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PREFACE

This volume contains the texts of the invited lectures,
post=deadline contributions that were read at the Conference
and the supplementary pages to papers already published in

the first volume of the Proceedings.

The invited lectures were selected by the Paper Selection
and Frogramme Committee from suggestions recommended to the
Organizing Committee by heads of leading plasma research
groups through the world. The texts of these lectures are
included in this volume. They are printed in a logical
order, regrouping those pertaining to the same subject,
rather than in their order of presentation. We deeply
regret that the deceased academician G.I. Budker, doyen

of all invited lecturers, can nevermore be our teacher

and senior colleague,

Please note that in addition to the page numbers the
supplementary papers have the same numbers as the contri=
buted papers and the post-deadline papers have been given

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

Except for retyping of manuscripts not suitable for
reproduction and some minor editorial corrections, the
texts are photographic reproductions of the original
papers. It means that the authors must bear responsibility

for the content of their papers.
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INVITED PAPERS




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

TFR Group
( presented by J.P. GIRARD)

ASSOCIATION EURATOM-CEA SUR LA FUSION

Département de Physique du Plasma et de la Fusion Contrélée
Centre d’Etudes Nucléaires

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

If at first sight acorreet ion energy balance seems much easier to
-estabTishand undettand than the electron one, however the precise knowledge of
many plasma quantities, which are not always well measured or estimated, is
also acquired.

At stationary state, a rough energy balance can be written as
follows /1, 2_/

Peq (M)+Pp (r) = P (r)+P, (r)+Pp(r) (1)

= Poi (ngs Tos Ty /"Z_]) is the classical energy exchange term
between electrons and ions which can be written

2 ;
Py = 1.26 10726 Mg TeTy
A, 3/2
i Te
- Pbi("e’ Te’ Ei) is the energy exchange term between fast captured
ions and plasma ions. This term will be entirely calculated numerically and
explained later in the text.

/27 (w, ev, cm-s)

- pex ("i’ nys Ti) is the charge exchange loss term Which can be written
approximatively : Pex = %‘ ng Ny < GexV>"{T€'To . This expression is approximated
because it does not take into account the interaction of 2 maxwellien distributions

n; and o and supposes that there is no reabsorption of neutrals inside the

plasma.




Py ("e’ nys Zeff Ti)is the conduction loss term which has to be

written :
1 9 [ P % q2 )
P =-= = (rn;, x, 9i ; B 0.665 (1+0.43v -
X r or V4 T4 ==) with x; = (737
or ooy 3/241.03e% "'/ 40.185v
= Pp (ngs ngs Tes T3) is-the convection loss term which has been

written with the help of the continuity equation :

p=5la_T r.|-|n<o\|'>r"dr‘
D Z r o i o &0 ie

In this expression we haye not taken into account recombination.

A1l the symbols are usual except : T0 is the energy of the recycled
neutrals, Ei is the energy of fast injected neutrals,

RQ 21o7r T {s’ S, o)

»=—"— T
VT4 i Ng Z _Ln A
2
i
_ 3 zm _1:24.%
zion'n_e-,"{ni+j+1 m;+m t'£z7 n, _i_

P; and v; are the larmor radius and the velocity of the ions respecti-
vely. We will use also in the text the integral inside a Magnetic Surface

P. 4n? ’
= 4m° R ~/r prdr
0

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

Ne (r) . The electron density is measured by a 9 channel HCN interferometer,
so it is usually very well-known up to the boundary of the plasma.
This measurement is also confirmed by Thomson Scattering.

Te (r) . The electron temperature is systematically measured by Thomson

Scattering but up to r = 12,13 cm only (the plasma radius a is 20 cm).

Only in a few cases do we have measurements up to 20 cm. This has
large consequences, because we must extrapolate Te (r) up to 20 cm,



n. (r)

Ti(r)

for terms as important as 5%1 sensitive to the contribution of large
volumes at the plasma periphery or Zeff which depends on the tempe-
rature profile, from which we can have an idea about the purity of
the plasma.

The ion density has been determined by a special experiment. We
have measured the attenuation of an Ho beam passing ﬂ10ugh the
T.F.R plasma / 4_/. This attenuation is proportional to the total
cross-sections :

H < ge ‘e > i
op=opy 2 H ¥ L o (2)
e bi 152 2 :
Knowing the cross-sections 9.H* %,z which have been now measured
3 3

[ 5_7 we can deduce . from attenuation of the beam versus energy

/ Fig. 1.7. The best fit gives np/ng = 0.75. The n; profile has

been measured up to 10 cm and we find n; proportionnal to Ne which

has been extrapolated up to 20 cm. The given value is typical of
plasma with Zeff = 3 and oxygen dominant ihpurity density : 2.5 % Ne
The present determination is also important for fast neutral injec-
tion because it enables us to calculate the initial capture profile
of fast injected neutrals. The ion temperature profile has been
mainly measured by recording the energy distribution of fast escaping
atoms using an electrostatic analyzer which has been moved up and

down (from + 13 to - 13 cm in the plasma) in the median plane between
2 main toroidal coils and also in a plane making an angle of 8° 1in

the toroidal direction . By this experiment we have confirmed that one
part of the profile is close to the real temperature profile except
for the correction due to the different attenuation of fast neutrals
during their flight inside the plasma..This correction depends on

n, (r), but mainly on no(r) the density of neutrals. Up to now we

have not completely explored the possibility of determining Ti(r)

by measurements of the Doppler broadening of impurity lines which
could confirm the charge exchange measurements. We measure some ion
temperature by this method with the help of €IV emission which seems to
show that Ti is higher than Te at the plasma boundary, but in the high




Ny (¥ s

Pbi L]

magnetic field of T.F.R.we must take into account Lorentz effect
which could overestimate the broadening. It has been reported /76_]
how difficult it was on TFR to compare the ion temperature deduced
'by measurement of neutron flux and charge exchange neutrals, so only
in few cases we get a good comparison During fast neutrals injection
the comparison has not been possible, the reason why is explained in

1.

The density of neutrals is known by measurements of absolute emission
oflisljght from the plasma. But this involves an Abel inversion

“which is always controversial, specially if the non inverted data

presents a hollow at the center. In that case the error on the
central value can be very very large. o (r) can also be measured
by absolute determination of the flux of the charge exchange neutrals
if ny (r) is well known. When the comparison of these two measurements
is possible and made they differ from a factor of about 2. Nevertheless
these measurements have not been made in all cases or are not physi-
cally plausible, so we have used for the correction some of our
measurements and some of the ATC measurements /["1_ 7 Thé neutral
density has been written : Ny (r) = Ny (0) +n (a)e 'X' where A is
a sort of penetration Tength We have found for example :

9.6 1013

AN *ﬁ;—T—T— (bm » Cm), Log no(o) = 58.5 - 1.23 Log-ne (o)

.Thésknowledge of'no(r) is also important in 2 terms of the energy.

balance, First in the charge exchange loss term - Roughly
speak{ng.the charge exchange loss terms is of order of 20-30 kW for
central neutral density of about 108 em™S. But mainly n (r) ts
important in the diffusion term Pp term which is the most important
at the plasma periphery.

Some words are still to be said about Pbi‘ We have already

mentioned that P, . depends critically on o, which can be measured

or calculated if the impurity composition of the plasma is known -
{n\the case of T.F.R the injection is done pratically perpendicular

to the magnétic field (80°) so the confinement diagram is particular
("Fig. 2_] 4 different zones can be seen on the diagram : zone I where




the particles are passing, zone II where the particles describe
"banana" trajectories, zone III where the particles are lost on the
limiter, zone IV where the particles are blocked in the magnetic
ripples and are fastly lost, the latter having been verified
experimentally. With the help of a Monte Carlo type code / 8_/,
taking into account the real particles trajectories we calculate
numerically the energy deposition inside the plasma. Fig. 3

shows for 2 typical plasmas the energy transferred to the plasma
Pbi + Pbe' the energy transferred to the ions Pbi' and the energy
lost by charge exchange Pex' Having defined all the needed quantities,
we can now come to the experimental results, first to the ohmic
heating case.

If we Took upon the central ion temperature, it is enlightening to
consider the old fashion representation of Artsimovitch ['9_7 for

0% and H* plasma K'Fig. 4_7. It immediately shows a difference of
behavior between H' and D* plasma, roughly speaking it seems that

the same curve can be obtained if we don't take into account the mass
of the ion (Ai) in the Artsimovitch formula, which is really a non
classical effect that we will find out all through the text. We have
not found a satisfactory explanation to this phenomenon.

Now we will mainly consider the shots whose characteristics are given
in tables 1 - 2.Fig. 5 shows the complete energy balance inside a
magnetic surface for a well-documented shot. We observe that the
energy balance is not exactly equilibrate. The plasma seems to

diffuse a little bit faster than neoclassically. At the plasma center,
the principal loss is heat conduction, at the outer part of the plasma
it is the diffusion term which is dominant and more important than the
neoclassical diffusion coefficient. The classical ions energy confi-
nement time is 37 ms at the center and decreases with radius down

to 12 ms at the boundary. Up to now we have only introduced neoclassical
heat conduction. But due to the ripple in the magnetic field of T.F.R
the ion heat conduction is increased / 10, 11_/. The new balance has
been calculated with this supplementary conduction and it has been
folnd that in all ohmic heating cases, the added term is small.




(In the less collisional plasma the ion conduction coefficient due
to ripple is at maximum 250 cm2/s at 16.5 cm where

X reoclassica] = 1500 cn°/s ). This will not be the case during
fast neutrals injection where the ion temperature is much higher

and the collisionality smaller. Fig. 5 presents a good case in which
5Li is always positive. But in some cases simple extrapolations of
Te(r) arld Ti(r) bring us to find Ti(r) > Te(r) for r > 13-14 cm and
3Li becomes negative and very large. The fact that Ti(r) is larger
than Te(r) at the plasma boundary is classically possible, the outer
zone being heated by conduction from the inside and by hot neutrals
coming from the plasma center. But finding 921(3) <0 is classically
impossible in ohmic heated plasma. We believe that‘féi(a) can always
be found positive, by changing only the extrapolation of Ti(r) a
little bit, as shown on Fig. 6, where in one case we find

&%i(a)= -4.3 105 W and in the other case P ;. = 2.8 105 W. Neverthe-
less this phenomenonwill be emphazised by fast neutrals

injection and will be harder to explain.

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

X; experimental _

is 0.8 < a < 2 for D plasma

Xi neoclassical 2 <q<5 for H+ plasma

- 3/2

without any obvious dependence of o with N (v* = ;E%;L) for 0<r<12 cm

11

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

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

1) The central ion temperature increases proportionally to Pbi/ﬁe
[ Fig. 7_7. Thisgives us AT,

(e = (20-24)"bi/f, (kw, 1012 cn3)



with a non significant difference between H" and DY plasma which at
first sight is non neoclassical. But most important of all we have
not observed any saturation of ATi up to a 560 kW captured power
which confirms the results of Ormak / 12_/ and ATC /" 13_7.

2) At low injection level, we can easily calculate ATi by a perturba-
tion method / 14_/ which gives :

Pbi Ang o aLnTEi)
AT. P_. n e an
i__ei e e (3)
F 3 _ . On'Ed
2 "ol

1

in the considered caseAne/ne < 5% So (3) can be written

ATy Ppi/Pei
N3 MR
7~ Vi1

i
Fig. 8 shows the results for a 200 kA plasma. We see that

AT1' 2 Pbi/p ,
ei

UK
which is not yet in a pure banana regime and no more in the nlateau
regime. This relation means that the ion energy confinement time is

independent from the ion temperature.

which can be a neoclassical dependence for a plasma

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

3 d _ t _3 i
7 " Ti T Peilt) + Py exp -5 =




ts being the slowing~down time of the fast injected neutrals. During
the injection in many cases we have found ni(t) = constant,
Te(t) = constant and supposing that-rEi varies as'T? equation (4)

gives :
T : o
T Te t ¢ exp ¥/ Ts
(5)AT, (t)=AT, . e io , exp-(T——T——_ -0 + (—p— -0t
L Tmax\! T, eTio JEio \lo o JTe o —Ei0
T Tio -0 -Tgy/Tg TeTio s

In the case where Teio™> TS (let us recall that ts = 5 ms) we
obtain the approximate solution :

2
AT, = AT, exp - (go— - (6)

TMax e 'io TEio

this shows immediately that the observed e folding time is not equal
to'-rE..L but to

T, «T,
" e io :
Tobs * T5ta T Fa (T, Tg) the last term being smaller than 1.

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

Nevertheless in some cases it seems very difficult to explain our
results up to 20 cm. because the ion temperature is always larger

than T at large radia [ Fig. 11_/.and 5%1 negative. This first point is
difficult to explain by the deformation of the fast energy tail of the
ion distribution /715_/ due to fast neutrals injection and some
increased energy transfer between the fast ions and the plasma ions
cannot be excluded. This can be supported by the observed increase

of the plasma emission during injection, around the electron diamagnetic
frequency / Fig. 12_/ but also and mainly around the ion cyclotron



harmonics which can be the evidence of an interaction between the
fast ions and the plasma / Fig. 13_/. Nevertheless the slowing down
spectrum [-Fig. 14_7 compares quite well to Fokker-Planck calcula-
tions /"15_7. Furthermore the decrease after beam cut-off of a given
energy (22.5 Kev for example) is reasonably Tong (5-6 ms), much
longer in any case than the calculated time predicted by beam-plasma
instability calculations ['16_7. So we have not a really convincing
explanation to this imperfect energy balance, except perhaps one
which is given by simulation calculations. In fact simulation
calculations give results very similar to experimental results

/ Fig. 15_/ if we suppose that the ion temperature has the most
peaked profile which can be deduced from the experimental points and
that the electron temperature is a little bit higher than the extrapo-
lated one at the periphery.

On the other hand jthe fast neutral injection in T.F.R has shown that :
the perpendicular injection is as efficient as parallel injection.

Non collisional plasma can be obtained but no spectacular results
happen. The electron temperature does not change in general, which
implies a decrease of the overall electron temperature confinement
time, which can be linked with the observed impurity contamination

of the plasma (mainly in our case by Molybdenum and oxygen. This

last point has already been observed on ATC / 17 7).

