at the rate of the energy confinement time of Joule heat-
ing (100 ~ 200 us) as shown iﬁ Fig.l if the rf power input to
the plasma is prevented by the breakdown.

In conclusion, although the experiment ia- at the prelimi=
nary stage, the rf breakdown at the rf antenna section seems to
cause the quick dcl:cny of the electron temperature. Howeaver,
this phenomena is not essential for this heating scheme since

the breakdown is avoidable with use of an alectrﬁltntlc shield.
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MAGNETOACOUSTIC RESONANCE HEATING OF A PLASMA BOUNDED BY
PARTIALLY IONIZED LAYERS
M. Bured and E. Tennfors
Association EURATOM-NE

Royal Institute of Technology, S-1004L4 Stockholm 70, Sweden

Abstract. A partially ionized boundary region surrounding a
RF-heated plasma may absorb a considerable fraction of the
power unless a resonance is used to enhance the RF field in the

plasma.

1. Introduction. Full-scale fusion reactors are likely to

operate in the impermeable plasma density regime [1], with a
lowly ionized gas blanket surrounding the plasma core. Radio-
frequency fields in the boundary regions produce currents and
dissipation, influencing the heating efficiendy and the plasma-
-gas-blanket balance. In the internal ring device F IV B we
have used the lowest magneto-acoustic resonance at about 1 MHz
to sustain an impermeable plasma ]:'2.3]. The resonance was also
gtudied by the excitation of eigenoscillations in a rotating
plasma [4]. The damping of the oscillations and the variation
of the resonance frequency indicates that absorption in the
boundary region and the influence of the plasma-gas-blanket
balance on the boundary conditions are important. To estimate
these effects, we use a simple cylindrical model and compare

the results with experiments in F IV B.

2. The cylindrical model. We consider a homogeneous fully
ionized plasma column of radius T, surrounded by a homogeneous
partially ionized shell with the inner and outer boundary radii
r, and 1 respectively. The steady magnetic field B is axial
and homogeneous. The absorption in the fully ionized region is
assumed to be due to resistivity, while ion-neutral collisions
are more important in the outer shell. Obtained profiles of the
oscillating field quantities are published elsewhere [ﬁ].

Fig.l shows the frequency dependence of the fraction g(w) of
the total power that is gw)
absorbed in the fully L

ionized region. Three

cases with different
plasma radius are shown.

The other parameters

T

are:B_=0.25 ’i',rlu=041m,

7=10%K(plasma)and 8x10°K i

(shell) ,ni=1021m-3 152

(plasmajand 2:\(:I.I:|2 nm-3

(shell),and nn=ﬂxlﬂzum-3

T T

in the shell. It is ob-

vious,that most of the 10 TR - + - St

20 10
power is absorbed in the t[MHz]

blanket except at the Fig,1l.The fraction of the total power

resonance peaks for the absorbed in the fully ionized region.

case with a thin layer. We also observe how the resonances

shift as the plasma-gas-blanket boundary r, moves.
3. Experiments. A rotating impermeable hydrogen plasma with ien

density 10°1n™? in a magnetif field of 0.37 T is created in the

internal ring device F IV B by crossed field technique [Z].

After an initial phase the velocity of rotation decreases un-
til the heating power reaches the minimum level [2,3]. Then, a
transition to a lowly ionized state takes place. A radio-
-frequency field is applied by a coil around the plasma. The
RF-power P . delivered to the coil is measured by a fast ana-
log multiplier, and the azimuthal induced current Jp by a Ro-
gowski coil. The radial low-frequency current and voltage asso-
ciated with the rotation indicate the input power P, due to
rotation, Fig.l shows the power input by rotation, Pr, by RF,

P g» and the amplitude of the azimuthal current Jp as funct-
ions of time. The current indicates a resonance both during
acceleration and deceleration of the rotation. The total RF
power pr on the other

hand seems to be higher Jy(ka) =

after the resonance, e ReW) e @
which suggests that the
resonance in the pre-

sent case decreases

the RF field in the 10
blanket. However, even

at the resonance, the

fields and the dissipa-  Op 05 0 15 t{ms)

tion may have a con-

siderable effect. Fig,2, Heating power and azimuthal

Fig.3 shows the ratio current during a discharge.

of the induced current to the current J, in the antenna coil,
all points measured at the resonance. For high induced fields,

Je does not increase linearly with Jy. This may be due to
)
heating of the boundary jf

region, which may alter 4

the resonance condi-

o
tions and increase the 3 °=°g,o o0

0% 9 o
dissipation in the LN 1!,
blanket. At high 2

fields, ionization may
also be important, but 1

that is not included in

our simple model. 0 PR bt
; ° g *
%, Conclusions. For Fig.3. The vatio of induced current’! L

frequencies in the to antenna current at resonance.

region of the frequency of ion-neutral collisions, the absorp-

tion in a partially ionized boundary layer may be considerable,

unless a resonance enhances the fields in the plasma region.

This absorption may provide a means to control the plasma-gas-

-blanket balance, but decreases the efficiency of plasma hea=

ting. At the resonance the induced current seems to saturate at

about 3kA. Further studies are needed to see how serious this
limitation is.
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TOROIDAL DRIFT MAGNETIC PUMPING
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ABSTRACT : A set of azimuthal coils which carry properly dephased rf-currents
in the KHz frequency range can be used to heat toroidal plasmas by perpen-
dicular Landau damping of subsonic Alfvén waves /1/. The heating mechanism
and the rf-field structure are discussed in some detail.

THE HEATING SCHEME. In any toroidal plasma there is a thin almost
cylindrical vertical shell where the B-lines of force 1ie essentially
parallel to the equatorial plane. (Throughout the paper the (R, ¢, Z)
coordinates based on the vertical axis of symmetry will be used). There
the particle guiding centers drift with unidirectional vertical velocity

Vg = Vg = (Y + Vg2 R > vy By/ (1)

where '\79'[5 the gyrovelocity and w, = eB/mc. Superposed to velocity (1)
there 1s, of course, the magnetization drift-c.rt_:t(sz'IZB) /2/ which ensures
that the mass flow along Z vanishes. As shown 1in Ref. /1/, condition (1)
can be exploited to produce substantial perpendicular Landau-damping of
axisymmetric Alfvén waves provided they have a vertical component of the
electric field, Zu(l‘) «expi(kZ-wt) which travels along Z with phase veloci-
ty of the order of V = v /Ru, (va =2 Ty/my) - the drift velocity of

the thermal ions in the torofdal field. More specifically :

1 = The optimum frequency for Toroidal Drift Magnetic Pumping (TDMP) is
w = akV or,assuming k = w/b (here bis the vertical minor radius of the
plasma) f(m:)"“ Tﬂke\'}"b(m}n(m)B(T) vhere a = u(Te/T1) with o = 3.4
fT, =T, and o =4.3 H’TE-ZT,].

N
1

Frequency w has to exceed Veoll for the energy exchanges of the
resonant fons (whether trapped or passing) which have v,} + v;,fz = “"1!:1'
50 that v? = Suvh,fz. For a deuterium plasma, this condition reads

5/2
50Ty y)) " > By Rimy Bery M(1013en73) (@)
where n is the ion density. The relatively high a-values make it possi-
ble to fulfill (2) even if the plasma is quite collisional with respect
to diffusion.

3 - The TTHP shell defined by (1) has an average radial width 2|aR|=2a> *b.
.po..'a where Py is the poloidal ion Larmor radius at the edge of the
plasma current.

4 - In terms of E(R)expi(kZ-wt), the Fourier transform of the radial compo-
nent of the MAD-displacement vector £, the mean power density absorbed
within the TDMP shell is

P = (3nTe/2) KV|E/R|®.Fla 3 T/Ty) (3)

where, as an example, F(3.4 ; 1) = 47.3 and F(4.3 ; 2) = 144. These
large numerical factors help to compensate for the fact that absorption
is restricted to the TOMP shell. This is due to two effects : first, the
resonance surface in velocity space, \;,} + v3/2 = const., is much closer
to the equidensity surfaces, v? = const, than in the usual cases where
the resonance surface is V- const. ; second, :he rate of change of
the kinetic energy of the particles, de/dt = e v-tl + uBBlfat = eszu,
depends on the sum of the curvature and the grad B drifts rather than
on the betatron term as in compressional TTMP.

Eq. (3) has been obtained by assuming that the unperturbed veloci-
ty distribution function is a uniform paxwellian and that in the TDMP shell
En(R) is essentially a symmetric function of (R-R(Z}), where R(Z) is the
radial distance of the shell middle-pointat distance Z from the equatorial
plane. Such a field configuration can always be produced by properly dis-
tributing the rf-currents among various azimuthal coils. Then vRaf]Iavao.
and we may write the linearized Vlasov as 1(kvz-w)f1+(ds,v‘dt)dfnjds =0
(the term (dV/dt),.af,/3V is negligible because of (1)).