In conclusion the study of the ion energy balance of the T.F.R plasma
during the ohmic heated phase and the fast neutral injection phase
shows that the ion heat conduction is closed to the neoclassical one
for p* plasma, but a factor 2-5 larger in H+, we also find that the
diffusion of particles is much higher than the neoclassical one which
is already known. The fast neutral injection shows that it is
very difficult to establish in some cases a likely, classical energy
balance up to the plasma boundary and an anomalous energy transfer
between fast ions and the plasma cannot be completely excluded, more
careful measurements of Te(r) and T.(r) up to the plasma boundary

are needed to establishwhether such an anomalous energy transfer

does occur.
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TABLE 4

PLASMA (D ) AND INJECTION (D )

1"

. P By -n-Ta ]';1 . g B Pui Pne  Ti(o) Yo 0
KA KGs 10 10~ cm (KwW) (KW) (KW) (KW) Dbefore during

| 400 60 4ob 2.2 450 160 40 60 950 1150 120-200
2 380 60 5. 2.5 1100 385 96 140 1000 1300 300-350
3 200 50 2.8 1.4 680 240 67 50 800 1200 400

4 200 50 3. 1.5 950 330 90 115 800 1350 500-600
5 200 50 2.8 1.4 1300 455 110 110 800 1600-1700  800-900
6 300 55 5. 2.5 1340 480 116 170 920 1400 420

7 300 50 5. 2.5 1620 560 141 200 900 1400 500

TABLE 2
PLASMA (H ) AND INJECTION (H )
an P § ¥ ’l‘; , Pe Pni P T3 (o) T () i, (@
KA 10 "em 10 cm KW KW KW before During

1 300 4.6 2.3 988 46 60 850 1150 300

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

3 375 7.5 3.75 1140 101 130 950 1370 400-420

4 360 7.7 3.6 1140 100 130 950 1300 /  300-350

5 360 6.8 3.4 1170 118 122 950 1300 300-350

6 375 7.5 3.75 1220 123 138 950 1350 400

7 300 4.4 2.2 192 18 34 830 930 90-100

8 300 A 3.2 369 23 34 850 1030 180
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RECENT RESULTS FROM THE PLT TOKAMAK

V. Arunasalam, C. Barnes, K. Bol, D. Boyd, K. Brau, N. Bretz, M. Brusati,

S. Cohen, S. Davis, D. Dimock, F. Dylla, D. Eames, P. Efthimion, H. Eubank,
H. Furth, R. Goldston, R. Hawryluk, K. Hill, E. Hinnov, R. Horton, J. Hosea,
H. Hsuan, D. Ignat, F. Jobes, D. Johnson, M. Mattioli#*, E. Mazzucato,

E. Meservey, P. Moriette*, N. Sauthoff, J. Schivell, G. Schmidt, R. Smith,
F. Stauffer, W. Stodiek, J. Strachan, S. Suckewer, S. von Goeler

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

As reported at the Berchtesgaﬁen meetingl, the optimum plasma para-
meters during the initial phase of PLT operation were obtained by an
empirical approach either in helium gas or in hydrogen gas with appreciable
oxygen content. The second operating period has mainly been devoted to an
investigation of this observation, and to an effort to vary, and especially
to lower, the effective ion charge, Z, with a goal of obtaining stable
discharges at high plasma densities. The third phase, supplementary heating
with neutral beams, is beginning. This paper reports some of the
results of the second phase.

The main result has been the recognition of the importance of radiation
in the power balance. In smaller tokamaks, the energy confinement was
mostly determined by plasma transport. In PLT, although transport is
important, even in the central core of the plasma, power loss by radiation
is often equally important. This reflects the fact that as devices are
made larger, the ohmic power input density decreases and the confinement
due to plasma transport improves, and so volume effects like radiation will
gain importance.

In Section I, we discuss impurity behavior, specifically the control
of oxygen by discharge cleaning and the identification and guantitative
measurement of tungsten radiation. In Section II, we compare the main
types of PLT discharges, classified by tungsten content and MHD instability

properties. In Section III, we discuss plasma confinement.

1. Impurity Behavior

() Low Z Impurities - The second phase of PLT operation begain with
an effort to remove oxygen (the dominant low-Z impurity) from the discharge
by low temperature discharge cleaning in hydrogen (TDC). It has been shown
by Taylor2 that TDC removes oxygen better than higher temperature dis-

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

* On leave from Fontenay aux Roses
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ohmic heating current is
throttled from ~50 kA, to
~5 kA, the exact level
being adjusted so as to
maximize the pressure of
water vapor at the pumps.
Carbon is removed
efficiently by either
method, chiefly as
methane. Table I
illustrates the re-~
duction of the relative
oxygen and carbon con-
centration effected by
the TDC method.

(B) High Z Im-
purities: Tungsten -
The priﬁary effect of
diminished light im-
purity concentration
was an increase in
radiation from the
plasma core, sufficient
to cause collapse of the
electron temperature
(Figure 2). Careful
investigation3 of iron,

chromium and nickel (wall

material) shows that their

contribution to the power

loss is not important; no

evidence of an accumulation

of iron in the center of

the discharge was detected.

Most of this radiation is
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Fig. 1 Discharge cleaning in PLT. The
partial pressure of water vapor is measured
with the mass analyser during discharge
cleaning and plotted against time.. During
the time invervals a; b, c..., indicated by
arrows at the top of the graph, conditions
were changed. The water vapor pressure is
very high when TDC (time interval c¢ and f)
is applied and very low when PDC is used
(time interval e).
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Subfigure (a) and (b) show the water vapor
reading between shots for TDC and PDC re-
spectively. The TDC shot produces water, a
PDC shot decreases water.

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

voted to a quantitative evaluation of the effect of tungsten.



In experiments at NRL4

and Oak RidgeS, strong bands
of tungsten lines around

50 ; have been discovered
which are believed to be
An=0 transitions (4d-4f)
(4p-44d) (4s-4p) from the
ionization states W XVIII
(ionization pdtential ~420
eV) to W XLVI (ionization
potential ~2400 eV).6 Also,
computer calculations of
radiative power have been
performed with the average

ion model7 which predict un-

expectedly high emissivities.

Experimentally, the
radiation has been investi-
gated with a grazing inci-
dence VUV spectrometer and

with unshielded surface

barrier diodes (USX-detectors).

A VUV spectrum is shown in
Figure 3. There are three
bands of radiation, centered
around 33, 50, and 59 i,
with the intensity in the
ratio 3:5:2, each cor-
sisting of many overlapping
lines. The broader band
(0.1<hv<1 keV) USX-detector
data are in close agreement
with the VUV results. These
diagnostics make possible
relatively exact measure-
ments of the total intensity

of the tungsten radiation.
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Table T
Gas
Discharge Helium Deuterium Hydrogen Helium Deuterium
Cleaning FDC PDC TDC ™e ™C
Date 9/28-29/76 10/5/76 2/10-11/77 3/2/711 5/4/17
Roxygen
==t 1.5% 7.58% 0.5% 0.5% 1.08
e
n
°nm, 1.8% 1.28 0.4% 0.4% 0.7%
e
z.u 3.2 5.6 1.4 2.3 1.6

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

ELECTRON TEMPERATURE

RADIUS (cm)

Fig. 2 Hollow radial profile of the
electron temperature measured by Thomson
scattering in a low density deuterium dis-
charge. In the hollow region, power loss due
to tungsten radiation exceeds ohmic heating
power input. The Zgff is relatively low,
however. Discharge conditions: Bpp = 32 kG,
Iog = 360 kA, Vog = 2.1 V, Dy, a = 40 cm,
<n> = 2.6 1013cm—3, rée = 8,65 Ma; Zeff = 2.3
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II. Discharge Types

During the first PLT phase, discharges were

classified by certain MHD instability patterns: S SRS N
I(0)

m=1 "sawtooth" discharges, "large m=2," "small sl ]
m=2," etc. During the second phase, the con-
centration of tungsten became a classifying

parameter of equal importance. The control of

tungsten concentration is thus a major consider-

PHOTONS /em®sac ar A

ation in selecting operation conditions. 1In ~~

this regard, measurements of both ion and

L 1 1

electron temperatures at the plasma edge have 2 0 .h]w
confirmed the view that there is positive

correlation between edge temperature and tung-

sten concentration. However, it is clear that Fig. 3 o VUV-spectrum

in the 50 A region,
showing the tungsten
coupled through changes in current profile, and bands centered ground
33, 50, and 59 A.

edge temperatures and MHD instabilities are

the relative importance of each has not yet
been sorted out. The mechanism for tungsten
injection alsg remains unclear: Sufficient amounts could be released either
by sputtering.from the limiter by highly stripped oxygen ions accelerated in
the sheath, or by unipolar arcs on the limiter.8 Arc Tracks, in fact, can
be seen on the limiter.

Table 2 compares five different discharge regimes which differ in the
way the plasma edge was cooled, but with similar currents and toroidal fields

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

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

temperature profiles develop reproducibly at low filling pressures after
thorough discharge cleaning with TDC. (They were sometimes observed before
TDC was applied.) The time development of the electron temperature is
shown in Figure 4. The transition from a peaked to a hollow profile at
time t=150 ms is typical although it is sometimes observed that the pro-
file can stay hollow throughout the discharge, or that a minor disruption

3/

can fill in the hole. Due to the small current (GTe 2) in the central
region, the central ohmic heating power input is smaller not only than the
total radiated power, seen by the bolometer, but also smaller than the
tungsten radiation alone (Table 2). The radiation is therefore sufficient
to maintain the hollow profile. Actually, heat must be transported into

the hollow region to make up the difference between radiation loss and
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Table 2
I/l e -7 -7
7 L W 1y J%
Peaked Sawtooth Discharge High Density | Discharge with Low Z
Hollow Discharge | m=2 Discharge |With Gas Programming | Helium Contamination
1. Working Gas Hz,Dz.He Hz,nz,llu !iz,D2 He HZ+O
H2+He
2. Discharge Cleaning TDC TDC TDC TDC PDC
PDC
3. Te(()) (keV) 5.3 0.7-1.5 1.0-2.0 0.8-1.4 1.4-2.5
(T = 0,5-0.8)
e max
4. Te(r) Hollow Peaked Peaked Peaked Peaked
Intermittent
5. n(0) (1013 em™3) 3-4 3-5 4-8 10-15 3-6
6. Zaff 2.5-5.0 3.0-5.0 2.0-5.0 =2 5.0-15.0
(From Lager)
7. té: (ms) <5 <15 <30 %50 <30
8. Tungsten Radiation ~500 ~700 ~400 ~150 ~200
(USX) -3
W(0) (mW cm ")
9. Bolometer Radiation ~B800 ~800 =400 ~400 ~400
W(0) (mW cm™3)
10. Central Ohmic Power ~200 -1100 ~1200 ~1000 ~1000
Input 3 wm ~1000
HOH(DJ (md cm™-)
11. 7T4(0) (Charge Exchange) 0.5 $0.9 s1.2 Not Measured ?
(keV)
12. Tgj (ms) 570 s100 Not Measured ?
13. Fusion Neutrons <10’ <10° <100 was 100
(sec-1)
14. MHD Instabilities m=3 m=2 m=1 me=l m=1
From X-Rays (m=2) Sawteeth Small Large
Sawteeth Sawteeth
(a) )
L~
g 79‘;;‘“'-7-:* 400 a0
o AR SEZL T 100
15 2N L 25 ”0.
MIERZZE™ % %
3! 4 57 200 S
3 7 ".'0,’0 % e 4
4 A =
- = 100
0
RADIUS (¢m)

WATTS /cem x1.9
WATTS /cem x 3

0
RADIUS (em) RADIUS {cm)

Fig. 4 Time development of a hollow deuterium discharge. (a) and (b)
plasma electron temperature Te and density n, from Thomson scattering, (c)
radiatign in the 50 & region from Abel inverted USX-data, (d) radiation in
the 14 A region from the USX detector. (The factors 1.9 and 3 on the
ordinate are corrections for detector efficiency.)
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power input. The transition from the peaked to the hollow profile is being
analysed in terms of the thermal instabilityg, with only partially satis-
factory results. From the data during the peaked and the hollow phases,
an empirical value for the heat conductivity is derived which is about the
same for both phases. The calculated heat conductivity is so large that
it inhibits the formation of the hole. Either a lowering of the heat
conductivity, possibly locally during the transition period or an enhanced
tungsten concentration in the center has to be assumed to allow the
mechanism of Reference 8 to work. These results are, however, preliminary.
Hollow discharges tend to turn into peaked m=2 discharges (Type II)
after some time of operation, often going through a period when discharges
are intermittently hollow or peaked. In the Type II discharges (Figure 5)
the central tungsten radiation
is often stronger than in hollow

discharges. The initial level,

however, is low and rises later.
Also, the oxygen content is
usually somewhat higher. The
main discharges in PLT
apparently allow oxygen to
build back up on the walls
instead of removing it as the
low-temperature discharges do;
this gradually leads to transi-

tion from hollow to peaked dis-

WATTS /cemx 1.9

charges.

(B) Programming of the

Flow of Neutral Gas - With RADIUS (cm)
careful programming of the flow

of neutral gas, the tungsten in-

Fig. 5 Time development of the
tungsten radiation in a peaked
practice, this means a high deuterium discharge.

flux can be minimized. 1In

enough initial pressure to

prevent too broad a current channel, and as much gas fed in during the
discharge as possible while avoiding disruptions. The resulting discharges
(Type III) have higher density, less tungsten radiation (Figure 6),

higher electron and ion temperatures, and may exhibit sawteeth oscillations

associated with the m=1 tearing mode.




In helium, gas programming

is especially successful, and

3 T T
3 ? 1
the central plasma density can mmmmmmmm‘ﬁmu

be increased to 1.5 X lO14 cm_3.

We have therefore grouped these
discharges in a separate

column in Table 2 (Type IV).

L]
Iy 50A (a.u.)

These discharges have the best
Hollow

confinement. The tungsten
radiation level is very much - o
reduced. In hydrogen, the

initial tungsten level is about

Peaked
the same as in helium, but it has

not been possible to keep it low % = - =3 A

TIME (sec)

during the later stages (Figure 6).
This is probably a primary reason

o
why the results in helium are Fig. 6 Comparison of the 50 A
radiation in a hollow deuterium dis-
charge (Type I) and a sawtooth dis-
deuterium. charge with gas programming (Type III).
The late rise of the tungsten radia-
tion in the deuterium discharge was
creasing the low Z impurity con- avoided in high density helium
discharges.

better than in hydrogen or

(C) Neon Injection - In-

tent, of course, reverses the
effects of discharge cleaning and
reduces the tungsten radiation. This occurs either naturally, when the
machine is dirty or when a leak opens up in the vacuum vessel, or artifically
by pulsing neon injection, as shown in Figure 7. Initially, the deuterium
discharge has a very high level of tungsten radiation. Around the time
t=200 ms, neon is injected, the tungsten radiation drops by a factor 5, and
the central electron temperature increases from 200 eV to 2000 eV.

Discharges with low-Z contamination have the highest electron tempera-
ture (up to at least 2.5 keV). However, the density is limited by dis-

ruptions to relatively low values.

III. Energy Confinement

Measurement of the increase in temperature of the limiter after a plasma
shot shows that only a small fraction (5-10%) of the total ohmic heating
input is deposited on the limiter. Bolometer measurements indicate that
70-90% of the power input goes to the wall as radiation (including a small

contribution by charge exchange neutrals). The difference, 5-30%, may

23
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represent charged particle transport

to the vacuum vessel wall but is with-

in the probable error of the measure-
ments. The predominance of radiation
losses distinguishes PLT from our

earlier tokamaks.