SINGLE PARTICLE MOTION. Contrary to TTMP, also the energy of the
gyromotion is increased by the TOMP field since |dBldth = ‘ﬁl-grud B = chf'
R # 0 (as shown later B, is negligible). However (vg/w)z decreases when
de/dt > 0. This is not at variance with the preferential increasing of 1z
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due to EII‘

The particle kinetic energy can only increase if the rf-field
destroys at least one of the 3 adiabatic invariants which are associated
with the 3 velocity components ¥, ¥, and ¥, /3/. The magnetic moment is
obviously constant. The longitudinal invariant J, is not conserved because
l’}l - smz = qR/kr (q=rB°/RBB} is comparable with the ‘connection length.
Since, however, ”“7/ <€ Vigs %,-changes are of no profit to power absorp-
tion. TDMP can be said to rely entirely upon changes of Jy, the third
invariant. Notice that in axisymmetric systems the exact invariant P =mRv +
eRA,/c corresponds to J, = const if B = B, and to J) = const if B is pure-
1y poloidal. Otherwise P¢= P45 (J”. J; ) and both invariants may well change.

RF-FIELD STRUCTURE. By proper choice of the rf-coils 1t is in
principle always possible to produce non-rigid MHD displacements which have
the required structure within the TDMP shell and are compatible with the
presence of solid limiters (e.g. radial rail-limiters). However, a quanti-
tative pictureé of the wave structure is arduous, essentially because the
symmetry of the TDMP shell is intrinsically different from the natural
symmetry of the MiD-wave pattern in toroidal geometry.

Quantitative predictions can obviously be made in the one dimen-
sional case of a vertical cylindrical plasma shell confined radially
between R; and Ry, with pressure p = p(R) and B = E"(R) + By(R) where B,
corresponds to the poloidal field of a toroidal plasma (!:2 dRRBz =0).
The whole set of the Tinearized ideal MHD-equations reduces to a single
Euler equation (f€')'-gE = 0 /4/ where the prime indicates d/dR. Since
the TOMP frequencies are well below the MHD-frequencies we may 1imit our
attention to the "marginal stability" limit (w?=0) :

= RBYAm: g o= 2p'+(KPRM L)F/R2,

Thus £ is independent of B,. The EM-fields are

o
Ey = (E-/RuBy/ck 5 -imulyfc 5 fguby/c) "
By = (K88 5 - (RB)'E/R 5 - (RBE)'/R}

This shows that B“ = 0, as anticipated. f and g vanish at the
magnetic axis (R = Ro) where p' and B, + 0. Apart from the case of unusually
steep p-profiles, and if we consider plasmas with Bup = 0(85) and TDMP
fields with k = w(Rg-lel- then g = k*f. As a result, for a large class of
equilibrium profiles, E behaves essentially as a Bessel function of an
imaginary argument which depends on kR. The amplitudes are found in terms
of the external fields (B R* Bn. EM) by using the jump conditions
<py + BB /4m> = 0 and <i-B> = 0 at the plasma edge where 7 is the unit
normal. If the rf-coils are located outside the liner (some of them could
then be those producing the equilibrium vertical #-field) the rf-current
intensity has to be high enough to overcome field attenuation which is
mainly due to ohmic losses in the walls. With JET-1ike parameters (T1=B-R=3;
b=1.3 ; b/a = 1.6 - a is the horizontal minor radius of the plasma) a
global heating time = 0.3 s requires |&/a| = 5.5 1072, This 1s a reasonably
low value as far as magnetic surface deformations and MHD stability limits
are concerned. However, it certainly requires fairly high voltages in ex-
ternally located coils. At the price of some additional complexity, the
situation could be improved if the rf-coils are fed in such a way /5/ as to
produce helical fields which match the MHD-singular surface q = 1 (if it
exists in the plasma) because then local field amplification can occur /6/.
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ABSTRACT : Helical rf-fields with appropriate wave numbers can be used to
exploit for heating purposes the existence within the plasma of the MHD-
singular surfaces where K-Eo = 0. In this way the TTMP heating rate can
exceed the non-resonant value by a factor of order 1/B and the working
frequency w = (R.B /B )v,; can in principle be choosen arbitrarily low
(but preferentially w 2 “cn‘I‘I)'

INTRODUCTION. RF -launching structures designed to produce
nonvanishing poloidal wave numbers KB = m/r in addition to toroidal wave
numbers K, = n/R, have been considered for ICRH /1/, TTMP /2/,/3/, Alfvén-Wave
Heating /4 - 7/, and for Toroidal Drift Magnetic Pumping /8/. In the Proto-
Cleo experiment /7/ the inequality

(R, =R B (mp) "2 2 B/ 4+ nB¢/R|(4np)-l"2 <uy (1)

(weq = eBy/mic) was satisfied in spite of the fact that [m vpg/r| and
InvM,fM were both larger than w

In the TTMP 1itterature there isnomention of the analogous
possibility of lowering the working frequency by exploiting the existence
of the MHD singular surfaces within the plasma. The TTMP frequency is
we nvﬁllt in the compressional version (\%1 = ZT‘-lmi). we VHIR in the
torsional version of Ref. /2/ and w = v“!ql (q= rB /R Bo) in the axisymme-
tric |m| = 2 version /3/ producing surface heating. This oversight is
surprising in view of the obvious interest of using frequencies which are

so low that the rf-coils can either be put outside the liner (if w/2m <10KHz)

or be protected by stainless steel if they have to be in face of the plasma
(w/2n = a few 10 KHz).

WORKING FREQUENCY. The correct expression of the optimum TTMP
frequency is

w = (R-By/8) vyy F(T/Ty, my ) ()

where F is a factor of order unity /2/, /3/, /9/. Power deposition is still
substantial at w £ Aw with Aw < w/2.

Eq. (2) implies that in the neighbourhoods of the singular surfa-
ces r = r_ where K-ﬁn =0 (or q = -m/n) plasma heating may be produced at
arbitrarily Tow w. Since in most of the performant Tokamaks q(0) is slightly
below unity, the singular surfaces q(r) = 1 is imbedded in the flat central
region of the plasma : therefore n = - m = + 1 are the most interesting

combinations. They are produced either by a pair of helical windings (ideally

represented by a sheet current f.d(r-rc) with J: /d: = - Rjrc) or, more
conveniently, by the pair of horizontal coils proposed in /2/. In the
absence of surface q = 1, surface q = 2 can be considered. The rf-coils
should be designed so as to avoid the production of intense higher-(m, n)
harmonics which would satisfy condition l-to- 0 at the plasma edge, with
adverse effects on confinement. Notice, incidentally, that in the Stella-
rators, where |Balr| increase with r, such peripheric resonances may well
have been excited in the TTMP and Alfven-wave experiments, where pumpout
occurred during heating /10/, /7/.

RF-FIELD STRUCTURE. As is well known from stability theory in
cylindrical geometry /11/,/12/, the whole set of the linear ideal MHD-Egs.
reduces to a single Euler Eq. (fg')'-gf = 0, where E is the radial compo-
nent of the displacement vector ¥ = #(r).expi(mé + kz-wt), and the prime
indicates d/dr. Since in a low-8 plasma, the TTMP frequencies (2) are very
small compared with the MHD frequencies (1), we may limit our attention to
the "marginal stability" limit w? = 0. Assuming, moreover, k?r? << m?,
which is appropriate to the Tokamak scaling, we have

f= (R-Hn}‘ rim 3 g o= f(m+ k3rd-1)/r? 4+
3
+ {(B1p* + (l.ﬁo)(lsz-mefr)zﬂm’} k*r?/m? . o

In the neighbourhoods of a singular surface r = r_, if x = r - r., we may
write f = ax? , g = B + yx + &x* and find the solutions to Eq. (3) in terms
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of hypergeometric functions /11/, which behave like £; = x"' and g, = x2
(if x + 0) with

1/2
2y, n-le (4 3w p/r 8] [(n (8y/r 8,))11Y O]
The sign of the expression under the square root is positive when Suydam's
criterion is satisfied : then one of the solutions is infinite at r..

The radial width of the resonance zones is governed by the posi-
tion of the roots of the quadratic equation q(ﬂl;'-(ﬂ-) = 0/12/, which in our
problem play the role of two cut-offs. If m?= 1, the resonance zone is
quite broad

3na(ry ) =122 (1 - 6wy’ e (5)

If |m| > 2
Ag = q(rz) = a(ry ) = 2 kr/n = 2|mBy/nB [ (6)

The largest field components in these zones are By, = ! Eoln
B; E'/8, Epp == E'wr B,/mc, and the electrostatic field Eles = {gﬂd "I)T /
fanu vmich ensures charge neutrality /2/, /3/, /9/. In contrast with the
stability case, these fields are not eigenmodes : they are driven by the
external rf-currents.