For the energy balance within 2k

the plasma, we encounter two situations.

In the first case, the local ohmic heating

heating power input is almost balanced

10"® PHOTONS /cm"- sec-sr

by radiation loss. This occurs in il
discharges with strong tungsten 3
radiation (Type I and II). The energy §5_
balance in a hollow discharge is shown

in Figure 8a. The curves for power o}

input and radiation track each other
closely (lower left). Plasma trans-

port plays a minor role in the overall Fig. 7 Effect of injecting
neon into a deuterium discharge

at ~200 ms. The 50 & tungsten
When tungsten radiation is small radiation decreases strongly as
neon enters the discharge (bottom).
The electron temperature rises

V), plasma heat transport plays a rapidly in the center and cools
somewhat on the outside of the
plasma column (top).

energy balance.
relative to power input (Type III, IV,

larger role, particularly in the
central region (Figure 8b). At
larger radii near the limiter, radiation loss catches up with the power
input. This outer radiation zone represents a virtual limiterlo, a highly
desirable feature for protecting the physical limiter.

"Gross" confinement times, Ty, that is total energy content (ion plus
electron) divided by total ohmic heating power, are shown in Figures 9 and
10. Figure 9 refers to discharges before TDC, and 'Figure 10 to recent
TDC-cleaned helium discharges. The best confinement times are around
70 ms, and we tentatively conclude that they follow the familiar néa2
scaling.

In order to obtain a true measure of energy transport through the
plasma, some account must be taken of radiation. All the discharges of
Figures 9 and 10 were optimized for confinement time (i.e., those of
Types III, IV, V), and the radiation from the central core in those cases

is typically 20-50% of the input power. The range is due partly to
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Fig. 8 Internal energy balance for a hollow deuterium discharge (a),
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Plotted are (top) power input and radiation loss

per cm3 vs radius, and (bottom) the volume integrals over these quantities

up to radius r.
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and a is the limiter radius.

- : : 2 . :
Energy confinement time vs n a where n, is the average density
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Fig. 10 Energy confinement time vs density for high density helium
discharges.

changes in discharge conditions, but also reflects a systematic tendency of
the bolometric measurements to give higher loss rates than VUV spectroscopy.
In these cases, then, the "transport confinement time," Wfot/Pin-Prad)' is
at least 20% higher than the "gross" confinement time, or >85 ms in the
best cases. A systematic analysis of local energy transport in a variety
of discharges is still in a preliminary stage.

For the investigation of the ion heat transport, the ion temperature
was measured with charge exchange (using a neutral beam to enhance the
neutral density in the center), with neutrons, and from the Doppler
broadening of impurity lines. A typical radial profile of the ion tem-
perature in a peaked sawtooth discharge (Type III) is shown in Figure 11.

A detailed investigation of the ion energy balance, following Stott ,
shows that neoclassical heat conduction is the dominant process in
determining the radial ion temperature profile. Charge exchange losses
must be low because of the low neutral density in PLT. Some details are
given in Figure 11 (lower right). In hollow discharges, the central ion
temperature actually exceeds the electron temperature, because of the ion

heat transport into the hollow region.



Summary

Low-temperature discharge
cleaning has been used success-
fully on PLT to reduce the amount
of oxygen (the primary low Z
impurity in the discharge). With
this reduction of low Z impurity
concentration, the highest

electron density is

l -
<ne> = 10 4 cm 3, and longest
"gross" energy confinement time
is g ~ 70 msec yielding a "trans-

port" confinement time >85 ms.
The effective ion charge, Z, has
been reduced, but larger values
of density and confinement time
have not yet been achieved in D2
discharges, and to only a slight
extent in helium discharges. Gas
injection programming must be used
to obtain these good values; other-
wise large amounts of tungsten
radiation can overwhelm the dis-
charge, causing it to develop a
hole in the radial electron
temperature profile; the
associated confinement time can
then be very low (~5 msec). It
appears likely that edge cooling of
the plasma is the mechanism that
inhibits the influx of tungsten

and makes possible the development
of discharges with 70 msec con-

finement.
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The ion temperature profile was
measured with charge exchange @
neutrons 4, and Doppler broadening
o (lower left). The ion tempera-
ture calculated with a computer
code (shaded area), using Thomson
scattering electron temperatures and
a neutral gas diffusion code which
incorporates electron ion coupling
(Qei)r neoclassical thermal con-
duction (Qpc), particle diffusion
(Qpa) » charge exchange (Qcy) and
electron ionization (Q1y) (lower
right). Plotted also are the ion
energy confinement time, TEi(top
left), the neoclassical heat con-
ductivity Kj(top right), and the
collisionality parameter v*/e

(top right).
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REVIEW OF TOKAMAK THEORY RESULTS

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

One of the remarkable achievments in controlled nuclear
fusion research was a creation of a new physical object = the
high-temperature toroidal plasma column, It lives for about
1 8 in large installations, One can manipulate with it: to
form different shapes of its cross-section, to compress and to
move the column, All this confirms the macroscopical stability
of a tokamak plasma under appropriate conditions, It is natural
that the major part of theoretical works on controlled fusion
is devoted currently to studies of processes in such a plasma
in accordance with experimental needs,

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

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

In accordance with the said above one can distinguish
three main lines in the tokamak theory: I, Macroscopically
stable plasmas; II,Macroinstabilities; III.Reactor plasmas,

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

rities; c¢) Run-away electrons; d) HF heating; e) Neutral atom
injection; f) High problem and evolution of a two-dimension-
al equilibrium, We shall consider briefly their status.

a) Iransport. As was known for a few years a classical trans-
port theory in a toroidal geometry (so-called neoclassics)
explains satisfactorily only the energy balance of the plasma
ion component., In order to achieve full agreement of calculat-




ed density and temperature profiles with empirical ones
correction factors or items are introduced phenomenologically
into one-dimensional transport codes.

Dnestrovsky and Kostomarov /1/, for example, introduce
a factor of anomality depending on the ratio 3’ of the drift
current velocity to the sound velocity into resistance é:)/é,_.(
and that with additional factors J{,)ﬁ into heat conductivity
and diffusion coefficients: Xo=y; ¥ Xneoet, 0127, D:)id Drooct
Mercier et al. /2/,/3/ use an enhanced Pfirsch-Schluter #rans-
port coefficient, the factor of anomality beingina103. A multi-
regime code by Duchs et al./4/ depending on a collision
frequency uses seven different expressions for transport
coefficients -~ turbulent ones connected with drift instabili-
ties in the range of rare collisions, pseudoclassical, and
Bohm's ones, One can find description of other codes in re-
views by Hogan /5/ and Watkins /6/. Available codes satisfy
immediate needs of physicists. But the risk always remains to
fail when extrapolating the results to reactor parameters, Far
this reason attempts are currently being made to find a more
reliable base for extrapolation in the form of tokamak scaling
laws, After the Kadomtsev's paper /T/ devoted to the tokamak
scaling laws an appreciable progress has been made by Connor
and Taylor /8/. In their paper relations between the scaling
laws for energy confinement time 7 and the model adopted for
plasma description have been established., In particular, in
the ohmically heated plasma assuming quasineutral conditions,

BT-= f'(naf afﬂy’ T-co % E(na? a 8Y) . Comparison with
empirical scaling laws helps to choose the most suitable
plasma model and thus to proceed with clearing up the trans-~
port mechanism,

As to microscopical mechanisms of anomalous losses, at
least three slightly different ones based on the drift-type
instabilities could be proposed: a turbulent one (particle-
wave-particle collisions), a classical one enhanced due to
large excursion of particles in fluctuating fields, and the
most interesting one - destruction of toroidal topology and
accordingly, of closed drift toroidal surfaces for electrons.
In the recent paper /9/ Callen has shown that a longitudinal
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current density ", s F'“ V- he(v;,~Vie) 1induced by observed
drift oscillations appears to be sufficient to generate a
transverse magnetic field responsible for destruction of
nested toroidal surfaces,
b) Impurities. During the last 2 or 3 years a number of
calculations of hot plasma energy losses due to impurities
has been carried out, Gervids and Kogan /10/ have calculated
such losses and corresponding lethal concentrations for impuri-
ties of an arbitrary atomic number Z at thermonuclear tempera-
tures in the range 10 to 40 keV.Further calculations of radiat-
ion losses /11/,/12/4/13/, and especially /14/ for a number of
mid- and high-Z impurities have covered the range of lower
temperatures Te=(0.1-10) keV where radiation losses can exceed
losses at thermonuclear temperatures by one or more orders of
magnitude., Jensen, Post et al./14/ have shown, in particular,
that a lethal concentration for tungsten is 10-2% at Te=10kev
Such a high sensitivity of energy balance to impurities
makes them one of the key problems of quasistationary toroidal
systems, A lot of recent papers are devoted to the transport
theory for both single-species impurities and multi-component
plasmas, Nevertheless, an impurity diffusion process has not
yet been cleared up completely., Recently an impurity effect
on neutral atom injection has also aroused interest. High-Z
impurities prevent neutrals from penetration inté central
regions of the plasma column,
ion process of run-away electrons generated in a tokamak
plasma in some operational regimes is developed. Pogutse and
Parail /15/ and others /16/, /17/ have not only explained re-
laxation oscillations of a diamagnetic signal observed in the
presence of a run-away electron beam but also estimated a
fraction of high energy, low parallel velocity electrons which
caused TFR liner demage /18/. The beam relaxation occurs in
two stages: 1) parallel velocity losses due to excitation of
anomalous cyclotron Doppler oscillations., This leads to a
peak in the tail of the electron distribution function respons-
ible for the following stage: 2) the further parallel velocity
losses due to development of beam instability by the
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Cherenkov's mechanism,

The problem remains concerning details of run-away kine-
tics and beam intensity.This problem becoms rather burning
with respect tolarge T-10-type devices where an electron beam
interacting witha limiter generates appreciable doses of
hard radiation.

d) HF Heating. Here I would like to mention only two
methods attracting most attention in the case of a tokamak.

Experiments of Alikayev et al., and calculations /18/,¥19/
have shown that the mechanism of electron-cyclotron heating
is linear, heating does not deteriorate plasma confinement, it
is very convinient in terms of an experiment (the powexr is
introduced along waveguides of miniature cross-section which
does not disturd the usual system geometry., The problem is
connected mainly with high power, millimetre wavelength
generators.

Heating at the lower hybrid frequency (VP
’[")Mewm'w;. /(w;".,.w”: )]"1 corresponding to a decimetre
wavelength range is as yet low effective, The theory shows
/20/,/21/,/22/ that there exist effective linear mechanisms
of lower hybrid wave energy transmission to short wavelength
oscillailons with a frequency of W-e a)ﬂ, K,/K o In the re-~
sult the plasma periphery is heated and the energy is readily
dissipated to the walls., For this reason a tendency has
appeared to use higher non-resonant frequencies for heating
/23/+ This ahould permit to transmit the HF field energy to
the plasma column center.In this case only electrons absorb
the HF field energy.In large devices with a high discharge du-
ration collisional heating of ions byelectrons is no problem,
effective plasma heating method. The following problems
connected with injection are being solved theoretically:

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

A number of calculations on instabilities in the presence
of fast ions has been done but they do not change essentially
the results of Berk et al. /26/: instabilities can be avoided
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or they cause turbulence with diffusion time much longer than
the slowing down of the beam,

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

Calculations of a fraction of neutral atome scattered
due to charge exchange and falling on the chamber walls have
shown /28/ that under reactor conditions the injection power
should be of the order of or higher than 200 keV for a neutral
atom load on the wall to be not higher than 100 W/ em®,

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

The possibility to introduce already in the nearest future
high powers into the plasma by neutral injection has aroused
an important theoretical problem: how the plasma equilibrium
will develop when one increases continuously the /3 parameter,
To answer the question one should use transport equations
which are essentially unknown, It seems, therefore, there is
no reliable basis to solve the problem of two-dimensional
evolution, But the situation is considerably facilitated when
the time of the pressure increase is much lower than the
characteristic dissipative time (skin time, energy confinement
time), In this cvase the plasma pressure dependence on the
poloidal flux P(yJ) could be calculated using adiabatic laws,
the poloidal current f£(y) is being found from flux-conserv-
ing conditions leading to conservation of the safety factor
functional dependence q(¢ ). Corresponding calculations of
equilibrium with highﬁ values of up to 15 to 20% at q(y)
changing in accordance with stability requirements from 1 on
the axis to 4 on the periphery have been carried out /29/.
These calculations became the base of the flux-conserving
tokamak concept. A somewhat unexpected and favorable result
of these calculations is that only the current density is
strongly peaked while the pressure gradient remains compara-
tively moderate. In the paper /30/ a progress has been
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achieved in the theory of two-dimensional non-flux-conserving

evolution.

II. Macroinstabilities.
Until recently hydromagnetic instabilities in tokamaks

were subdivided into 1) surface-type kink instabilities with
modes m=1,2,3,... having the largest growth rates, 2) internal
kink instabilities, m=1, and 3) local internal instabilities.
in the initisl stage of the discharge and in disruptions was
developed at first for two limiting cases: 1) free-boundary
plasmawhen outside the current channel there exist a vacuum
region of zero conductivity, 2) fixed-boundary plasma - a
tearing mode, Pogutse and Yurchenko /31/ have recently traced
the transition between these cases assuming that outside the
current channel there is a low=density plasma of an arbitrary
temperature, The increase in both the temperature and density
of an external plasma causes the widening of stability zones,
Arsenin /32/ has explained in a very simple way the fact
that observed growth rates of a kink instability are always
lower than maximum theoretical values. He has taken into
account that the going into the instability zone occurs at a
slow change of the parameter q-vaE/J (according to the change
of the current J). If T is the characteristic time of this
change than the growth rate apperes to be of the order of
JQ-(JI‘T?yh which agrees well with an experiment., The theory
explains also the oscillations preceding the instabilities,

An_internal kink mode with m=1 as well as a kink mode
are observed well in experiments by relaxational splashes of
soft X-ray radiation., These relaxations are explained well

by plasma heating, increase in conductivity and current densi-
ty, and reduction of q(0) up to the critical value each time
following the development of the instability and its stopping
due to flattening and increase of q(r) in the column center

in accordance with the Kadomtsev theory and non-linear
calculations. The calculation of the critical value of q(0)

for a kink instability in a torus has appeared to be rather
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subtle because of curvature effects.

A comprehensive criterion of stability of an internal
kink mode m=1 has been derived by Bussac et al. /33/. In
contrast to the case of a linear column the stability condit-
ion of the mode m=1, n=1 in the torus depends on the plasma
pressure, The poloidal /3 critical value varies from 0.3 to

0.1 when q(0) varies from 1 to the minimum admissible value
q(0)=0.,5 (for lower omes n=2,3,... kink modes unaffected by
curvature develop).
has not yet been identified in tokamak plasmas, Probably this
is due to the fact that the Mercier criterion for a local
plasma stability is easily satisfied under usual conditions
( a round column cross-sections, moderate values), provid-
ed q2(r)>-1. Application of this criterion to the plasma with
a rather high pressure value /G-V(Qﬂﬂ)w94af has shown that an
increase of the pressure makes the plasma even more stable
/34/. The paradox arisen - the emprovement of stability with
the increase of the thermodynamical nonequilibrium of the
plasma = no longer arises after numerical investigations of
high /@ toroidal plasma stability,.

Impressive calculations performed recently in Princeton
/35/,/36/ (see also /37/) in connection with the flux-conserv-
ing tokamak concept have found out the balooning instability
which was expected on the base of simple physical arguments.
This instability sets a limit on the plasma pressure. Analysis
of the Mercier criterion of stability umndertaken in connect-
ion with this instability by Zakharov has shown that in
contrast to the basic perturbation mode which is resonant
with respect to the given magnetic surface m/n=q coupled
modes m+1 and m-1 are not local. For this resson the Mercier
criterion is not a sufficient one for internal modes and in
fact the pressure gradient for these modes appeares to be a
destabilizing factor,

Pogutse and Yurchénko have found another reason for re-
strictions on the value: the effect of curvature on a kink
instability. This effect is linear in £= a/R and causes
the closing of the gaps of instability. The critical/ﬁ value
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ig found to depend on the current distribution and is of the
order of  a/Rg?,

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

As to a numerical value of critical it is found to
be of the order of a/Rq' and amounts to 3 to 5 %
(calculations of the Princeton and Oak Ridge groups). It can
achieve the value of 12% for specially chosen equilibria
according to Wesson (Culham).

No much progress has been achieved in theoretical
of the process development derived from experimental data
has permitted Arsenin /40/ to propose a method of its suppress-
ion by feed-back stabilization of a tearing instability which
is thought to provide conditions for a disruption.

I1TI. Reactor Plasmas.

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

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

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

The problem of protection of the tokamak reactor first




wall from sputtering by hot plasmas has been studied /42/,/43/.

Studies have shown that in the near-wall region a layer of
rather a dense and cold plasma protecting effectively the
wall and the limiter from erosion can form,

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

Another possibility of the wall protection is connected
with localization in the near-wall region of a cold dense
plasma with high-Z2 impurities = a so=called "virtual limiter”
/46/ which can be formed during the first contact of the
plasma with a material limiter covered by a readily evaporat-
ing high-~Z material, Having entered the high-Z dense plasma
the hot particles loose their energy due to excitation and
ionisation processes, Then this energy is released as X-ray
radiation which does not affect the wall.

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

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

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

Three approaches were taken in studies of impurities:

1. Determination of the plasma impurity level and mechanism
of impurity influx.

2., Use of a carbon limiter in a tokamak.

3. Construction of a divertor in a finger-ring tokamak.

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

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

Additional heating studies include investigations of HF=-
heating at frequencies near the lower hybrid resonance and at
congiderably higher frequencies, and also investigations of
neutral beam injection at a safety factor gq~2.

The experiments, described in the paper,were performed on
Tokamaks T-4, T™-3, T-12, TO-1 ( Kurchatov Institute, Moscow ),
FT-1 ( Ioffe Institute, Leningrad ) and R-0 ( Sukhumi PhTI ).

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

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

I.
The main task in the impurity problem is to study physical
mechanisms resulting in impurity transport. The absence of the
high impurity level in the center of plasma column, observed in
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all world tokamaks operating at electron densities over
5...8.1012 cm‘3, seems to give an evidence that the impurities
do not accumulate in plasma for the time of discharge. It was
shown on T=10 that the effective ionic charge in the center

Zgpp(0) is near 1 for 0.8 s /1,2/Moreover, there is indirect
evidence that Z_ r, grows towards the periphery /1/. It is natu-
ral to assume that the impurity influx to the center , if any ,
has a very small rate.

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

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

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

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




to hope that impurities are not accumulated in the center of
the plasma column at least for the discharge, which is in
contradiction with theoretical waitings. If this suggestion

is proved in further experiments it will mean that a mechanism
exists in tokamaks which decreases effectively the impurity
influx to the center.

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

chamber should be made of a light material € a low sputtering

yield. |
A divertor is another way for impurity removal. The first

divertor in the Soviet Union was made in T-12 finger-ring

tokamak /5/. It is an axisimmetric poloidal divertor. The first

experiments showed that the divertor made it possible to

increase the discharge duration and to decrease radiative loss-

es in the vicinity of the material limiter.

II.

The disruptive instability still prevents reaching a low
value of safety factor in tokamak. Considerable progress in
investigation of this phenomenon has been achieved by using
good time-resolution methods of measurement of X-radiation,
MHD-activity, loop voltage and of some other characteristics of
the plasma column. In our opinion, to understand this phenomen-
on the accurate classification of disruptions is necessary.

The classification may be offered as follows /6-8/:

1. Internal mode caused by m=0 and m=1 modes. It is manifest-
ed as sawtooth oscillations of soft X-ray intensity. External
activity of this mode is low.

2. Small disruption (SD). The negative voltage spike is of a
small amplitude. Modes of m=3 and m=4 are registered which do
not touch central region. SD begins with development of helical
harmonic with an m/n ratio near the safety factor wvalue at
limiter: m/n.c:q(aL). The perturbation is somewhat distorted
during the disruption. This means the appearance of harmonics
with higher m/n. However, the initial harmonic remains dominant,
SD is accompanied by energy losses which can be substantial.

3. Precursor. It looks like SD initiated by m=2 mode at the
periphery. This mode seems to cause the m=1 mode at smaller
radii and the latter, in its turn, seems to cause m=0 mode in
the center. The m=0 mode is the flattening of temperature and
current profiles, and therefore of the safety factor, in the
center. This flattening obviously reduces plasma stability
against helical perturbations with higher m. Poloidal field




oscillations during precursor are of a few per cent.

4, Large disruption (LD) goes through two stages. The first
stage is practically a repetition of precursor, usually differ-
ing in having a larger intensity. As in precursor, the m=1 mode
is coupled with the m=2 mode. As LD develops, this coupling
seems to be broken. Frequency and amplitude of the m=1 mode are
increased, and the safety factor profile is flattened ( the m=0
mode ). This flattening is accompanied by the m=2 perturbation
increase. The loop voltage is slightly lowered. A sharp drop of
the loop voltage happens in the second stage of LD. The m=2
mode, which is moderated, serves as a background for a harmonic
of higher m with rapidly increasing intensity. Amplitude of the
latter becomes 2 to 4 times larger than the maximum amplitude
of the perturbation in the first stage of LD. Energy losses
during LD are 2 to 3 times larger than those in SD. They are a
great part of the plasma thermal energy before the disruption.

The fact that precursor does not always develop into
destructive LD allows hope that the LD can be avoided by
stabilizing the m=2 perturbation during the precursor.
Encouraging results for such stabilization by feedback control
were obtained in R-0 (Sukhumi) /9/ and in TO-1. In both cases,
the additional m=2 helical winding was used.

IIT.

Helical perturbationsplay an essential role not only in the
disruptive instability, but at the initial stage of a discharge,
when the plasma column is formed, and in providing an impurity
flux from the chamber walls.

In /10/ the phenomena were observed,when an initial stage
of the T-4 discharge was studied, which could be interpreted as
the contraction of the current channel due to development of
the peripheral MHD-perturbations of higher modes ( m=q(a;),
n=1 ). These perturbations seem to be responsible for a skin-
effect attenuation at low densities: ﬁe<'3.1013cm-3. The
absence of current skinning at higher densities can be explaine
ed by periphery cooling due to ionization and radistion. When
the plasma column was formed under such conditions, the m=3
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perturbation and the disruptive instability were observed at
a(a;) =10. The MHD-perturbations of lower modes seem to set a
limit to the maximum plasma density /11/.

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

IV,

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

The distribution function fé in the vicinity of the thermal
energy (E~(5 to 10). T, ) follows the formula /13/:

1n £~ -€/T + 38/E(€/1)° (1)
(ED is the Dreicer fleld), accordlng to the present conception.
In Fig. 3 the curves described by (1) are compared with the X-
ray spectra registered in T-10 along three chords of the column
cross-gection /1/. One can see appearance of discrepancy
between theory and experiment at larger distances from the
center in spite of the fact that conditions for acceleration
are worse at the periphery (E/ED is smaller, Z_p. is larger). A
gimilar result was obtained in TM-3 /14/. Gurevitch et al. tri-
ed to explain this phenomenon by diffusing of electrons from
the hot central region of the plasma column. The number density
of fast electrons is larger in exponential manner in that regi-
on (see (1)) and a noticeable part of them is trapped in local
mirrors. They drift vertically to the periphery and then become
untrapped through Coulomb collisions. Thus, the distribution
function is enriched in fast electrons at the periphery.

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



V.

A large number of different factors should be taken into
consideration when interpreting charge-exchange spectra. So,
ion temperature T; in T-10 was increased from ~ 600 eV to
~800 eV when plasma selfabsorption of neutrasl atoms and drift
of locally trapped ions have been considered. At densities
ghieved in some of present tokamaks the radiative recombina-
tion of proions must be taken into account, too (Fig. 4) /15/.
The recombination will lead to an increase of the neutral
density n, in the center by some orders of magnitude in future
tokamaks. On one hand, this will deteriorate the energy
balance of the ion component; on the other hand, this improves
the perspective of Ti—measurement by neutral spectra. That is
why the direct measurements of n, in the plasma column cross-—
gsection are important. The first attempt in the Soviet Union
was undertaken by Burakov et al. on FT-1. The local measure=
ments of n, were performed there by the resonant fluorescence
method using a dye laser (Fig. 5). The %ower limit of

gsensitivity was estimated to be 10° em™3.

VI.

The additional heating methods are being investigated in
the Soviet Union tokamaks,

We were interested in frequencies mnear the lower hybrid
regsonance and considerably higher frequencies when studying
the HF-heating. The higher frequncies allow to avoid HF=power
absorption at a plasma periphery: according to the theoretical
predictions /16/ , the length to absorption due to decays is
proportional to w? and it becomes of the order of plasma
transverse dimentions at high frequencies. Absorption of HF-
power by suprathermal electrons should be expected in this
heating method. The method is promising for the heating the
bulk of electrons in large tokamaks where the energy confine-
ment time is longer than the time of maxwellization. To test
the theoretical predictions Alikaev and Il'in invesgtigated
HF-power absorption at ) = 4 Wy in the TM-3 Tokamak. An
electromagnetic wave was shown to be absorbed by electrons
with longitudinal energy g,~10 to 100 T . The loop voltage
decrease and the plasma column displacement increase, observed
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during the HF-pulse, can be interpreted as an increase of'snof
those electrons. Then the absorbed power is 20 to 40 % of the
input power. One could explain the results in terms of the
linear Landau damping, too.

The heating was confirmed when processing the results of
the experiments on heating of plasma by Alfven waves /17/. The
rise of temperature (mainly of Te) was 100 eV under HF-power
not more than 100 kW,

Neutral injection is developed on T=11. After a year break
the Tokamak was put in operation. A source without magnetic
field was installed in an injector. The injector can provide
the I £35 A, P £400kW hydrogen beam or the I£25 A, P <300 kW
deuterium atom beam. The energy of atoms E= 15 to 25 keV. The
heating studies are performed at q&2.

ViI.
The results of the Soviet tokamak research can be briefly
summarized in the following way.

1. It has been shown that in spite of the continous impurity
influx to the column periphery there is no evidence of appreci
able impurity accumulation in the central hot regions,at least
in the course of the process. Impurity accumulation is prevent
ed by an outward diffusion of ions of higher stages of
ionization.

2. The conseguence of events is traced during the disruptive
instability. The m=2 helical perturbation and the m=1 mode
induced by it are shown to be the most dangerous. They result
in a precursor which goes as a rule to a destroying large
disruption. At present the hope for suppression of the disrup-
tive instability is connected with stabilization of m=2 mode.

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

4. Continous acceleration of an appreciable part of the elec
trons does not occur as a rule. However, the electron distribu
tion funCtion is markedly deformed by an electric field. One
should take into account the existance of suprathermal elec=-
trons while measuring Te by X-ray spectiroscopy and while calcu
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lating conductivity over the plasma column cross-section.
5. The frequencies considerably higher than.QJLH seem
promising for heating plasmas in large tokamaks.
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REVIEW OF RESULTS FROM DITE TOKAMAK
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Abstract: The behaviour-of DITE tokamak is discussed in relation to the
origin, effect and control of impurities. The beneficial effects of getter-
ing the walls, a cold plasma blanket and the bundle divertor are discussed
~1, 2~ 4 and T_~ 30 ms are described. Power balance

ff E
and transport are considered for three types of dischargesj; low Z (oxygen)

and plasmas with Ze

dominated, high Z (metal) dominated and high density "pure" plasmas. Neutral
injection into the latter produces electron heating and changes the current

distribution.

ls INTRODUCTION: This paper provides an overall picture of the behaviour

of the DITE tokamak and thereby places the six more detailed contributed
papers [1-6]in context. This approach allows more emphasis to be placed

on the significance of the work for tokamak research.

The main theme is that the plasma behaviour is dominated by impurities,
unless special measures are taken to obtain "pure" plasmas. The radiative
power loss and the enhanced Zeff produced by impurities, affect the power
balance, hence the profiles Te(r) and thereby the basic transport and

stability of the tokamak.

The main achievements of the DITE programme are as follows:
(1) Control of low and high Z impurities by the divertor, (2) Control of
low Z impurities by gettering which allows, (3) High density operation with

"pure" plasma (Z

eff
limit, (4) Identification of arcing as the main source of metallic impurit-

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

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

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

2. EXPERIMENT

. = 2.87T,

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

The machine parameters are: R= 1.17 m, a = 0.26 m, B

gaps (Fig. 1).
The two neutral injectors (30 kV) deliver a total of 0.2 MW to the

~1, & ~4) and helps elucidate the nature of the density
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plasma without detectable gas or impurity influxes. A second pair of

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

The bundle divertor Mk I has operated with BT S1.0T, I=50KkA and

modification will allow B, £ 1.5T, IS 75KkA in January 1978. A full
power divertor (Mk II) is now designed and should be installed by 1979.

The normal full range of diagnostics are available as illustrated in
Fig. 1. The grazing incidence spectrograph (down to 103-) provides estimates
of impurity concentrations and direct evidence of an outward diffusion of
highly ionised species. The electron cyclotron emission is used routinely

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

For the first time the photon scattering technique has been used [7]
to measure the profile Bp(r) and hence JT(r) and q(r). The measured values
of q(r), circles in Fig. 2, agree well with those derived from Te(r), assum-

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

3. GENERAL BEHAVIOUR

The plasma parameters achieved, though not all at the same time, are
20 -3
. = < <
as follows; Teo 1.5 keV, Tio 0.7 kevV, LI 10" " m 7, zeff + 1, ¢+ 4,
Bp = 0.6, g = 30 ms (the latter two from diamagnetism). The impurity con-
centrations for normal to "pure" plasmas are estimated as nOx/ne =1 to 0.1%,

nFe/ne = 0.4 to 0.02%, an/ne = 0.2 to 0.01%.