POMER ABSORPTION. The large rate of change of the kinetic energy
of each particle in the resonant zones, o'ﬁ'.!l + 3B, /3t (¥ s the guiding-
center velocity and u the constant magnetic moment), results in a very
important TTMP heating of the plasma ions (primarily along B ) if condition
0= v { & son 1s satisfied by vy = 0{vy;) on a substanttal fraction of
the :ones defined by Eqs. (5) and (6). Since Bk, = n(l'ﬂ /B,) = Aq(n/qR),
in order to have @ = av,/qR with a << 1, from My‘,fl?,, = Aq(m’u) we conclu-
de that TTMP occurs on a fraction of order o of the m* = 1 resonance
zone, and on the entire |m| » 2 - resonance zones 1t a 2 2 m By/B,:

0f course Eq. (4) implies that our {deal model breaks before
a singular surface is reached. A reasonable estimate of the average enhance-
ment factor for the rf-energy density in zones (5) and (6),is = (vA.n'v“}‘e
= 1/8. This implies that a large fraction of the reactive power
Iy qu(l!’ ks E’)/a:r (V is the plasma volume) could be dissipated. However,
Just as 1n the case of resonances at higher frequency (Alfvén and hybrid)
it is then hard to predict how much heating will be due to Landau processes,
to linear mode conversionor to non-linear (e.g. parametric) effects /4/.
We also notice that if w is choosen as low as vh m/rRu_; - the “transit
frequency” in the vertical drift motion - at the singular surfaces the
condition w = K.V + Xy ‘VL can be fulfilled by the vertical drift velocity
in the toroidal field /8/.
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ABSTRACT : Launching and propagation of Lower Hybrid Waves to heat large
plasmas by Electron Landau Damping is discussed. Conditions on the appro-
priate frequency and on the antenna location in the plasma density profile
are derived.

1 - For simplicity we use a plane model, with the antenna located
at x = 0, and the plasma surface at x = x_ 3 0. The static magnetic field
is along z, and the density gradient along x. To excite the slow wave inside
the plasma, the antenna electric field should be mainly Ez

-t ik,z
B (z,t) = e _J-d!z, (k) e b

(Ea should be the selfconsistent field ; for example if the launching
structune is a waveguide array - the Grill - Ea should include the reflected
wave in each guide, as well as the higher urder evanescent modes locally
excited at the waveguide mouths /1/). In terms of ea(ly ) the power flux through
any plane x = const in front of the antenna (of length h in the y direction)
can be written

-

2
o el v .
g R B

where k, = w/¢, k) = V , and (Im Y.)/iy 1is the resistive part of
the surface admittance nf t.he p'lasma,

71
Y, = s T i (s (2)
®Jth(x %) + 2 Tsh(x x )i'Z : 5 w By
(waves with < kz do not contribute to ¢ since they are evanescent beyond
I
the cut-off w . =w" ; moreover Im Y, = 0 for rﬁ “/,.Z'cr =(1 - w ln ce}

in the absence of surface absorption s‘Im:e accessibility 'is not sat'lsf'led) For
x ¢ 0, evanescence of waves with I?Z > ki in vacuum makes Ys exponentially
small. We conclude that the antenna should not be screened from the tenuous
plasma existing in the shadow of the 1imiter, in particular when relatively
large value of lﬁ are required, as appropriate for ELD.

2 - The detailed solution for the field in the plasma, required
to evaluate Zs, has been given elsewhere /1/. We assume a linear density
profile

w,
B AT @)
If af < 1 one finds for '}5 > .-.l:‘:cm

-mi/3
" e Ly a(EM Ty a(E)

L, Ry, e (4)
-
5 (1) 1g3(6)+ €51y ()

where £ = (2/3) x, L (1-a%)¥2. In this case a low density layer Wl < o
in which waves are evanescent exists close to the antenna, so that waves
with large n? are strongly suppressed from the power spectrum, as shown
by the exponential decrease of Im 2;1 as soon as E > 1. Of course, an
antenna designed to excite values in this range will also be badly
mismatched,a fact confirmed numerically using the code described in

f . /1. If uE > 1 on the other hand, waves with r},; > Wicrit propagate
freely to the damping region, and one finds

™30y ()= 3y 50n)
-1/3\077 Yy3im (5)

i
(uz-nm J_galn)+ e “‘73J2f3(n)
where n = (2/3) L (oP1)¥2, For targe n, 2,71 - 4(aP-1)"/2. However,

since Re Z, + 0 for large n, matching would aga{n be poor and reflection
almost tutal for an antenna designed to excite values of Ny such that
no> 1,

The best situation, both for coupling and for ELD, occurs when
the plasma density near the antenne is close to the cut-off density, so
that uz ~ 1. More precisely, provided :J_Ln|u2-1|3"2<< 1 for the values
of Ny excited by the antenna, both Eqs. (4) and (5) reduce to

L s rl:{) (»c,_Ln)ua
] 3
T3 )
In this case coupling is good over a broad range of L /1/, and

the power in the large Ty region of the spectrum is only moderatew reduced
by the factor In Z "‘J. in Eq. (1).

(6)

The experimental results on coupling of LH waves with 2 and 4
waveguides on Hl1 /2/ and ATC /3/ at Princeton are in excellent agreement
with the theory developed for the Grill /1/ provided Eq. (6) is used for
Z . while neither of Egs. (4) and (5) gives fitting results. This apparently
indicates that a low density plasma with W?, - «? indeed exists close to
the Grill aperture. It is important that this situation be maintained also
in larger devices to achieve good matching, in particular for ELD.

3 - Knowledge of the power spectrum allows to evaluate the
electron power absorption per unit volume. In a torus of radius R at a
distance r = x_-x from the axis,

P
2
2 -2k [vd
ah j 2 It Yove ° Txdlw )
167%cr R lwmo KL

where y is the inverse absorption length for ELD. It should be noted
however that the usually quoted expression for vy,

Pep =

3 “Xg
e
ye e e (8)
L e _ Wpi
(1+ 2 - 5
ﬂce w

where Xg = w/ Vihe® fails when the wave approaches the Linear Turning
Point /4/ where the slow wave transforms linearly into a hot plasma elec-
trostatic wave, which can be effectively absorbed by ion cyclotron damping.
Since waves with large 2 encounter the LTP at lower density, this process
tends to compete with ELD by depleting the large L portion of the spectrum.
To logarithmic accuracy eq. (8) leads to the condition

Vo257

(Te in keV) for efficient ELD. On the other hand the condition to avoid
LTP depletion is :

2 2

2 , w

" w e _pi
4 T1<5;§i—(1+5§: ;E_)

Clearly, apart from the uninteresting case T, >> T,, these two conditions
are compatible only if w is sufficiently larger than the resonant lower
hybrid frequency in the centre of the plasma (a factor of 1.5 to 2 is
usually found to be sufficient). Of course this brings the frequency within
the domain in which parametric instabilities are also more likely.
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- ! pustoN syYSTEMS Under these conditions Q=1.13. Increasing the c lifetime to that required
for them to thermalise (ie. n Tumlumcn-suc) reduces Q to 1.08. Adding
D R Sweetman and J G Cordey P
additional lose via the electron channel, expressed as an energy confinment
Culham Laboratory, Abingdon, Oxon. OX14 3DB, U.K.

(Euratom/UKAEA Fusion Association) time Ter reduces Q further as is illustrated in Fig.2. This figure also
1 illustrates the sensitivity to Ov, the dashed curve showing the effect of

ABSTRACT: The optimum way to run 2 magnetically contained p~B"~ fuelled — 15 -3
increasing Ov by X 2.5; ignition is achieved for nTp > 3'5.10 "cm “mec.

E
Fig.3 shows the effect on Q of (a) increasing the o containment time

reactor is as a driven hot ion system. The gain factor, Q, is calculated

for this case including relativistic corrections to the ion-electron trans=
beyond that required for thermalisation, (b) introducing an associated energy
fer rates and the effect of a-particle poisoning. A Q of 1.1 is obtained but
- loss as discussed above, (c) making various assumptions as to the proton and
the poisoning and the synchrotron radiation can reduce this substantially.
boron loss rates. On the pessimistic assumption that all the ions must be

i extracted at the sams rate, thers is an optimm n T, of 2,10 Jgac for
b MODEL: Several authors have considered the p+B "~ + 3a + 8.7 MeV reac- P
. . 1] which Q is only 0.31.
tion for essentially neutron free power production- ~.. In the most recent
e 3. Q WITH SYNCHROTRON RADIATION: In this case the calculation becomes

of these assessment, Hureau[u considers magnetic confinement systems but

system-dependent. For present purposes we have calculated the synchrotron
dismisses them because of the unlikelihood of achieving the self-sustaining

radiation using the Trubnikov formalism which evaluates the black-body radia-
ignition condition due to the excessive power loss by bremsstrahlung and syn-

tion up to the transparency limit. This gives for the present parameter
chrotron radiation. Beam-plasma (TCT) systems are unprofitable for the same 3.6.0.6 —0s44 ~2.7
range a power loas which scales as B™*°B " (a/E) ~ ''T ~ where a is
reasons. These systems are however not the optimum way to use & fuel such .