Normal discharges in DITEL 8] have always been metal dominated and
the operating regime in current and density with gas feed is represented by
Region A of Fig. 3, delineated more fully than previously [8]. Within this
i:_eg:i.on the radiated power is an almost constant fraction of the ohmic power,
the profiles Te(r) becomé theoretically less stable as the density limit is
approached and MHD activity has a minimum near the centre of the density

range. Also within this region (2 -1) = PI/nE (Fig. 4), suggesting

that the impurity content is propoii:fonal to the input power (PI). T-ypical
experimental profiles Te(r) are shown in Fig. 5. The peaked high Z (metal)
dominated profiles changed to consistently hollow profiles later in the life
of the machine. These two profiles illustrate the thermal instability of

the centre of the discharge. Fiar <

Highz o /

cowo

] 7 ?
./ x
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A
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The two other modes of operation of DITE are also shown in Fig. 4
and 5: (1) Small quantities of low Z impurities introduced (e.g. 2% Ne;
oxygen after exposure to air) and (2) High density operation with "pure"
plasma, zeff ~ | achieved after gettering the walls, and corresponding
to region B of Fig. 3. It is somewhat surprising that the low Z, high Z
and "pure" discharges all fit the Hugill-Sheffield [9] empirical scaling
law (Fig. 6).

The bundle divertor removes a bundle of toroidal field lines, localized
in major and minor azimuth, from the torus to a separate chamber where it
is intersected by a target plate (Fig. 7). The rotational transform connects
this bundle to an annular scrape-off region in the torus. The purpose of
the divertor is to reduce the impurities by using the following functions:
(1) Unload the outgoing plasma and power fluxes from the wall onto the
target and this it does with efficiencies of 30%Z and 607 respectively,
(2) Remove the need for a material limiter because of the magnetic separ-
atrix, (3) Screen the central plasma from impurities evolved from the wall
by ionizing them in the scrape-off layer and diverting them. This it does

with efficiencies of 507 and 807 for low and high Z impurities respectively.

50kA
Typical field lines - i
non-diverted
/ Separatrix
nedl
7 - Extra-gas
7 feed
o/
/ / oo
/ N
[
— = SYS
- / |
W
o
Divertor
A\ target
Stagnation axis 0 05 t(s)
Fig.7 DITE Bundle Divertor. Fig.8 Effect of gas feed on Ou and Fem.
4, PLASMA-SURFACE INTERACTIONS CLM-P502

4.1. Low Z Impurities

Origin: The main contribution is from oxygen, as in most tokamaks, but the
level is low. It originates from surface contamination together with some

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



Effects: Radiative cooling by low Z impurities,which are stripped in the
outer regions of the plasma, produces a shrinkage of the.current channel.
Experiments with artificially high levels, from exposure of the torus to
air or the addition of 27 Neon to the hydrogen, show this effect and the
resulting high T.o with a flattened central profile out to q ~ 1 (Fig. 5).

Normal hydrogen gas feed is largely via the wall and involves increased
hydrogen recycling. Even in the normal metal dominated discharges, this
increases the desorption of oxygen, as shown in Fig. 8, produces shrinkage

of the current channel and ultimately MHD instability.

The maximum density and also containment time in DITE is determined
by this oxygen induced disruptive instability. Because the current shrink-
age towards instability is related to the balance between radiated and ohmic
power, it is not surprising that the density limit scales with ohmic current
density (= B/Rq) as in Fig. 3.

,

——

(arb * 4
units) [ M :
0 0z 04 08 i
time (s) N
oL L L 1 " L L 0
Divertor switched on » - iw®
Fig.9 Mid-pulse switch on of divertor. Fig.10 High density discharge.
[dashed lines uncertain] CLM-P502

Control: The divertor has demonstrated a 507 decrease of the influx of

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

plasma density.

Gettering only 40% of the torus wall is about 90% efficient in reducing
the oxygen influx. The discharge removes oxygen from the ungettered wall
and it is trapped in the gettered wall. The reduced oxygen desorption allows

more gas feed, increased n,, (region B of Fig. 3) and longer T (Fig. 10).




Discharge cleaning removes oxygen from the wall. In DITE a few
hundred pulses (30 kA, 30 ms) are required each day to obtain operation
within the lower density limits (A of Fig. 3). Gettering is simply a quick

and more effective way of producing a clean wall.

4.,2. High Z Impurities

Origin: Iron, molybdenum and, after gettering, titanium are the dominant
high Z impurities. They arise from direct plasma-surface contact involving
arcs. Sputtering by hydrogen is totally inadequate to explain the metal
content. Sputtering by oxygen appears inconsistent with the decreased metal
flux when more oxygen is present and the absence of any change when the

oxygen is decreased by gettering without extra gas feed.

Arc marks are clearly observed on the parts of the torus nearest to
the plasma and on the limiters. Estimates of the amount of material evapor-
ated by these arcs are not inconsistent with the amount desposited on sample
surfaces. There is clear evidence that the influx of iron is reduced by
reducing the plasma n and T near the wall. However the interaction will
probably be influenced by the violent fluctuation in the plasma near the
wall (cf § 6).

Effect: High Z impurities are not fully stripped even at the centre of the
discharge and hence radiate from and tend to ccol the centre. Measurements
showed that the spectrally integrated radiated power is a maximum on axis
for all discharges. In some cases the consequent cooling produces a hollow
profile Te(r). The X-ray anomaly factor ({) is high corresponding to

emission from high Z ions.

Control: Simply increasing the separation between the plasma and the wall
by moving the plasma away from the wall or inserting a block limiter,
decreases the density and the temperature near the wall and hence the iron

influx.

A cold plasma blanket, such as results from gas feed, or from an
influx of low Z impurities also effectively increases thé separation and
thereby reduces the high Z influx as shown in Fig. 8 and 11. The gas feed
is more than 907 efficient in reducing the iron influx, resulting in plasmas

with Ze ~ 1 and T ~ 4.

ff
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4.3. Hydrogen Recycling Fig.11 Effect on metallic fluxes. 2

Origin: The hydrogen flux into the plasma comes from two sources (i)
reflection at the wall of fast neutrals originating from the hot plasma and
(ii) desorption of neutrals from the wall surface. Studies using a deuter-
ium filling gas with a hydrogen loaded wall show that these two processes

make roughly equal contributions.

Effects: Hydrogen recycling provides the refueling of existing tokamaks
because even gas feed is mainly via recycling at the wall. Desorption gives
rise to low energy (few eV) neutrals which are ionized in the outer parts

of the plasma as shown by the peak in the Ha emission. The reflected neutrals
are more energetic (“‘Ti) and penetrate further into the plasma, depending

on the plasma density. This model and the measured Ha emission against radius
agree reasonably with neutral particle transport calculations. However,

these various studies have not yet been extended to the highest operating
densities, at which we have evidence, from neutral particle analysers, that
fast neutrals cannot get out and therefore cannot get into the core of the

plasma.

The hydrogen recycling, as we saw in paragraph 4.1, releases oxygen
and causes the current channel to contract. Even in the absence of oxygen
there would be a limit to the amount of gas which could be absorbed without

current contraction.

Control: The divertor unload function reduces the recycling by desorption
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and this is shown by the decreased outer peak in Ha(r). The screening
function further reduces the influx of slow neutrals. The fast neutrals
are affected by neither of these functions at the present low densities.
The plasma density falls when the divertor is switched on during a pulse
and the increased gas feed required to maintain the density desorbs suffic-
ient oxygen to cancel the screening action. This explains the unchanged

Z,ce [8l.

The effect of gettering on recycling is not fully investigated and

the preliminary results are not yet understood.

5. POWER BALANCE AND TRANSPORT

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

the current density is proportional to Te3/2. The power loss from the

electrons by radiation as a function of radius is measured by thermopiles,
with some calibration uncertainty, assuming that the power in charge-exchange
neutrals is negligible. Typical radial profiles for the three types of
discharge, high Z, low Z and high density are shown in Fig. 12. The notable
feature is the appreciable reduction of radiated power for the high density
"pure" discharges. However the profiles have the same form with a central
peak for all three discharge types. This is different from the typical
oxygen dominated discharges in TFR which show an outer peak. The divertor,

by reducing the high Z impurities, almost removes the central peak for 50 kA
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0.6

Low Z (oxygen)

E
Z 04 e B0
5 2
: g Hi
Z % igh Z hollow
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.3 e~ Low Z (oxygen)
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E 83 T --. =
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Fig.12 Profiles of radiated power. Fig.13 Profiles of radiated power per electron.
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discharges. These various profiles suggest that even in the so called low
Z and "pure" discharges, high Z impurities make a major contribution to the
radiation losses. Perhaps a better measure of the effect of impurities is
the radiated power per electron shown in Fig. 13. Clearly there is a
reduction of this parameter from high Z, through low Z to high density

discharges.

The difference between the radiated power profiles for low and high Z
discharge is much less than the difference between the profiles Te(r)
(Fig 5) and therefore the input power profiles. It appears that the impurit-
ies through a small change in the radiated power profile trigger a larger

redistribution of the input power.

Before calculating the thermal transport through the electrons, the
energy transfer between electron and ions needs to be calculated. This

requires a knowledge of the ion temperature profile.

Ions: In earlier experiments we demonstrated near neoclassical profiles
of ion temperature for r/a < 0.4. In the power balances reported here we
have measured only the central ion temperature and compared it with the
predictions of neoclassical theory. There is usually reasonable agreement
and then we assume the theoretical ion temperature profile, derived using

the measured Te(r), gives the energy transfer between electrons and ioms.
40
2
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Neutral Injection: The three types of discharge have been heated by injec-—

tion and full power balances performed for the high Z and "pure" cases. In
the later case the rise in electron temperature (Fig. 15) can be shown, from
the full radial power balance kFig. 16), to be unambiguously attributable to
injection heating. There is no increase in impurities during injection and
the plasma parameters return to those without injection. The change in

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

6. STABILITY

MHD: Impurities frequently dominate the power balance which determines

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

low Z with q = 1 and the disruptive density limit).

The theoretical stability of the experimental profiles has been investi-
gated using the Wesson stability code [11]. Most experimentally stable

profiles are theoretically stable. But profiles from near the density limit,



which have steeper gradients with flatter centres, tend to be marginally

stable or unstable.

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

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

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

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

cyclotron emission (Fig. 17). This
phenomenon appears to be an MHD
re-organization of the discharge but
it is not yet fully diagnosed or

understood.

The plasma near the wall is
violently unstable (An/n ~ 1) with
f ~ 200 kHz.

Micro-instabilities: There is clear

evidence from the interferometer for
measuring the electron cyclotron
emission, that there is strong,

narrow band emission at wpe even

from discharge with low runaway levels

at high densities.

Drift Waves: The theory of Duchs et
al [12] has been used to calculate,
using the experimental profiles, the
thermal flux to be expected from
drift wave turbulent transport. The
results for the three types of dis-
charge are compared with experiment
in Fig. 18. The theoretical curves

are very dependent on the experi-

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

with pause.
— — — — without pause.

CLM-P502

mental gradients of demsity. The small changes shown in Fig. 19, which are

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

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

sons are at present of doubtful wvalue.
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DISCUSSION

The DITE results provide a better understanding of the origin, effect

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

(N

(2)

(3)

(4)

The study of transport and stability in impure plasmas may be inter-
esting but may not be relevant to the properties of the pure plasmas

required for fusion research.

Relatively pure plasma with Ze ~ 1 and £ ~ 4 are produced with ease

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

produced by gas feed.

The DITE divertor controls impurities in a more satisfactory manner but
requires testing at higher operating densities, when it should produce

similar pure plasmas with Zeff 1.

Low ohmic power density machines like DITE, PLT and T10, which all
have the same BT/R, are very sensitive to impurities and larger mach-
ines will be even more sensitive. While some of these effects can be

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

S



(5)

(6)

€))
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the impurity level. However, reducing the impurity level reduces the
ohmic power input and this emphasises the need for powerful additional

heating anyway.

Powerful injection into such plasma. should allow a reasonable degree
of decoupling between the three main tokamak problems; heating, trans-

port/stability and purity.

Refueling by gas feed is closely coupled to the boundary layer and
surface interactions., An alternative independently controllable
method needs to be developed particularly for experiments using

divertors.

At present in DITE sputtering is not important, compared with arcing,
as a source of metal impurities. However, this may not be so with
better control of arcing and the higher ion temperature available with
powerful injection. Such plasmas must be used to develop methods,
such as the divertor and the other type of cold plasma blanket, to

control the influx of impurities from sputtering.

The author wishes to acknowledge his imdebtedness to all his colleagues

on the DITE project.
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EXPERIMENTS ON ADIABATIC COMPRESSION OF A TOKAMAK
PLASMA IN TUMAN -2

V.E.GOLANT
A.F,Joffe Physical=Technical Institute
Leningrad, USSR

ABSTRACT., The paper presents a review of the results on minor
radius compression of a tokamak plasma in the Tuman-2 device
(a =8 cmy, R = 40 cm, Hy= 4 kG, H _= 12 kG, Ip= 5 kA). The
experiments showed an effective compression of plasma column
and plasma heating during fast increase of a toroidal magnetic
field. Oscillations were strongly reduced in compressed column.
An essential improvement of energy confinement was found. The
maximum value of plasma pressure corresponded to F.Ia 2=2,5,
The paper includes also the description of first experiments
on the modified Tuman=2A device (Hmax= 20 kG, Ipmax= 15 kA).
INTRODUCTION. Interest in adiabatic compression of tokamak
plasmas is caused by the possibility of its application to the
production and heating of plasma column, On the other hand,
compression can be an effective method of diagnostics since it
provides a means of controlling plasma parameters and their
profiles. In recent experiments, two types of compression were
realized, i.e. a fast increase of toroidal magnetic field (mi=-
nor radius compression) /1_4/and displacement of the plasma
column along the major radius (major radius compression) /5/.
This paper presents a review of the results on minor radius

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

cludes also a description of first experiments on the reconst-
ructed Tuman-2A devicee.

DESCRIPTION OF TUMAN-2 EXPERIMENTS., Tumen-2 was a tokamak ty=-
/9/

pe device with major radius R = 40 cm, minor limiter ra=
dius a = 8 cm. The value of toroidal magnetic field during oh-
mic heating was Ho= 3-5 kG, plasma current Ip= 2=6 kA. After
ohmic heating period toroidal magnetic field was raised that to
provide compression, The maximum value of field after compres-
sion was 12 kG, its rise time ﬂ'120‘us, its decay time ~2 ms,.
First experiments were performed at rather poor vacuum
condition. They demonstrated an effective compression of a non-
stable plasma column and its stabilization after compression/B{
After improvements of vacuum conditiqns a stable tokamak type

/6/

discharge was obtained during ohmic heating « The plasma pa=-

rameters for typical ohmic heating regime at H = 4 kG, Ipa 5 kA
were following: average plasma density n = (6-8).1012 cm"? ma-
ximum electron temperature Te= 100=150 eV, ion temperature

T;% 30 eV, energy confinement time Te = 150-200 M8, B p=1.5-2,
FI = 0.5-0.7. The typical compression experiments were perfor-
med by increasing magnetic field from 4 up to 12 kG (compres=

sion degree o{ = 3), Trans-

.WKGL_
verse magnetic field was in=- [\"' ﬁ Hp

Sd
creased during compression [@P | ’! - Ol
that t t th t \ A

at to preven e outward Sv| 4 uPﬁl_,n’\——\UI
shift of plasma, caused by ‘*"M}a ,I\_,\cf

the rise of P,. The time “'éf"iS—f.lsﬂii.éistms

behaviour of some plasma cha=- Fige 1
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racteristicse is shown in Fig.1. The plasma current I_ was kept

_ P
constant by external circuit., The loop voltage U_ shows an ine=

ductance spike connected with current channel coipression. The
ﬂ]& curve was obtained from 4 mm microwave interferometer mea=
surements. Temporal behaviour of spectral lines: HF , CIII, OV
and CV permitted to estimate electron temperature, amount of
impurities and hydrogen flux. All these data together with da=-
ta obtained by laser scattering and charge exchange analysis

gave information about plasma compression and heating.

PLASMA COMPRESSION. The data on plasma density compression can

be taken from microwave measurements /6/. They give the alte=-
ration of quantity ne Sndx. During compression correspon=-
ding to the "frozen" condition the value nc must increase ~H
The experimental curves show an increase close to this predic-
tion (see Fig.1). It must be mentioned that 512 did not de=
crease after compression during decay of magnetic field. This
implies the accumulation of a plasma which can be caused by
slowing down of plasma diffusion. This cqncluaion agrees with
~2 fold decrease of hydrogen and impurities flux deduced from
spectroscopical and charge exchange neutrals measurements.
Some data on density profile during compression can be
obtained from spectral line intensity measurements if ioniza-
tion time of radiating state is essentialy longer than the ti-
me of compression /7/. Such condition was realized for OV line
in a discharge regime with a reduced current (Ip= 2.5 kA, n =

= 1.5x10 12

cm-3, Teo= (40-50)eV), The profiles of OV intensity
before and after 3 fold compression of this discharge are pre-
sented in Fig.2. The figure shows the contraction of the ine~

tensity profile and 5 fold rise of its amplitude during comp~
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CURRENT CHANNEL COMPRESSION. The data

ression. This corresponds well to the

"frozen-in" condition (ﬂ ~ nnczﬂ'o()%.
~-130u8

-300pS

6 4 2 0 2 4 6 "ew
to the simple relationship between al- Fig. 2

on current compression can be deduced
6095

from inductance spike on the loop vol=

tage curve /8/ o« The well known formula

for toroidal plasma inductance leads

teration of loop voltage and current channel radius (aI). Exe
perimental curves of loop voltage at different compression de-
gree are shown in Fig.3a. Fig.3b presents comparison between
experimental data and calculations for current,profile "frozen™
into toroidal magnetic field (a.I'v 1/'[_11--0(-%). It can be seen
that during the first half of compression period the calcula=-
tions agree well with experiments. The discrepancy in later
stage can be explai;xed by classical diffusion of poloidal mag-
netic field (Dy = c/4||-5'~4x103 em®s™! for compressed state).
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The data on field diffusion were obtained also from other ob-
servations /8/ , for instance, the absence of current compresg-
sion by emall increase of magnetic field (see Fig.3 at ol =1.2),
the early break of compression for unstable regime with smaller
conductivity. These data confirmed the classical value of field
diffusion coefficient in the conductivity range © -.--(1-5):::1015
CGSE.

DAMPING OF PLASMA OSCILLATIONS. A strong decrease of plasma os-
cillation amplitude wae observed as a result of plasma compres-

/8/

sion e This effect can be seen on

INSIDE OVUTSIDE
©oF TORUS oF ToRUS

oscillograms of U_, n_é s CIII and OV dH, dn
p |n It 3
——u/"“2z~ °~"*\h_fg_

intensity (Fig.1,3) and strongly pro=-

nounced on magnetic probe signals 0 200 tpS 0 200 £ .8
(Fige4). It must be mentioned that the I”'/\ sy N
oscillation amplitude before compres- R -
sion on the outer side of torus was ij:: 2 02 ¢ :o;ff::-“
larger than on the inner side. It is Fig. 4

in accordance with larger H p intensity which shows stronger
plasma=wall interaction. The damping of oscillations after
compression equalizes their amplitudes and make the H [ pro=
file symmetrical. This observation leads to the assumption
that the oscillations are connected with the resistive balloon
mode on the cold plasma periphery. If this assumption is true
the damping of oscillations after compression can be caused
by heating of electrons on periphery of current channel /8/ .
PLASMA HEATING., The data on electron heating during compres-

sion were obtained from conductivity, laser scattering and

spectral line intensity measurements. Fig.5 shows the rise of

- — l o L] T _-’- r\l_‘ _lﬂ.
Max-Pland:-Institut fiir Plasmaphysi®

8046 Garching
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conductivity (6‘/6'0) /6/, 1% can be seen
that the increase of 6 after compres—

sion was higher than it follows from

%"b

e
~0ol), It is difficult to explain the

2
the adiabatic law (T e~o(’§ ; 6~ 1

discrepancy by increase of Zef gince
the impurity flux drops after comprese

sion. Therefore the obtained conducti-

N & O @

3

vity rise must be caused by electron heating.

/6/

Laser scattering measurements

2 3 4
Fig. 5

A
S

gave the most reliable

data on electron heating near the axis of plasma cross sec=

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

ot

sured by scattering for typical regime before compression was

Te=(110120)ev, just after compression Te=(190330)ev and 320f«s

later T e=(28014o)ev.

The data on electron temperature profile were deduced

/1/

from spectral line measurements

o« The profile during the

period of ohmic heating was determined by location of OV and

CIII intensity maxima. After compression it became possible

to use the burnout of CV line caused
by ionization, since the ionization
time is determined by Te. The measure=
ments of burnout time at different
chords were used for determination of
Te profile. Spectroscopic data on Te
spatial distribution along major ra-
dius before and after 3 fold compres-—

sion together with laser data are pre-
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sented in Fig.6. It can be seen that the temperature profile
contracts during compression. The profile became asymmetric,
the spatial decay of T 6 was steeper on the outer side of the
torus. The electron temperature rise after compression
? /P 2 3.5 was considerably larger than adiabatic one
ec’ “eo 34
— ~
(T, /Ty, = A B2 2).
The data on ion heating were obtained from charge exchan=

/10/

ge particle analysis « The ion temperature for typical re=-
gime of compression increased from 30 up to 55 eV in agreement
with the adiabatic law.

The estimate of plasma pressure based on measured Te pro=
file, ion heating and density compression data 1eads.to }Bx =
= BjrnT/H§ = 2=2,5, This large value (PJ> 1) can cause the
observed asymmetry in T  distribution on major radius (Fig.6).
It can be shown that this asymmetry approximately corresponds
to the displacement of magnetic surfaces predicted by equilib=
rium theory /7/.

ON THERMOINSULATION OF COMPRESSED PLASMA. It has been shown
that the rise of electron temperature during compression is
larger than predicted by adiabatic law and that after compres-—
sion the temperature continues to increase during some time.
The estimates based on these data lead to the energy confine-
ment time in compressed state TE = 600-8001!5, i.es 3=5 ti=
mes longer than in the ohmic heating period /6'7/. It can be
mentioned that this result distiguishes the Tuman-=2 experi=-
ment from the major radius compression experiment on ATC in
which the stored energy and its confinement time decreased du-

11/

ring compression / « The difference can be caused by contact

of the plasma column with the limiter during compression on ATC.
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It is interesting to compare the experimental value of'té
with scaling laws obtained from different tokamak experiments
'l:'{ = 3.6x10"832H\P /12/, T:n @ 6:10"191'1a2mef /13/(7 - gec,
ne- cm'3, H-G, a -cm), The comparison for ohmic heating pe-
riod (a p= 6 cm) and for compressed state (aef' 3.5 cm) is
presented in the table (the

Comparison of T (ms)
values of a,p are taken

from T, profile). It can be Ce o LA to‘_
that the experimental [ODmic
RooR P hea~ 0e15=0.2 | 0,22 | 0.2 |3
value of t’g for compres- ting
Compe=
sed state is 3-6 times reg- 0.6=0.8 | 0,13 | 0.2 | 1.5
sion

longer than T, and T,
and only 2 times shorter
than the time of neoclassical heat transport tq’ .

An observed improvement of thermoinsulation during comp=
ression may be caused by removal of the plasma column from the
limiter. This effect was pointed out in /14/. Another possible
reason is connected with the decrease of transverse energy
transport caused by the damping of plasma oscillations.
EXPERIMENTS ON TUMAN-2, Recently the Tuman-~2 device was con=
siderably reconstructed to provide higher magnetic fields (up
to 20 kG after compression), higher currents and better vacuum
conditions. The experiments on the modifiggeggzgcqwggman-2A
were started in 1977. A stable regime of ohmic ‘achieved at H =
= 6=7 kG, Ip¢:12 kA. The maximum plasma density measured by
2=-mm interferometer in ohmic heating period was n:=2x10130m-3,

the maximum electron temperature as determined by spectroscopi-

cal and soft X rays techniques was ~300 eV. The behaviour of



n

plasma characteristics during
2 fold increase of toroidal

magnetic field (T”J‘: 0.5 ms)

Fiﬂ
f2~ kG
is illustrated by oscillog- }\/\\

ramg shown in Fig.7. Some of

them are similar to those ob=- ““3\
0% cm’

: I
tained in previous experi- i j’fﬁd\““~\

ments (Fige1)s The inductan-

ce spike on U curve and ine- Figoe T

crease of ne. lead to a conclusion that compression is close
to "frozen"™ condition. The decrease of Up after compression

and the rise of OVII intensity show an essential heating of

electrons. More detailed investigation of compression is now
in progress. Its programme includes the study of density and
temperature profiles, energy losses and plasma oscillations

during and after compression. We hope that these experiments
together with compression experiments on the Tosca device/4/
will clear up the matter of plasma thermoinsulation in comp-
ressed state.

The next step in adiabatic compression experiments will
be connected with the larger instalation Tuman=3, the const=-
ruction of which is now in finale stage. The dimensions of
its chamber will be a = 23,5 cm, R = 55 cm, the magnetic field
before compression Ho= 10 kG, after compression H,= 30 kG.
The programme includes three stages of heating: first = ohmic
heating (Ipmax= 150 kA), second - high frequency heating in
the ranges of electron cyclotron and low hybrid frequency and
third - adiabatic compression in minor and major radius (the

meximum compression degree ol = 5), Plasma density and tempe-
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rature are expected to be nz10'4 cm-s, TS 3 keV.

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

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

for numerous discussions and assistance in preparing of this

paper.
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Ohmic Heating Experiments in the W VII A Stellarator

WVII A Team

Max-Planck=-Institut fur Plasmaphysik, EURATOM-Ass,
D-8046 Garching, Federal Republic of Germany

Abstract:

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

Bo =20 - 35 kG, ‘_Co = 0.055 - 0.23, density ﬁ'e_= 5-2.5x% lOlscm_3 and
temperatures between kTe = 300 - 700 eV, kTi =150 - 300 eV. In stationary
discharges up to 500 ms, energy confinement times from 2 - 10 ms were found.

Ti (r) profile measurements show asymmetries. Particle confinement times are derived
from Hg, -measurements. The stellarator field stabilizes the discharge at qfa) = 2,

where stationary operation is possible.

Introduction

The first experimental results of the W VII A stellarator were presented at the
Berchtesgaden conference 1976 /1 /. Since that time several technical improvements
made it possible to expand the attainable parameter range. The magnetic field could
be increased up to 3.5 T. With a feedback control system of the ohmic heating trans-
former the plasma current during the discharge could be varied in a programmable way,
So stationary discharges and a maximum pulse length of 650 ms could be achieved. Also
the horizontal position of the plasma column was controlled using the signals from
magnetic coils or X~ray diodes, In order to maintain the density for these long pulses
and to build up higher electron densities a constant influx of neutral hydrogen was
necessary, This seems to indicate that recycling rates are not high enough. A system
of fast acting valves consisting of a combination of mechanical and piezoelectric
valves was used to program the neutral hydrogen flux T'(t) within a range of

10]8—]02]utoms/s.
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Diagnostics

The main parameters of the W VII A device are given in Fig, 1. This diagram also in-

cludes the diagnostic methods which have been used:

- The line density is measured by 2 mm microwaves,
- The temperature and density profi les Te(r), ne(r) are measured along a vertical line
by Thomson scattering methods. This yields a scan through the elliptical plasma

cross section under 45° to the major axis of the ellipse.

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

specfrometer,

- Also the temperature profile of ions was measured with a movable particle energy
analyzer, A 18 kV neutral beam was used to measure the ion temperature in the

plasma center,

= Hg-light emission was measured across the plasma radius and at several positions
around the torus in order to obtain the neutral particle density and the plasma

particle confinement time.

- Calorimetric measurements at the limiter and bolometric measurements of the energy
flow to the wall show that about 20% of the ohmic heating power is going to the

limiter and 80% of the power is delivered to the wall.

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

minor and major circumference of the torus,

- X-ray emission is investigated with diodes, the time dependent signals of the
floating limiter segments and probe signals at the edge of the plasma complete the

picture of transient phenomena.

Parameter Range

After one hour of cleaning discharges in a stationary magnetic field of 4 kG and a
heating power of 5 kW (50 Hz) reproducible operation with pulsed discharges is
possible, Preionization is made by a plasma gun and an additional 108 MHz (3 kW)
rf pulse of 10 = 20 ms duration, Normal filling pressure of H, is 10746, 10_4torr.
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The parameter range investigated so far is:

magnetic field Bo =2,0-3.5T

external transform 't'o =0,23 2.5-3T)
¢,=0.11 2.5-3.57)
'to =0,0553.0-3.57)
k= 0.8 (2.07)

density regime . 5x 10]2 -5x 10]3cm-

kTe (0) = 200 - 700 eV
kT, (o) = 150 - 350 eV

: 16 3
nkT & 2x10 "~ eV/cm

3 |

The plasma current was varied between 11 and 40 kA.