1 the plasma radius and £ the wall absorbtivity. Relativistic corrections

as p-B"" and in this paper we consider the alternative driven hot-ion (HIT)

[2]

acheme’

enhance this futthe';.s] Since the thermonuclear power scales as B*Bz. the effect
which is particularly well adapted to such high temperature opera=
of synchrotron radiation is only weakly B dependent; it does depend

tion. The power balance model we have taken is shown in Fig.l. Ions are
on the profile of B assumed. Fig.4 shows the scaling of Q with B for two
assumed to be injected at m MeV energy and quickly equilibrate with the ion
limiting assumptions as to the effective B in the plasma: the upper limits
bath at temperature Tj. The electrons reach a temperature l‘e about half that y
assumed B = (1-B)°B_ and the lower limits assume B = B where B_ is the
of the ions: they are heated predominantly by heat transfer from the ions B . °
vacuum magnetic field (= 50 kG in Fig.4).
(Pie) and cooled by bremsstrahlung (Pb)' by synchrotron radiation (‘Pi) and

i fuel.

4.  CONCLUSIONS: The driven hot-ion system is optimum for the p-B
by any other losses (Pe)‘ The thermonuclear power (PN) is generated as

With the best available values of the cross-section, the Q value obtained if
a-particles which quickly transfer their energy to the ion and electron baths.

the o-particles are extracted at zero energy and B m 1 is only 1.1. The assump-
For the cases under consideration about 90% of the energy goes to the ioms.
tion that all ions must be extracted at the same rate and at % kT, mean

The "Q value" defined as P /P
N
energy reduces Q even further. To avoid degradation of Q due to synchrotron

i3 where Pini is the injected power, has
been evaluated by solving the power balance equations for the system. Ti
radiation B must be high.
is fixed at the optimum value and the electron power balance equation is
3 It should be pointed out that Q is very sensitive to the value of the
solved iteratively to give T!.
cross-section about which there is some uncertainty. For example the Ov

el [1]

and used by Dawson'

At the temperatures of interest t’.TE = 100-200 keV) the electrons are
o= s 2 - given by Fowler et al. gives a maximum Q of 5.9 at
near relativistic. For the condition Te 14 moc , we find the classical
. L 2 T, = 200 keV. A Q of » 5 would be required to give a plausibly economic system.
Spitzer ion-electron transfer rate must be divided by 1-0.3 kTeImoc . The 1
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(ii) the ions and their associated electrons are extracted with mean energy
3 3 .
of 3 “i and 3 ls‘l.'= respectively.

2. Q WLTHOUT SYNCHROTRON RADIATION: In this case Q is independent of the

absolute value of the density. The choice of Ti depends critically on the

variation of Ov with temperature. There is some variation in the basic cross-

ol
section data and the integration over the Maxwellian involves using data
from more than one source. The best available data is the most recent data Fig.1l
fron Toxbrallol ¥ supplemented with that of Segel et a4 energies 2 .
only &'s lost In time t‘_’
of > 1.4 MeV. For this case Q maximises with T, near 300 keV which we have Q (no assoclaled energy o
& 1k ps B lostintime u |
taken as standard. fee w's lost in 10%ems
—— e
" . s (lyn's lost in time Ty . -
Variation of the mixture ratio nllnp shows a maximum in Q for nglnp 0,17 H fated energy loss J
relatively independent of other paramecers: this has again been taken as Incatiedy
standard. Under these conditions the maximm Q is achieved when the lifetime o2}
all plasma lost
of the a-particles is set to zero and the emergy loss associated with the in ims 4 = . :
o1 2 i N e oy PR
PR 3 0% 05 T
ions and any electron losses additional to bremsstrahlupg are set to zero. 0 10 np\‘i(tm"l) o o 02 p 0
Fig.3 Big.4
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HEAT AND PARTICLE TRANSPORT TO A WALL OF A TOKAMAK REACTOR
N.N.Vasilyev, A.V.Hedospasov, V.G.Petrov, M.Z.Tokar
Institute of High Temperatures of the USSR Academy of Sciences

Moscow, USSR
Abstract: The interaction of plasma with the neutrals that
are generated in surface recombination is under consideration.
The artificial turbulence in the near wall region is assumed.
It is shown that the turbulent blanket can be an alternative
to a divertor by helium removal and reactor wall safeguard

from sputtering.

In a tokamak reactor the desirable thermal
outflux from plasma should reach the values 0,4-1 Iw/mz. In
this case the wall is subjected to a bombardment with partic-
lea with energy strongly exeeding the sputtering threshold of
the wall. In ref. /1/ a method for defence of the first wall
has been discussed. It represents an artificial plasma turbu-
lisation in the vicinity of the wall to secure the required
thermal fluxes at low plasma temperature. In the present
report it is sssumed that Bohm diffusion is created in & near
wall region by any method.

Electrons and ions qiffuse to the cooled wall, termalisate
and recombinate there. As & result of desorbing an influx of
cold neutral atoms ie generated. The neutral density is sup-
posed to be small and therefore the neutral mutual collisions
can be neglected. The elementary processes taken into the
account for neutrals are as follows: the ionisation and the
exttation by electrons end the charge exchange with ions,

Ae the chanrge exchange and ionisation probabilities are simi-
lar, a considerable part of neutrals returns to the wall.
Some meutrals can leave the camera through wall holes and
then may be absorbed in cryopanels, for instance. Thus the
withdrawal of unburned fuel as well d8 helium generated may be
provided. This enables & steady reactor operation. It is tur-
ned out that the summary holes area should be smmll. The neut-
ral behaviour i1a described with one~dimensional kinetic equa-
tion. The boundary condition is represented by the distribu-
tion function of the atoms desorbed from the well f. (x=0).
The equation mey be written in the following integral form:

{'exp{ S["““J“'olx] ]C {‘
S {-'ex [‘S[Kln{]ndx}d, , W>0 443

- g i <o

Here k=const and k1 are the charge exchange and ionisation
constants respeatively, 11 is the ion dietribution function.
From (1) the integral equations for the atom density n, and
the mean energy fo. are obtained. The magnitude of the cold
atoms influx is found from the steady-state conditions.
Plasma is desaribed in hydrodynamics manner, magnetic field
being equael to 50 kG. Lines of force are supporsed to be
parallel to the wall surface. The balance equations of the

isothermal plasma are the following

nfx-(gg%)= Hinfa ()

%-[—{I‘_m.f—]’eg);-@m 27) + €atifrna o

Here I and K are exiting energy and the exiting constant
of the atoms respectively. 0‘ 'f‘ (37*]: )/1 is the
total thermal flux.

The boundary conditions at the wall ere defined by the fact
that the heat transfer at x =0 depends on the particle flux
and the thermal conductivity flyx is reduced here to zero.
Demensions of the considered region are chosen sufficiently
large (0,2 m), thus on the inner side of the region the
neutral flux is emall. The plasma density, the outflux and
the thermal outflux on the inner side are supposed of the
values that are expected in the future reactor e.g. n, =
1020 o3, F.' = 201020 52 gec™! @ = 1 ¥W/n® respectively.
The plasma outflux is sssumed to exceed significantly burn-
ing out. Such a situation may be secured by a turbulence due
to trapped particle instability. It provides a small helium
fraction in a reaction region /2/.

The equations system has been solved numerically. It is tur-
ned out that the neutrals transfer 30 per cent of the energy
outflux. The charge exchanged neutral outflux exeeds fifty
times f'l « The mean energy profile of plasma (1) ulnd that of
the charge exchanged atoms (2) are presented in the figure 1.
Plesma and the charge exchanged atom density profiles are
presented in the firure 2,

For the case of molibdenium total sputtering of the wall has

been obtained with value being equal to S=1.51080"2 sec™!,

The impurity density at the wall is ,estimated from the balance
of the inlet and outlet particles EE_‘TJ =8, it is equal to
n,~ 610" ™3, Due to the tm.'bulegt diffusion the impurity
density profile has to be flat. At lower thermal fluxes the
near wall plasma temperature along with the sputtering would
be eignificantly smaller.
Referencea
1. A,V.Nedospasov, 7T-th Europ.Cohf. on Controlled Fusion and
Flasma Physics, Leussanne, 1975, p.129.
2. B.Badger, et:al. "UWMAK-III, A Noncircular Tokamak Power
Reactor Design", University of Wisconsin Nuclear Bnginee-
ring Dept. report UWFOM-150 (1976).
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PLASMA ENERGY BALANCE WITH TURBULENT TRAFRSPORT COEFFICIENTS
POR TOKAMAK REACTOR

V.K.Eolesnikov, V.G.Petrov, V.D, Ehait

Institute of High Temperatures of the USSR Academy of Sciences
Moscow, USSR

Abstract: A global plasma energy balance noda;l. is investiga-
ted. The anomalous transport coefficients due to trapped-par-
ticle mode are employed. The existence of the steady state

conditions with temperature below 20 kev is demonstrated. The
operation mode providing the maximum specific power is found,

the thermal outflux being set as a parameter.

The present optimistic eituation in the fusion investigations
gives rise to analyses of a future toksmak reactor operation,
Some analyses have been already fulfilled /1-3/. Theyhave
dipcovered several problems to be solved. In particular it
became clear that the energy and particles transport mecha=
niems existing in the present tokameks i.e. neoclassical and
poeudoclassical regimes will cause too high plasma tempera-
tures in large reactors. Under these mechanisms helium remo-
val is a very difficult problem. Since plasma pressure is
limited by th; equilibrium conditions, high temperatures
lead to low plasma densities resulting in & small specific
power generated that is not accepteble from the power genera=
tion point. The optimum temperature is 10-20 kev and it can
not be provided in large reactors with neoclassical transport,
The reduction of the temperature is not effective by means of
input high Z impurities since & presence of impurities results
in a significant decrease of a fuel density /2/. The modern
theoretical concept /4/, however, show & possibility of trap-
ped particle mode at temperatures higher than those, that may
be achieved in existing devices. The anomalous transport coef-
fioient due to this mode is strongly &apandant on the eleo-
tron temperature (!la )« Just this fact allows to hope tempe-
rature stabilising at the sufficiently low level. The exis-
ting theory, however, is the approximate one end it is impos=-
#ible to specify the numerical coefficients because of the
lack of the experimental data. Thus, probably, it im of no
sense to investigate the energy balance of turbulent plasma
aﬁ the base of two-dimensional and even one-dimensional
equations /5/. A global model based on equations averaged
over a bulk seems to be more adequate to the present stan-
dart of an anomalous transport knowledge. In the present work
the average equations of ion andelectron energy balance as
well as o —particles balance have been solved together the
iransport being anomalous due to trapped particles mode. The
fuel losses due to a diffusion and burning are supposed to

be repraced by the fuel ice that is thrown in. The torus
section is @upposed to be round, all variables are prescribed
to depend especially on the current radius r. For obtaining
the average equations under these conditions it is necessary
to specify density and temperature profiles. These profiles
are chosen on the base of the symmetry conditions at a torus
axis as well as the finitness of the energy and particles out-
fluxes at the wall. Of course, these conditions can not
define the profiles in the single way. This uncertainty, in
fact, means the vaguenesa in choosing a numerical factor for

the fluxes expressions, which in turm also are not exactly

known. The values of a fuel concentration at the exis and at

the wall can be set on the base of boundary uondi'd.opl. In ?

this case da::'n:l.nes and temperatures are: A=/l +(n,-w_%‘) 1]

T= }:((- qu)% . It gives us the opportunity for

some reactor optimisation. The vnlunfg =M‘(T%:2:>—I—F' and

the thermal flux 9o are being set. As 1t is lmown these

values are limited. The dimensions and the reactor power are
searched under the condition of the maximum generated power.

Let's note that a total power (W) is calculated with the

regard for the neutron energy as well as for the blanket

reaction energy, i.e. 21 MEV for an every fusion reaction.

The optimisation problem is based on the fact that under con-

dition '1‘0-!1 the specific fusion power is proportional to

ﬁ: F(7), where the function F(T) has the maximum at certain

T=T*, The meaning T* depends on a temperature profile and for

the chosen profile T* « 17 kev. For the chosen concentration -

profile the problem is in the definition of the values nland

n,s which make the temperature equal to T*. In the presented

table there are shown the steady state reactor parameters at

H =50 kG,JB, =28,9% f’;ﬁ’ﬂ.ftw three different energy

outfluxes,
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=

9,63 : 12,6 : IG.7

, m
A, m : 3,21 : 4,21 : 5,23
W, Gw : 3,66 : 84 : I62

N, 10”3 : 85 : 7,3 : 6,15
Mo, 10"m3 1118 : 12,2 : I2,5

2

Mo, 10%43 ¢ 0,14 : 0,12 : 0,104

Toe, Kev :79,6 : 19,8 : 19,0

To:, Kev :I17,0 : I7,0 : I7,0
Energy outflux,

3,00 @ 4,00 : 5,00
36,9 1 4,56 : 3,3

m'
Bremsstrahlung !ﬂl’z'
m

Plumgwenargy out-
flux B

Plasma losses
sec

oI : 04 : I,I7

Helium outflux
10— g/sec

7,20 : 16,80 : 3,0
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NUCLEAR HYBRID PLANT WITH LASER FUSION REACTOR

R.R.Grigoriantz’, A.V.Kalinin®, 0.3.Popel”, E.M.Shelkov ,
E.E.Shpilrain’, 0.N.Krokhin' ', V.B.Rozanov  ,G.V.Sklizkov '

* Institute of High Temperature, USSR Academy of Sciences
*% P,N.Lebedev Physical Institute,USSR Academy of Sciences

For a long time fusion energetics using purely thermo=-
nuclear plants was considered as an alternative to nuclear
energetice based on fisslon reactors or as an independent
direction in the future energetics. It was only recently that
it has been reallzed that this approach doesn®'t make use
of the advantages of both fields of emergetiocs to the full.

It now appears that fusion energetics (at least the fumion
plants of the first generation) is to be a subsystem of the
large systems of nuclear energetics, and it is to be closely
bound with this system by a common development sirategy,
technology, fuel cycles and so on.

In a sense, D-t reactors can be considered as generators
of neutrons which oan be used to realize fipsion reactors
in the nuclear fuel.

Such a hybrid scheme which combines fusion reactors as
neutron sources and fission reactors as neutron consumers
have certain advantages over purely thermonuclear reactors
and fission reactors. Note the main of these advantages.

In the hybrid scheme the requirements for D-T reactor
are conglderably reduced. In this case it is not necessary
%o reach high energy breeding coefficient of fusion reac-
tion, which is especially important for fusion reactors

with a high value of gelf needs.

In the case of a laser initiated reactor,the requirement
for the value of laser beam energy and for the lamer effi-
ciency are sharply reduced. Simultaneouly, a manufacture of
D-T tergets im simplified, and also a fraction of the laser
pystem cost in the total expenditure is reduced.

48 compared with the fission reactor, a hybrid reactor
can do without an expensive process of the nuclear fuel en-
richment because an extermal neutron source makes it possible
%o use unenriched natural or depleted uranium.

The reactor core can be suberitical with the neutron
breeding ratul less than unity, which excludes the risk of
a breakdown (nuclear explosion), and consequently a break-
down protection is not required.

The present paper summarizes the main results of the
progect of a nuclear hybrid plant with a laser thermonuc=-
lear reactor. The projeot has been developed at the Imstitute
of High Temperatures and P.N.Lebedev Physical Institute of
the USSR Academy of Sciences. The hybrid reactor with ther-
mal power ebout 2500 MW is a cylindrical explosion chamber
of the radius R = 1.5 m and height H = 3 m surrounded with
& blanket. The protection of the first explosion chamber
wall is to be provided with a thin liquid lithium layer
(wetted wall). The blanket consists of two zones: a smone
of the fipeion fueld (the core) and a zone of tritium re-

generation. The tritium regeneration ratio is equal to uni-

ty. The core 1s a met of camsettes cooled with helium.

It is suppoged that HF laser sistem of total energy
5.10° T and total efficiency 3% can be made for thermomuc-
lear microexplosion initiation with energy gain of 40, Laser
heat is not utilised in the energy cycle, The figsion blan-
ket is to be initially charged with matural or even deple -
ted uranium. The initial core energy breeding ratio is equ-
al to 4. Thua, the initial total breeding ratio x!.'"‘..‘.‘us'x:rj.a'
= 160. As plutonium is produced in the core, the Koy o in=
creases. The maintaining of the constant reactor thermal
power is to be realized with a reduction of microexplosion
frequency.

The regime of the reactor exploitation is energetic.
Electric energy is produced with helium ges turbines as well
a8 with steam turbines of the mecond loop.

The initiel efficiency of the plant is equal to 24 per-
cent, within three years of the plant operation the effi-
ciency should be increased up to 40 percent. Specific ca=-
pital costs of generating energy are to be amounted to 250
roubles per kilowatt.

A fraction of the laser system coat in the total expen-
ditures is equal to sbout B percent. Notice that for a pure-
1y lager fusion reactor this value is equal to 40 percent,
for the same accepted comte of one joule of the laser beam
energy.

The reactor cost , however, has increased very conside-
rably (up to 50 percent of the total plant cost). Thims is
a result of a more complicated design of the reactor. In
the pure reactor the moderated neutron energy is released
in the liquid helium. In the hybrid reactor the energy is
released by pulses (pulse duration being 10~7 sec) in the
solid-state uranium carbide. The heating time determines
smell esize of fuel particles, and in the long run it
complicates the blanket design. Measures are taken to pro=-
vide for the lesking cassete removal during the reactor
operation. .

Specific calculated costs have been rated according
to methology of determination of the power project emeno=-
mic efficiency accepted in this country. They have been found
in the range from 0.95 copeck per kilowatt hour and to 0.8
copeck per kilowatt hour for the values of energy breeding
ratio equaled 160 and 4000, respectively.