Several limitations prevented the extension of the parameter range. In the stationary
phase of the discharge the loop voltage could not be increased beyond 5 V because of
technical reasons thus limiting the available ohmic heating power. The attempt to
reduce the external rotational transform -{:o to zero failed because of a small radial
stray field <10 G, which shifts the plasma column in vertical direction,

Be low -to = 0,01 this shift destroys the discharge. This stray field is generated by eddy

currents which are induced by the ohmic heating transformer.

Energy Confinement

3
T = I;nekTe dv

T ) (
The gross energy confinement time of the electrons "’ \' E ~ P )
3 oH
and the total energy confinement time 7 3-'[ nk(Te L Ti) d

E

OH

are calculated from the measured ne'Te' Ti profiles. The ion temperature profiles are
rather flat and similar to the density profiles, therefore, T.~ n, was used in all cases
where only Ti(o) was measured. The diamagnetic loop, which measures the total
plasma energy content, gives values of '?.’E which are about 20% higher than those
from the prbfile measurements. The measured profiles are fitted by functions of the

Ype ¢ )= o©)
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A comparison of discharges with {o = 0.055, 0.11, 0.23 shows a pronounced

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

centre and more peaked in the case 1':0 = 0.055 (Fig.2). At nearly same plasma
current and plasma density the central temperature reaches larger values for
.ko = 0.055. In spite of this effect the energy content and the energy confinement

times are nearly the same.

The enhanced transport mechanism which flattens the profiles in the stellarator case
-L’o = 0.23 is atiributed to the sawtooth oscillations observed in the plasma centre.

This is supported by several observations:

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

f(P -P_)dv

e kadﬁ

E

shows a minimum at the radius with q =1

(see Fig.3).

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

3. The energy confinement time for the volume q & 1 as derived from the
observed amplitude of the sawtooth oscillations shows that a significant
part ( £ 50%) of the energy losses of the electrons is due to these oscilla-

tions (Fig.4).

The explanation for the flat temperature profiles is the anomalous loss which limits
the current density and also the heating power in the centre so that q (o) = 1 is

always maintained.

The minimum values of the thermal conductivity D (r) are between 1 x ]03 and
1 x ]04cm /s; these data are close to those found in Ormak and TFR, although the
temperature T _is larger in these machines, Pseudoclassical thermal conductivity

does not fit the observed data, The measured values of D (which are upper limits

E

since radiation losses have been neglected) roughly scale with n;

and decrease

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

for the studied ¢ values at currents between 15 and 35 kA. The gross energy con-
finement time of the electrons E' (r) only varies by < 25% over the plasma radius

' T'E' @ <« 'l:E(O)' Because of the condition q =1 in the centre '[E(o) can be
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connected to kTe(o) and ng (0) . The plasma data in the centre therefore determine an

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

When the plasma current is increased the total energy confinement time 'Z"E decreases
beyond a critical current which corresponds to a total rotational transform of

t @)= 0.20nd £ + ¢0) =1 (Fig.6) for € is0.055.

(o]

In the case '{'0 = 0,055 the decrease is accompanied by growing MHD modes of the
typem =2, n=1. €(a)= 0.5 could not be reached without current disruption. With
higher external rotational transform 4:0 = 0.23 the decrease of T; with current
begins beyond € (a) =0.5. Only a low activity of m=2, n=1andm =3, n=2
modes is observed, in this case the increasing effect of the enhanced transport due to
internal disruptions within the q = 1-surface is believed to be responsible for the
deteriorations of the confinement. Beyond the critical current the energy content of
the plasma drops again at low external rotational transform whereas in the equivalent
case with '\‘..’o = 0.23 the energy content W reaches higher values (see Fig.6, upper
picture). This is another indication that in both cases different loss mechanisms are

causing the deterioration of the confinement,

In a small region around < (a) = 0.5 the confinement time drops by a factor of 2,
No enhanced fluctuations are observed at the same time, therefore, a stationary

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

The energy confinement time is an increasing function of the electron density (Fig.7).
The plasma parameters are changed by varying the neutral gas inflow T' (1) with all
other parameters kept fixed (Bo =3T, a&o =0.23, [p = 26 kA). The temperatures of
ions and electrons approach each other with increasing density , therefore, a scaling
of the confinement time should include a dependence on temperature, Evaluation of
all data from the profile measurements showed a scaling of TE with nS,B (ne is the
space averaged density,) This scaling was found in a regime from

n=0,5-2.5x10 3cm-3, but temperature dependence was neglected. The absolute
values of TE vary between 2 and 10 ms. The optimum values always obtained at the
lowest possible currents are nearly equal for all cases of external rotational transform

( ‘to = 0,055 - 0.23), Although ‘to varies by a factor of 4 the stellarator field only
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A comparison of discharges with to = 0.055, 0.11, 0.23 shows a pronounced
difference in the shape of the profiles. At €°= 0.23 the profiles are flat in the plasma
centre and more peaked in the case to = 0.055 (Fig.2). At nearly same plasma
current and plasma density the central temperature reaches larger values for

-80 = 0.055. In spite of this effect the energy content and the energy confinement

times are nearly the same.

The enhanced transport mechanism which flattens the profiles in the stellarator case
-fo = 0.23 is attributed to the sawtooth oscillations observed in the plasma centre.

This is supported by several observations:

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

f(POH -P_)dV

dTe
4” Rk dr (see Fig.3).

shows a minimum at the radius with q =1

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

3. The energy confinement time for the volume q & 1 as derived from the
observed amplitude of the sawtooth oscillations shows that a significant
part ( £ 50%) of the energy losses of the electrons is due to these oscilla-

tions (Fig.4).

The explanation for the flat temperature profiles is the anomalous loss which limits
the current density and also the heating power in the centre so that q (o) =2 1 is

always maintained.

The minimum values of the thermal conductivity D (r) are between 1 x 103 and

1x 104cm /s; these data are close to those found in Omak and TFR, although the
temperature Te is larger in these machines, Pseudoclassical thermal conductivity
does not fit the observed data, The measured values of DE (which are upper limits

since radiation losses have been neglected) roughly scale with n; and decrease

with increasing temperature. A dependence on the stellarator field could not be observed
for the studied ¢ values at currents between 15 and 35 kA. The gross energy con-
finement time of the electrons 'E’ (r) only varies by < 25% over the plasma radius

' 'Z'E' @ < 'ZE(O). Because of the condition q = 1 in the centre ’Ié(o) can be



connected to kTe (0) and ne(o) . The plasma data in the centre therefore determine an

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

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

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

@)= 0.2and £ + ¢ () =1 (Fig.6) for € is0.055.

(e]

In the case 4‘.; = 0,055 the decrease is accompanied by growing MHD modes of the
typem=2, n=1, 4£(a)=0.5 could not be reached without current disruption. With
higher external rotational transform —{:o = 0,23 the decrease of Tk with current
begins beyond € (a) =0.5. Only a low activity of m=2, n=1andm =3, n=2
modes is observed, in this case the increasing effect of the enhanced transport due to
internal disruptions within the q = 1-surface is believed to be responsible for the
deteriorations of the confinement. Beyond the critical current the energy content of
the plasma drops again at low external rotational transform whereas in the equivalent
case with 'f.'o = 0.23 the energy content W reaches higher values (see Fig.6, upper
picture). This is another indication that in both cases different loss mechanisms are

causing the deterioration of the confinement,

In a small region around <€ (a) = 0.5 the confinement time drops by a factor of 2,
No enhanced fluctuations are observed at the same time, therefore, a stationary

loss in combination with island formations may be the reason for this loss,

The energy confinement time is an increasing function of the electron density (Fig.7).
The plasma parameters are changed by varying the neutral gas inflow T' () with all
other parameters kept fixed (Bo =3T, -{'o =0,23, IP = 26 kA), The temperatures of
ions and electrons approach each other with increasing density , therefore, a scaling
of the confinement time should include a dependence on temperature. Evaluation of
all data from the profile measurements showed a scaling of 'Z'E with ng'g (ne is the
space averaged density,) This scaling was found in a regime from

n=0.5-2,5x% 1013cm-3, but temperature dependence was neglected. The absolute
values of 'T_'E vary between 2 and 10 ms, The optimum values always obtained at the
lowest possible currents are nearly equal for all cases of external rotational transform

( ‘fo = 0,055 - 0.23). Although ‘to varies by a factor of 4 the stellarator field only
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changes by a factor of two. Even in the case of low rotational transform 0.055 the
stellarator field is larger by a factor of 2 than the poloidal field of the plasma current,
This might explain the relatively high confinement times in comparison with equivalent

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

lon Temperature Measurements and lon Energy Confinement

The maximum ion temperature Ti (0) has been derived from the slope of the energy
spectrum of the charge exchange (CX) flux @ as measured by a 5 channel particle
energy analyzer, Model calculations with the Duchs-code of the outgoing CX flux
have been compared with the measured slope of @ (E) at large energies (Fig. 8 ).
To obtain agreement between the calculated and the measured slope it is necessary
to assume an jon temperature Ti (o) which is up to 109 above the ion temperature as
obtained from the slope of In ﬂ/'rE" Measured values of Ti(o) are in the range of
150 to 320 eV for electron densities n_(o) from 1.5 to 5.0 x 10 e, Injecting

a neutral particle beam across the plasma and detecting the CX flux perpendicular
to the beam allows one to measure Ti (0) also from the increase of the CX signal.

A hydrogen beam of 18 kV accelleration voltage increases the neutral density by
about 1 x '[09cm“3 over a width of 3 ecm along the observation line, The flux
spectrum shows very intense lines at 6 keV and 1 keV. The origin of these is the
extraction of H3+ ions (mass 3) and most probably water or CH4 ions (mass 18 or 16),

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

does not contradict the passive measurement.

A radial profile of '!'i has been measured by measuring the CX flux spectra at different
inclination angles of the detector, Taking into account the corrections for an
elliptical plasma cross section it turns out that Ti (r) follows the density profile, but
only in the upper half of the plasma diameter (Fig.9). Below the plasma centre the
measured temperature is almost constant, This is due to the downward drift of the
high energetic ions (3> 1 keV) which are trapped in the helical mirrors. Between

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

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

the central neutral density Y (0). The calculated fluxﬁ1000= ne ni-Fi (E)(G‘v%x- Vol




has been compared with the measured flux at E = 1000 eV which leads to a neutral
density of the order of 10_8 2 . Adjusting the outgoing flux of the model culcu-
lations ’ro the measured }‘3]000 leads to a central neutral density n,, (0) = 5 x 10 cm =3
to 5 x TO em . Large n, leads to low n ; (0). The energy of the recycling particles
in the model calculation has been varied from E0 =0.05eV to 5 eV, This energy
effects the neutral density profiles and consequently the low energy part of the

CX flux spectrum, Comparison with the measurements (Fig.8 ) demonstrates that only

for E £ 1 eV can the measured curvature of the spectrum at low energies be reproduced.

The energy conflnemen’r time of the ions as experimentally obtained from

1/’( (r) = IP . rdr / S g n kT rdr is typically 5 to 15 ms in the plasma centre and
generu”y three times larger at ’rhe boundary, The neoclassical heat conduction X
together wnh an effective plasma radius d gt leads to the neoclassical conﬂnemenr
time Tnc f/x of about 100 ms for the centre (c: = 6 cm) and about 200 ms
for the boundory (@ off = = 10 em). These are roughly a Fc:cfor 10 above the measured
confinement times. To explain the measured energy losses in the centre by CX

a neutral particle density of about TOgcm"3 would be necessary. This is an order of
magnitude above the measured neutral density, Thus the energy losses of the ions in
the central region cannot be explained by neoclassical heat conduction alone. In the
outer region the energy losses can possibly be attributed to the CX losses because of

the increase of the neutral density,

Particle Confinement

We have made some attempts to measure the particle confinement time in the W VII A
device, At present we can give some estimates and point out the problems. The average

article confinement is given b dne n
P 9 4 & e -;Eg + 3 ionization rates. We assume,
P

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

measurements of impurity content and low Z . values,

eff

Measuring the absolute intensity of Hy -light, the ionization rate can be calculated
using the rate coefficients for excitation and ionization given by Johnson and Hinnov.

/2 /. Since fonization rates depend strongly on radial and azimuthal position we have
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tried to measure the ionization rate at all available ports around the machine. All
large scale devices nowadays use pulsed gas inlet systems because of low recycling or
to build up higher electron densities. These gas inlet systems are strong local sources,

which have to be taken into account for the estimation of ’fp.

To measure the radial distribution of Hy, =light we have imaged the elliptical cross-
section of the plasma through a horizontal port on to an array of 25 light pipes which
are scanned within 2.5 ms by a mechanical chopper. A rotation of 90° of this array
allows us to get information on intensity distribution in azimuthal direction to some

extent,

We also are able to view along radial chords at four additional ports. The experimental
results indicate in many cases asymmetric radial profiles of He -emission, which can
change during the discharge. For some of the discharges the asymmetry could be
attributed to sources such as an antenna which was located at this port acting as a
limiter. The asymmetric port of the emission may be as high as 30% of the total

emission at one port,

With a gos inlet system at the measuring port a very pronounced localized asymmetry
was found toward the gas inlet. Also the intensity of the centre chord was up by a

factor of 6 compared to a measurement without gas inlet at this position.

From these measurements we have estimated that with gas inlet the emission per unit
volume is about a factor of 20 higher compared to the emission without gas inlet. The
limiter was found to cause comparable emission. Rotating the light pipe array by

90 degrees we found this increased intensity to fall off along the machine with about

30 cm halfwidth,

Considering three gas inlet systems which are being used, the limiter and the measured
decay length, we estimate that about 2/3 of the particle production takes place at the

gas inlets,

We present in the following Table some first results on particle confinement time Tp

and compare ‘it to particle exchange time "1’ , defined by TA = .?.1:; , where
-
|

IndV is the total number of particles and (1) is the total external flux,
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TA should give an upper limit of the particle confinement time, since recycling is
neglected, The energy confinement time TE and peak electron densities ne(o) are

also shown.