The hybrid laser plants can be competitive with the

best modern plants. |




REACTOR ASPECTS 167

ANOMALOUS ALPHA PARTICLE TRANSPORT IN FUSION PLJ\SMA*
D. J. Sigmar
Oak Ridge National Laboratory, Oak Ridge, Temmessee, USA
(on leave of absence from MIT)

H. C. Chan
Massachusetts Institute of Technology, Cambridge, Mass, USA

[Due to the strong localization of the fusion born a-particles
in velocity and configuration space and their coupling to Alfven
waves in the background plasma the relaxation of o-s is anomalous
(non-Coulombic). In a finite system, the enhanced electromagnetic
fluctuations can produce rapid spatial losses of up to 50% of the
a-population and cnergy. In turn, these losses tend to prevent the
a-velocity distribution from attaining a stable collisional equili-
brium, thus maintaining a steady state turbulence level. A self-
consistent numerical quasilinear calculation is performed for the
most dominant mode, showing the evolution of the a-distribution
yielding the anomalous loss rates.]

a-particles are born with a velocity distribution function
fu n §(E - Eu) where Eu = 3.5 MeV and a spatial distribution

-2/3 1/3

n_=<0.v>n 2:, where <cfv> &, T exp[-20/T"°1 is strongly peaked

a £ d
in the hot reactor core, as is the square of the deuteron density n;.

Due to the ordering, V. S C

<v_ <vw
thi o

the* this free energy

A
can be released via Alfven-wave-instabilities. (Here, the subscripts

stand for ion, Alfven, alpha and electron velocity). Since the first

papers by Kolesnichenko and Korablev [1] on "thermonuclear instabilities" in

1967, a large number of such linear instabilities have been found, reviewed

recently by Lominadze [2].

In an infinite medium one expects these instabilities to exist
transiently until the combination of turbulent and collisional spread-
ing of the a-distribution produces a stable shape % < 0. Practical
toroidal reactor designs however are far removed from this condition
and the particle confinement time 'rp will therefore be
finite and if anomalous diffusion is strong enough to produce the
inequality TP 3494 (where T is the collésiunal slowing down time
of a fast a-particle), the stable shape —5?‘1 < 0 will not be attainable,

In this paper we will quantitatively pursue such a case for

the linear instability recently discovered by Kaladze, Mikhailovskii [3].

In Ref. (3], shear Alfvén wave w = KHCA = P e is resonating
with the bounce motion of magnetically trapped a-particles (where
p=1, 2, ... is an integer and Yo is the a-banana bounce frequency.)
The mode is destabilized by Bfﬂ/BE > 0, its growth rate being
maximized for radial wavelengths of the order of a banana width of
the energetic o-particles: i(!_ Grb ~ 0(1), and Ka << I(r (where KB
is the poloidal wave vector). The growth due to the unstable
a-distribution is opposed by damping on the electrons, [5] yielding a
threshold a-density for instability

n C

= = (kop? (kop? ﬁe Mo 107®
where p denotes the gyroradius and € = T/R the inverse aspect ratio
of the Tokamak. Such low values of threshold density can be exceeded
in times shorter than T (when 3fa/3E < 0 would be obtained in the
absence of turbulence). We study the time evolution of the a-distri-

bution obeying

3fu 3 Bfu Dx
FmERE g Gt ) S o
1/2
where Sf = <ogv> "dz (v - vﬂ);"li‘wuz, C is the Coulomb operator,

and the quasilinear diffusion coefficients are.given by

a3
P 2 kv
Dg = E E_ztErxlz_wh—z 32(_“]" 8w - )
p,k m 4kr P “b
2
2.2
= b S5 B l® 37 8w - puy)
x 7 gk 280 Ok P Wt

with k = d[puab - m),’pmb as defined in Ref. [3]. The magnetic moment

is conserved in this low frequency instability. For simplicity, the
of

spatial diffusion term % Dx -ﬁ has been approximated as shown in

Eq. (1}, where d 2 is taken to be the time dependent self consistent

1/
half width of the o-density profile, obtained from the simultaneous
solution of

3n _ ony 2
Do =gy 2

)
x{“’

-
at
(The bar over Dx denotes a velocity average.) The boundary condition
for Eq. (2) is na(a,t) = 0 with a the minor plasma radius.
Before we give quantitative results it is useful to estimate
analytically under which time asymptotic conditions the distribution
function will be prevented to arrive at the stable shape Bfa,n'BE < 0.

Integrating (1) with respect to energy,
¥, 1 2
e T de o fu+-1-_s de GEED e (3

where we have explicitly displayed the collisional slowing down time.
. 3 W : =) =1

Thus , Bf[!,'aE will remain positive if, roughly, Dx’rdlﬁ > T,

where the left side equals the inverse particle confinement time Tp.

5 = 2
With O, & /K vy Gr.hz = &y py, br,%, (4a) becomes
-1 w d;;,’z
T, > (pwy,) ('?) F [©)]
b

It now becomes apparent from the turbulence condition (4) why the
nonlinear form of the Kaladze-Mikhailovskii-mode treated here con-
stitutes a nonnegligible anomalous transport mechanism. Typiecally,
with T_ 3 500 msec, 2n/w v 5 x 107 msec, w/y v 10°, and 4 v E
nominally 6rh,fa < % is required for stabilization, a very stringent
requirement on size or plasma current (and therefore field strength).
Since (4b) was derived heuristically, we conclude with an exact
numerical evaluation of a-particle losses from Eqs. (1) and (2). For

example, for the reference case B = 30 KG, T(0) = 20 keV, ng = 1014

cm_s, a =125 cm, a/R = 1/4, q = 3 we find that after one collisional
slowing down time fc: shows a strong depletion of (resonant) particles
between 1.7 < E < 3.5 MeV, an anomalous broadening of the a-density

profile width from 35 cm to 70 em, and a loss of » 50% of all trapped
a-particles and their energy. These losses roughly increase with qz

2 .
and T" and decrease with B, where q is the safety factor, T the

plasma temperature and B the magnetic field.

*Research sponsored by the Energy Research and Development Admini-

stration under contract with Union Carbide Corporation.
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PRELIMINARY CONSIDERATIONS REGARDING THE EFFECT OF a-PARTICLES
ON A REFUELLING-PELLET
C.T. Chang
Association Euratom-Research Establishment Risg
DK-4000 Roskilde, Denmark
Kbstract: The plasma of a fusion reactor is not an ef-!
fective stopping medium for the 3.52 MeV a-particles. Expected
range and energy deposition in a solid deuterium pellet are exam-

ined.

The injection of a solid D, (or DT) pellet has long been
suggested as a possible means of refuelling a fusion reactor.
Recently, questions were raised regarding the possible role that
might be played by the 3.52 MeV a-particles produced by the D-T
reaction. In this note, some preliminary computational results
will be presented first, possible directions for future explo-
ration will then be indicated.

Slowing down process: Through Coulomb collisions with the
reactor plasma ions and electrons, the speed of the w=particles
will be attenuated and acquire some spread in the velocity space.

According to Cordey S

the stationary distribution function,
£(v), after neglecting the high velocity tail part is given ap~-

proximately by

‘F'(v}= 311.’ v:.
f.n[li-(v’.{,e)!] viev? (vey)
(1)
For <Ve) >V° >-<V‘->

where v > and <vi> are the average thermal speed of plasma
electrons and ions respectively, vy is the initial speed of the

a-particles, and
v = 0.9% 430 J< (1a)

For a fusion reactor with kTe = l:'I‘i = 20 kev and ng, = 2>110]'ll

9

cm-a, v,> = 1.6!108, e 9.5x10" cm/sec and V. - inlOB

i
cm/sec. For the 3.52 MeV a-particle, T ™ 1.3)‘109 cm/sec, ac-
cordingly, the average energy and speed of the a=particles at
the end of the slowing-down process are respectively,
<E>, = 219 Mev, <l = 061 V,
Taking a burn factor fh = 3.5%, the corresponding energy
and particle flux are
2
<FR5, = o8l 10 Wadt/cm* <N = 2.7F %10 cm~gec™!
(As a comparison, the corresponding figures for the plasma elec-

9 wai:i‘./cm2 and Nﬂ = 4.75!1023 cm-z,duc"J

trons are F, = 2.56x10
To estimate the distance required for the a-particles to

reach the stationary state the stopping power formula might be

consulted. According to Stixu] ; this can be written approxi-
mately as
&= b+ s Gt
) A5+ 535 ar () e
(2)
For <Veg> > Vv, > <V,

Treating lnA as a constant, the required distance, D, for
the slowing down of a=-particles from 50(3-52 MeV) to <Bu>[2.19
MeV) can be obtained by integrating eqg. (2) analytically.

After inserting the previously mentioned plasma parameters, we

obtain D = l.BXIOB cm. The corresponding required time will

be 1 = 0.08 sec. Similarly, the time required for slowing down
the a-particles to an average energy comparable to the thermal
energy of the plasma electrons or ions, will be T 0.2 sec.
Comparing t with the envisaged pellet penetration time of

tp = lD-4 sec (when no appreciable drag is experienced by the
pellet), we might expect that the pellet will be subject to the
direct bombardment of approximately 3x1021 a=-particles per sq.
cm per sec at an energy about 3 MeV.

The interaction of such high energy c-particles on the

pellet can be divided into two stages; (a) direct impact phase,

(b} further slowing down of g-particles in the cold (?) and
dense ablated plasma. The interaction mechanism of the second
stage clearly depends much on the state of the ablated plasma
formed around the pellet after the impact of a-particles (v 3
MeV) and plasma electrons and ions near the reactor wall, a
few remarks concerning the expected events occurring in the di-
rect impact phase, therefore, might be worthwhile.

Expected impact phenomena of the 3 MeV n-particles: From the

tabulated values of Northcliffe and schiliingu) » we expect the
range in solid DZ for 3 MeV a-particles to be around 0.06 mm,
thus for a 5 mm pellet, the energy of the a-particles will be

deposited in a thin shell. According to Lindhard et alH)

, for ]
incident ions at high energy, the energy deposited in the atomic ‘
motion tends to a limiting value and is inversely proportional
to the electronic stopping number, k. Extrapolating the calcu-

lated data of Sigmund et 31(5)

, we expect that only 1/1000 of

the total energy carried by the a-particles will be aeposited

to the atoms, most of the energy will be spent in causing exci-

tation and ionization of the bound electrons. This amount of

energy eventually will end up as a temperature rising of the pel-

let. Its influence on the thermal and mechanical properties of

s0lid deuterium (or DT compound) in term of the ablation rate of

the pellet is a subject of future exploration.
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energetic a-particles in solid deuterium.
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PARAMETERS OF A FIELD-REVERSED MIRROR REACTOR*
R. S. Devoto, G. A. Carlson, W. C. Condit, J. D. Hanson
Lawrence Livermore Laboratory, University of California
Livermore, California 94550, U.S.A.

Abstract: Computations have been made of the parameters of a neutral-beam
driven, field-reversed mirror reactor as a function of beam injection
energy. Q values of 4-5 and a fusion power of 10-50 MW per cell are found
at beam energies of 200-500 keV. Cost estimates indicate a direct capital
cost of < $1000/kW, for multicell versions of the reactor.

Recent experiments in the 2XIIB mirror device have yielded peak g
values of 1.5-1.8 at high beam cu'lr‘v'ents.1 This result, coupled with the
finding of apparently stable reversed-field layers a few gyroradii-in
thickness in a theta p*lm:h.2 have inspired experiments in 2XIIB aimed at
attaining field reversal by off-axis aiming of the neutral beams. Simul-
taneously, we have computed the probable parameters for an eventual reac-
tor application. )

Our calculations proceed from the assumptions that the reversed-
field plasma has a minor radius a of only a few fon gyroradii and that
the density profile must be diffuse (we take a parabolic or cubic depend-
ence on minor radius), The assumed shape is shown in Fig. 1; the ratio of
major radius R and length L to minor radius are parameters; we assume
R/a =2 and L/R = 3.0. We would expect the possible length to be
limited by tearing instabilities, although very Tong field-reversed layers
have been ul:aserved.3

Using the above density profile and assuming constant ion and elec-
tron energies we can formulate zero-dimensional fluid equations for the

central density Ngs and the mean electron and ion energies, ‘Ee and E,,

an n

e . e

—— ==, —
]

0 p
a(nefe)_ =10 __nege 5nere_n -9
at ie g, T s B
p

a(n,E,) S nE, & Nk o
it 0°IN Ty 3 ™ ie

ﬁn is the rate of increase of central density due to beam deposition,

TEe and gy are electron and ion heat conduction times, T is the
particle confinement time, °1e is the usual term for ion-electron energy
transfer for Maxwellian species, and ﬂs and QB are synchrotron and
bremsstrahlung radiation terms. The total plasma pressure is related to
the applied magnetic field BG byp.=8 Eﬁ."iuu- Fln or, equivalently, the
absorbed beam current, is adjusted to correspond to a cubic (or para-

2=0

=g NO>d2 = 1.75, a

bolic) profile. Estimates suggest that if M = I
cubic profile will be attained. A different value of M changes the
central density, the effect on mean energies being weak. Tangential
injection (perpendicular to the plane of Fig. 1) is assumed.

A variety of assumptions about the confinement times are possible.
It seems 11kely that ion heat conduction will be classical, so we have
taken Tgi = (a!p1)2 Ty where p, is the ion gyhradius. Note that if the

{ons are mirror confined outside the field-reversed region, the ion

energy could be nearly constant, yielding a very large TEy- For Tee We
have taken 1/5 of the classical value (a.n'ne)z Taj* Various possibilities
for L have been examined. For the small sizes necessitated by t-he
required plasma dimensions of a few gyroradii, the basic time governing

™ must be no worse than approximately (a/pi}z ty4 for a viable reactor.

If it is somewhat better, approaching a classical confinement time
(a;’pe)z Toi reactor parameters look even better. For a "reference" case
we take Tp = i, L!a}(a/p.l)z T;4» where f is a factor derived from the
1-D density equation and depends on the assumed profile as well as on the
ratio of length to minor radius. One parameter remains to be specified,
the ratio of minor radius to ion gyroradius, (S= ﬂfp.[). Since only
layers of a few gyroradii appear stable, we take S = 5.

Results of the calculations for th1'§ typical case appear in Figs.
2-3, plotted against the injection energy. Typically, the mean ion
energy 1s 1/3 the injection energy, and the electron energy 1/2 the ion
energy, except at high 'E'e where radfation losses cool the electrons below
this value. Attractive values of Q, the ratio of total fusion power to
beam input power, are found at 300 keV injection emergy. For this case,
the applied B field of 60 kG is within the range for present-day super-
conductors. The total fusion power FF can be controlled somewhat by the
ratio L/R. For the present choice of L/R = 3.0, PF = 30 MW is computed.
This is a very small power for projected reactors; to increase the total
output of a fusion plant one could also Tine up a series of field-
reversed ca'Hs.4

Figure 4 shows the estimated direct capital cost of a multicell (10
or more) field-reversed mirror reactor as a function of injection energy.
The optimum injection energy is about 300 keV. A single cell field-
reversed mirror reactor will have a higher $/kWe cost because of end
effects (blanket and shield end caps, etc.) and the dominance of the

reactor containment building.

References

(1) F. H. Coensgen et: al., in Proceedings, 6th International Conf. on
Plasma Physics and Controlled Fusfuﬁ. IAEA, 1976.

(2) A. G. Eskov et. al., in Seventh European Conf. on Controlled Fusion
and Plasma Physics (1975), Vol. I, p. 55.

(3) A. Eberhagen and W. Grossman, Z. Phys. 248, 130 (1971).

(4) W. C. Condit et. al., The Technology of Controlled Nuclear Fusion,
CONF 760935-P1 (1976), Vol. I, p. 107.

Blanket and Solenoid Coils

e €
@\-errorcuil Z]n?fe bar (4) R RlT | 200
Moo
Plasma i 1 F
= 100
I fa N l
. T 9 »
G. [ = ui

Beam energy — keV

Fig. 1. Geometry of field-reversed Fig. 2. Mean ion and electron ener-
plasma cell. . gies and magnetic field vs.
injection energy.

60 T T T 6 & 1200 T T
z
F ]
& 1000 (- -
| ]
z 40F 4 L g
E g 800
| I Q =
8
s — - -
- 20} 2 g Ao
| Tagential injection E 400 - Tangential injection |
0 1 1 Il 0 2 ‘200 i Il 1
200 400 600 0 200 400 | 670
Beam energy — keV Beam energy — keV
Fig. 3. Total fusion power and Q Fig. 4. Dependence of capital cost

of multicell reactor on

vs. injection energy for
injection energy.

S=5,Ra=2,L/R=3.

*Work performed under the auspices of the U.S. Energy Research and

Development Administration under contract No. W-7405-Eng-48,




170 REACTOR ASPECTS

ON PROPAGATION OF BURNING IN A WALL-LIMITED
THERMONUCLEAR FUEL WITH VARIABLE DENSITY
Chernukbha V.V., Fedulov M.V.

1. To obtain a commercially profitable pulsed fusion reactor
requires the ratio (K,£ ) of fusion energy to enmergy imput <En)
deposited in the target by the ignition system to be sufficient
for high cyole efficiency and the ensrgy yield, according to [1],
should be Zairly largss In spherical targets (2] usally under
consideration an increase in K, with B, is small. So %o consider

the targets is of interest in which compression of the main fraction

of fuel determined by the condition of burn propagation from the
ignition zone rather than the ignition condition as is the case
with spherical targets.

The target of corved body sur—
rounded by inertial walls will be
considered below, in which maximum
fuel density occurs in the ignition

zone neighbouring the plane of sym= | “
metry and reduces to the puiphua” ‘

(¥1g.1)+ We do not intend to touch ignition zone

upon the process of target compres- '15'1'23;:?_’1" diagram of

sion end ignition zone heating ( Z £

2 1@)' assuming that at a certein moment teken as the initial
time the compression has already been completed and the ignition
sone heated up to reguired temperature.

A quasi-one-dimensional approach has been used for calcula-
tions, i.e. all hydrodynamie values and relative iBn concent-
rations are assumed to be dependent on Z only. However, in
every cross - section of the target an additional density varia-
tion due to radial espansion as well as leakage take place.

The speed of the interface between fuel and walls was
calculated via that of the matter behind a strong shock wave
front et a pressure equal to that in the fuel. We did not allow
for the influence of wall heating byol -particles and radiation.
Radial heat leakage calculations were provided as in [4] . The
radiant energy both from fuel and walls was thought to be entirely
lost.

2. As density decreases along the target axis the cross-
section radius should increase; it was taken that r~kZ far from
the plane of symmetry and with allowance for the qmi?é‘m—dimn—
sional spproach the proportionality constant k was limited to
0,5. The computer calculations have shown the burn propagation
to be steady-state ﬂp'z. exceeds the boundary value ~ 0,7 g/cna.
The representative behaviour of this burning propagation near
the boundary value can be illustrated by the case where a
maximun density ( O ) was chosed to be 100 g/en’ 2) ama
‘puzisnuo,z g/cuz. In case of instantaneous deposition the regu:.reu
ignition ensrgy, xign \accounting for a half of ignition sons)
is found to be 60 kj (m°= mi 2 17 kev). An increase in
ignition time ti&"‘ up to 1 nsec results in reducing power
which in the range of’[:.-_s,,z 0,741 nsec is ~~ 10" w. As the
burning fron moves away from the plane of symmetry the energy

loss ratios become stable: heat conduction

losses and those associated with ol =-particle escape account
for every 20-25 percent of the total o -particle energy;
the summary radiation and radial expansion losses are not in
excess of 10%. Thus about a half of the o -particle emergy
is spent for heating of new fuel portions. Note, that this
heating starts with absorption of the energy of o( -particles
decelerating in cold fuel. Heat conduction and shock compres—
sion contribute somewhat later with the fuel being compressed
by a factor of 1,5-2 3).
If a target 1 large enough the main energy input depends
on a shaped fuel comp ion. Using the calculation results
which give the burn up factor of 10+15% and assuming the compres-
silon to be cold, ons can obtain a dependence of K g o0 the mini-
mun target density O, ( >0,2 &fea’)
Ke=10°gp "
where E is the fuel compression efficiency.
3, If deuterium with small additions of tritium and/or
helium-3 is used instead of D-T fifty-fifty fuel unstable
isotopes can be totally brel at the appropriate initial con-
centration ratios ( £ 0,56 T and < 6% He~3) Here the optimm
temperature values become shifted to the range of 40-60 kev and
the critical values _P"L increase by 10+15.

“n

In case of pure D-fuel the optimum burning temperature is
80=100 kev, and _P'Z increases by a factor of 30.

4« In conclusion it should be noted that the target comsi-
dered is of a certain interest for application in CTR. The main
technological problems in its realiszation should be likely con~
nected with providing shaped compression and ignition energy
depoeition for a relatively short period of time without
spherical symmetry.
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J The process of burn propsgation in an immovable wall-—
limited fuel (with comstant density) taking heatconduction to
walls into account has been considered in [ 3] -

) Th

is density is meximum permissible for the quasi-one-dimensional

approach as at larger _p‘:i the density values for the walls apd
fuel become close (the walls were supposed to be iron).

» A low factor of compression has been obtained also in
[5] s though o(, -particle transfer was not taken into consi-
deration (in this comnection see ref [ 6] )s
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ELECTRON AND ION HEATING BY NEUTRAL INJECTION IN DITE TOKAMAK

R.D. Gill, K.B. Axon, R.S. Hemsworth, J. Hugill, P.J. Lomas,
J.W.M. Paul, R. Prentice, P.E. Stott and D.D.R. Summers

Culham Laboratory, Abingdon, Oxon, 0X14 3DB, UK
(Buratom/UKAEA Fusion Association)

Abstract: Neutral injection heating experiments are reported in which
we have observed ion taupﬁi;u_ure rises of 52% and central electron tem-

perature rises of 75%. —

The DITE tokamak (R = 117 om, a = 27 cm, %ss-a?kﬂund
IG = 50 - 200 kA) has been used to study the heating effects of neutral
injection on both the electrons and ions. The two neutral beam sources
deliver a combined power of 200 kW in the direotion of the plasma current
snd along a line tangent to a major radius R = 105 cm. The ion sources
produce roughly equal fluxes of H neutrals with energies Bo, 30/2 and
E_/3 where E £ 30 keV.

This injection system has been previously [1] used to study the ion
heating at Iu = 150 kA and it was found that the ion temperature, '.l‘i.
d by charge h » approximately doubled. A detailed analysis
of these results has subsequently been carried out. Deposition and
Fokker-Flanck computer programs have been used to desoribe the transfer

of power from the neutral beams to the plasma ions and an ion energy
balance program [2] was used to determine the radial power transfer. The
effecta of electron-ion heating, charge-exchange, partiecle diffusion and
neo-classical thermal conduction were considered and good agreement has
been attained between experiment and theory. A typical analysis is
shown in Fig. 1, where the radial power balance ias plotted as a function
of the minor radius. The dominant heat loss in the plasma centre is due
to thermal® conduotion, but as 'I‘i > T. collisional transfer to the elec-
trons is also significant.

We have now carried out a further series of experiments to investi-
gate the degree of ion heating under a number of different conditions.
In injection experiments designed to study ion heating it is desirable
to inject into a plasma with a high electron temperature and this was
achieved in DITE by the addition of 2% of Neon to the discharge [3],
producing the plasma conditions limted in the table. At zﬁ = 150 kA,
the time variation of 'l‘1 was measured for co-directional injection with
a neutral power, P = 190 kW (see Fig. 2). A striking increase in Ti can
be seen compared with the P = O curve and a peak value of 670 eV was
attained. The other plasma parameters such as noe '1‘. and zaﬂ, were sub-
stantially unchanged during injection. At IG = 190 kA the variation in
!i was investigated ms a function of the injected power. The results in

Fig. 2 show that T; is linearly dependent upon P.

The main features of the results taken at different values of IG
and % are: (a) little heating is achieved when the injection direction
is counter to the gas current direction; (b) the amount of heating in the
co-direction-gradually increases to a maximum at Iu = 150 kA and falls
thereafter. The lack of heating in the counter direction is probably due
to pitch angle scattering of the injected particles, by impurities, into
the loss cone. The increase in co-injection heating as a function of IG
may be understood as a consequence of the increased neutral injection power
transferred to the ions at higher gas currentas. As IG increases the para-
meters n, and '1" both increase while the neutral density, LX) decreases.
The high values of n, at low Iﬂ causes substantial neutral injection power
losses by charge-exchange while lower values of Ta cause a larger fraction
of the incident power to transfer to the electrons at the expense of the
ions. The fall in the amount of ion heating at Iu = 190 kA is not yet
understood.

In another series of experiments, we investigated the effects of
injection into discharges in which the torus walls had been gettered with
titanium [4]. These discharges were all characterised by a value of Zaf!
close to unity and a low ohmic input power of ® 300 kW. Hydrogen gas
was admitted continuously to givuln gradually rising electron density as
shown in Fig. 3. The injectors delivered 200 kW of neutral power in the
co-direction. The heating effects of these beams can be clsarly seen in
Fig. 3 where substantial increases occur in both ':l‘fl and the central value
of 1‘“. It can also be meen that the time dependence of the temperature
rise is in reasonable agreement with the injection period (t = 40 to 100
msec). Ruby laser temperature and density profiles were also measured
before, during and after the injection period. Before injection the pro-
files had a pronounced hollow character [3], and the profiles taken at
t = B0 ms are shown in Fig. . The total energy content of the electron
component of the plaema, W, can be calculated from these profiles and thise
shows that &WAW = 24¥. The ion temperature alsc shows a large rise of
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AT, /T, = 52%.

One of the main difficulties in the interpretation of this experi-
ment is the fear that the injection process may change the energy balance
in the plasma by the introduction of impurities and thus increase the
electron temperature [3]. The memsured loop volts and ohmic power input
are observed to decrease slightly during injection and this would argue
against increased impurity levels. Stronger evidence was obtained from
measurements of the soft X-ray emission from the plasma.

Without injection, the X-ray spectra, from an S8i(Li) detector, showed
that the X-ray anomaly factor was about unity, as expected for a plasma with
Z.“ # 1. This unom.ly factor is very sensitive to changes in the impurity
level and can easily change by orders of magnitude on the introduction of
emall amounts of impurity. We observed the time dependence of the inten-
sity of X-rays with Ex> 700 eV and found that it rose by a factor of 3
during injection, returning to its previous level after injection. The
expected rise in this intensity deduced from the laser measurements of
T,(r) was a factor of 2.7. This is istent with an unch d anomaly
factor during injection and provides strong evidence that impurities are
not being introduced by the injection.

Calculation of the expected rise in Te requires a thorough evalu-
ation of the different processes contributing to the energy balance in
both hollow and non-hollow discharges. The calculation of the ion tempera-
ture increase requires a detailed treatment of the electron-ion heating
and this is also in progress. However, rough estimates show that 72 kW of
the injected power should go to the electrons and heat them by 24% if the
energy containment time is unchanged.

It is a pleasure to acknowledge the amsistance given by the DITE
engineering and operating teams and the Neutral Injection Group.
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