-%=0.23 B°=3T Ip=26 kA 2k 7958 - 8053
-3

ne(o)lcm | "CAlmsl Tplmsl "[’Elmsl

1.2x10'3 15 5.3 2.9

1.8x 103 26 8.7 3.2

3.5x 1013 44 1.3 6.1

;?F; is about a factor of 3 smaller than TA' It increases with electron density as do
the other quantities. ?{; is about a factor of 2 higher than the energy confinement
time TE' Note that this is different from W Il b /3 /, where T was neoclassical

and a factor of 10 above TE' Defining a recycling coefficient TA = _II.E?; 3
€ is found to be around 0.7,

From Abel inverted symmetric radial profiles of Hx emission we can calculate the
neutral porticle density as a function of radius using electron temperature and density
from laser measurements, We find it to be ~ 3 x ]Ogcm—3 at the limiter radius and to
decrease an order of magnitude towards the centre. Because most of the intensity
originates from the outside, we cannot get numbers for the central part of the plasma
r< 4 cm by Abel inversion. Absolute measurements of the flux from charge exchanged
neutrals give numbers for n, = 108cm—3 for the central part which is to be consistent

with the neutral density obtained from Hgq measurements,

Impurity Content

For various values of 'to and ng the behaviour of zeff was studied, The measurements
of Zeff by means of the conductivity, the VUV spectroscopy and X-ray fluxes yield
very similar results. This is shown in Fig. 10 , to was varied from 0.055 to 0,23,
The central electron temperatures were from 0,3 to 0.6 keV and the toroidal magnetic
field between 2,5 and 3.5 T, The upper part shows the spread of Z posa function
of the line density, which was obtained from the central channel of a 2 mm micro-

wave interferometer, This spread of Zeff between 1 - 6.5 increases with decreasing
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electron density. However, there is no direct connection between an increase of Zeff
with decreasing density.  Also no clear dependence of the ZeFf values on the ex-

ternal rotational transform exists,

The low Zeff

electrons, as has been verified by the X-ray measurements, In general, the features

values at low electron densities are not caused by slide or runaway

of the upper figure are confirmed by the measurements of the X-ray flux through

50 u Be and the determination of the impurity content by means of the impurity line
(1032 A) of O °F,

For certain discharges the ZeFF evaluated from the X-ray flux is overestimated because
of the presence of line radiation (Fe and Mo L-lines). But usually this radiation was
less than 30% of the total continuum radiation. Since the cross sections needed for the
calculation of the X-ray continuum radiation for the Molybdenum impurity are un-

known for electron temperatures below 0,5 keV, a Z__. value, assuming Molybdenum

eff
as only impurity, has not been determined, However, these Zeff values should be

between the iron and the oxygen ZeH_.’s.

The lower part of the figure shows the Zeff value obtained by VUV spectroscopy at
a radius a 228 cm, Oxygen was the dominating impurity as verified by the VUV
measurements, This may explain the fact that the ZefF values from the X~ray fluxes

assuming oxygen present as impurity are close to the conductivity Zeff'

The dependence of the impurity content on the electron density is represented
differently in Fig. 11. The points connected by a continuous line are obtained in
one single discharge. This shows again that there seems to be no direct relation bet-

ween ZeFF and the electron density.

The oxygen density was determined in the usual way by radially scanning the minor
cross section of the plasma at the different oxygen lines, Fig.12 shows the distri-
bution of O to O 6* across the minor radius after taking into account the elliptic
plasma cross section in the Abel inversion, The resylts are similar to those from TFR
(Laussanne 1975), except for differences due to the flattening of the electron

temperature at lower values (=~ 0.4 keV). The broadening and the shifting inwards

of the peaks of the different ionization stages across the minor radius does not agree



with Coronal equilibrium calculations which shows that diffusion mechanisms must be

taken into account. .

In about 50% of the radial scans of O-line emission a strong asymmetry is observed
which could not be expldined by the geometry of the magnetic surface. This asymmetry
is mainly found in the low ionization stages O M. 0¥and decreases in the higher
stages (Fig. 13). Also during one discharge the asymmetry changes. The plasma

profiles [Te(r), ne(r)] did not show asymmetries in these discharges, but it seems that
the asymmetry of the oxygen emission is mainly localized to the magnetic surface with
q=2. It is believed that this originates from the interaction between the low ionization
stages oxygen and the neutral oxygen and hydrogen /4 /. Asymmetries of the Hy -light

emission observed in the same plane support this idea,

MHD Stability and Sawtooth Oscillations

The stability of the plasma column against the kink and tearing mode was studied with

)

a numerical code , which solves the equation for marginal stability, Cylindricial
approximation was made for the plasma column, the only stellarator effect included
was an additional term in the rotational transform € () — 'l‘.‘p + 'to = £(r). 'tp(r)

is the rotational transform of the current. As already shown by Johnson et al. / 5/ and
Shafranov et al, / 6/ for the stability of kink modes, the external transform '(:o also
has a stabilizing effect on the tearing mode, For a given current profile iz(r) the un-
stable zones become more narrow with increasing stellarator field, Also the region
where different tearing modes overlap (e.g. m =2/ n=1and m =3 / n = 2) narrows
with increasing stellarator field. Thus, the stabilizing effect of the stellarator field is
twofold: the unstable regions around <€ (a) = 0,33 and 0.5 are shifted to lower €p(r),
which means lower plasma currents and lower free energy in order to drive the kink and
tearing modes. The other effect is the narrowing of the unstable zones. Both effects
may explain, why the transition through € = 0.5 is possible with an external

stellarator field,

We have found experimental evidence for the theoretical picture mentioned above.

A first striking feature is the disappearance of m =2, n = 1 modes when € (a) gets

+) The code was developed by K, Lackner,
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above 1/2. As expected when the current profile changes to a more square profile the
m =2, n=1 reappears. For ‘to = 0.23 this can be seen in Fig.14 . The expected
change in the current density profile during the internal sawtooth disruption causes
also changes in ramplirude and frequency of the modes. The sawtooth disruption can

be seen on the lower trace as measured by the soft X-ray flux. The several MHD modes
present are identified by a proper series connection of the Be-coils. The third trace
from above shows a weak (==1.4 %o0) m =3, n = 2 tearing mode which diminishes

its amplitude == 1/2 ms before the disruption. This is supposed to be caused by a
peaking of the current channel towards the centre, Just before and after the dis-
ruption a stronger (3%0) m =2, n =1 kink mode appears. This suggests a flattening of
the current channel (square profiles) which would make the m = 2 more unstable . During

this discharge £(a)=20.58,

At lower +4£(a) the m =2, n=1 mode is mainly absent except in a very small region
around the resonant € (a) = 1/2 with a small emplitude (=21%0). A similar behaviour

of other modes near resonant 4£(a) values is also found during the current rise,

For lower values of .to the plasma is more unstable. Strongm =2, n =1 modes are
present, depending on the electron density (this conference, paper presented by
A.Weller), Couplingof m=1, n=1 with the m=2, n=1may occur; larger saw~-
tooth disruptions at q = 1 are preceded by sawteeth starting around the q = 2 surface
(predisruptions), At even lower 'Co values soft current disruptions and major current
disruptions occur (Fig. 15), The upper part shows the dependence of the relative

13

sawtooth amplitude versus density. Apart from ne.'-“.- 210 cm_3, the behaviour of
A A* / A versus n, is the same as for -to =0.23 up to ng = 3.5 ;10]3. Above this
density the m = 2 modes become progressively larger while the AA / A becomes
progressively smaller, This indicates an additional transport caused by the m = 2
mode, which has meanwhile coupled itself with and forced its freqﬁency upon the

m = 1 mode, With the increase of the m = 2 is also linked the appearance of predis~

ruptions and soft current disruptions at foe-'.c 0.027 (lower picture).

The enhanced transport is also noticed when passing through or close to
rational values of 4 (a). This can be seen from increases of the impurity content

(Fe and O), of the Langmuir probe signals (electron and ion currents) and of the



‘HF emission (correlated with sawtooth disruptions).

At the limiter voltage and current bursts are detected; side-on light signals show
simultaneous maxima, Also the bolometer signals are correlated with the transition
through rational € (@), showing an enhanced flux to the wall. In general, this
coincides with an increase of MHD activity. But close to rational values of £ (q)
the resonant mode may disappear completely. It is believed that then the mode,

however, remains present but stationary,

Summary and Conclusions

The installation of a current feedback system for the ohmic heating transformer made
it possible to study stationary discharges for more than 400 ms, The impurity content
in the main body of the plasma was found to be rather low at densities above

n= IOlscm_s. An increase of impurity content during the discharge could not be
observed. The comparison of discharges at several values of the external transform

showed the following picture:

1. With increasing external transform and plasma current the profiles are flattened

due to the increasing effect of the internal disruptions.

2, The energy confinement time increases with density as long as the temperature is

13

not reduced too much. In the regime of n=0,5~2,5x 10 c:m"3 the confinement
time reaches values between 2 and 10 ms. A dependence on the external trans-

form could not be found in the parameter range with 4:1p > 8 kA,

3. Above a critical current the confinement time drops. For to = 0,055 this re~
duction is accompanied by growing MHD modes (m=2,n = 1). Similar to ORAMK
this decrease starts at -tp(c) =0.2 (q (@) = 5). For '(’.o = 0,23 low MHD activity
is observed, so the reason for this reduction may be due to the dominating
mechanism of the internal disruptions with q = 1 approaching towards the plasma

edge,

4, Edge effects sharply localized at ¢ (a) = 0,5 deteriorate the confinement
at high extemal transform. Nevertheless, stationary discharges can be main-

tained at € (a) = 0.5. This demonstrates the stabilizing effect of the
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stellarator field on MHD activity and plasma equilibrium.

First measurements of the particle confinement time by Hy -light emission showed that

the particle confinement time is nearly twice the energy confinement time, The

difficulty in evaluating the confinement time consists in the local sources of hydrogen.

The measurements of ion temperature showed values between 150 and 300 eV. An
asymmetry of the radial temperature profiles was found which may be caused by super-
banana particles trapped in the helical mirrors. Neutral particle density in the plasma
centre is found to be of the order of 108/cm3.

Unsolved so far is the origin of the asymmetric profiles of oxygen light and H,, ~light
emission, Also the mechanism of the plasma loss at € (@) = 0.5 is not yet understood.
The experiments show, that the stellarator field modifies the plasma profiles and the

stability appreciably.

Although a direct comparison with tokamak operation in W VIl A was not yet possible,
the measurad confinement times show higher values than found in tokamaks with

similar plasma cross sections and in the same density regime.
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HEATING AND CONFINEMENT IN THE CLEO STELLARATOR

D.W. Atkinson, D. Bartlett, J. Bradley, A.N. Dellis, S.M. Hamberger
D.J. Lees, J.B. Lister, W. Millar, L.E. Sharp and P.A. Shatford

Euratom /U KAEA Fusion Association,
Culham Laboratory, Abingdon, Oxon, England

INTRODUCTION

CLEO is a conventional stellarator, having 7-field periods of 2=3
helical windings wound on a 25mm thick, stainless steel torus of mean major
radius 90 cm and bore 28 cm. When the lobes of the outermost closed magne-
tic surface (trefoil-shaped) are defined by the 13 cm radius tungsten

limiters, the resulting plasma boundary has a mean radius a=10cm.

Recent modifications have for the first time allowed operation at the
full helical winding current (120 kAT) with maximum toroidal field
B¢= 20kG; with the separatrix just inside the limiters the maximum rota-
tional transform due to the vacuum fields is %,=0.6. The computed
magnetic surfaces have been confirmed by experiment using a low velocity
electron beam. 2]'E'Iost: of the results reported here use this field configu-
ration (Igq = %—E?qu)s 66 kA), in contrast to that reported earlier(l’z)
for which restrictions on the helical winding current limited the trans-

form to v, M 0.3 at By=12.7k6 (Ieq=21KkA).

Many of the trends reported here, e.g. the improvement in confinement
at low currents, were suggested in the earlier results but the limited

operating range did not allow them to be positively confirmed.

Ohmic heating currents lasting up to 0.2s are obtained using a series
of up to 6 electrolytic capacitor banks discharged into a 12-turn primary

winding on a two-limbed iron transformer core (0.8Vs).

The principal diagnostics include: a single-channel 2mm microwave
interferometer producing a direct reading display of mean density; photon

scattering (5J ruby laser) for profiles of T, and ng, measured at
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R=90cm along a vertical radius above the horizontal median plane; soft
X-ray emission from minor radii between r=%*7cm (vertically) using
uncooled Si detectors and foil absorbers; energy spectra of neutral parti-
cles emitted beth radially and tangentially; horizontally viewed electro-
magnetic emission spectra from 30 to 300 GHz (cyclotron radiation) using
Fourier transform sﬁectroscopy; absolute H, emission from plasma regions
both close to and remote from a limiter; quartz and grazing—incidence
vacuum ultra-violet line emission; and a sensitive multi-channel 2mm inter-

ferometer used to study density fluctuations in the outer plasma regions.

OPERATION WITH OHMIC DISCHARGES

'Clean' vacuum conditions are obtained by continuous titanium getter-—
ing over about half the internal surface of the torus between discharges,
rapid discharge cleaning being necessary only following initial pump-down
The normal operating base pressure is ~ 5% 107° torr, the residual gas

consisting mainly of water vapour.

Operation at the significantly larger poloidal fields than were pre-

(1,2)

viously available allows the ready production of well-behaved, long
duration discharges whose boundary is close to the computed separatrix.
This contrasts with the operation at lower qu when it was found neces-
sary to apply a programmed vertical field proportiomal to the current Ig
in order to obtain equilibria. This is now attributed to the effect of a
leakage field from the transformer on the magnetic surfaces, whose effect

becomes weak at low I and high I,

q
Hydrogen gas is admitted from three pre-programmed electromechanical
valves. Breakdown occurs readily for initial pulsed fillings of ~10~" torr
H, and low loop voltages (V <15V) with little evidence of runaway
production, as inferred from the absence of hard X-ray and non-thermal e.m.
emission. The low wall recycling rate resulting from the gettered surface
allows the subsequent density to be controlled by a carefully distributed
gas influx. The maximum rate of density increase depends on the gas
current, too great a neutral influx quenching the discharge. For typical
pulse lengths ~ 150 - 200 ms maximum mean densities achieved in this way
range from ng ~ 3x10%cm™?® at Ig=10kA to ~ 6X 108%cem™ at 25kA,
while much lower, steady densities, e.g. f, ~ 5X 10'2em™3, can be made

reproducibly and free of runaways.
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Some typical oscillograms illustrating two operating conditions are
shown in Fig.1(a) and (b), Fig.1(b) showing the effect of too great a gas

influx which quenches the discharge.

The results quoted here have all been obtained with the vacuum magne-
tic fields chosen so as to place the separatrix just inside the limiter;
under these conditions the H, emission is not enhanced at the limiter,
indicating the detachment of the plasma from the material wall (i.e. the
plasma is defined by a magnetic limiter). This implies that the ioniza-
tion is essentially uniform azimuthally and thus allows a reasonable
estimate of the total hydrogen ionization rate, and thus the particle

confinement time Tps toO be obtained.

Electron density and temperature profiles (Fig.2) are obtained by
optically imaging different parts of the ruby laser beam which traverses
a vertical diameter at R=90cm on to the entrance slit of the receiving
spectrograph; this allows measurements between the horizontal axis and
the upper plasma boundary with a spatial resolution of ~ 1 cm. The density
distribution is always fairly flat, and similar to those found earlier
with the separatrix outside the limiter, while the temperature profile is

narrower.

Under some conditions, difficulty has been found in fitting the
observed scattered spectra to simple Maxwellian distributions, a signifi-
cantly higher temperature 'tail' being apparent — this effect is not seen
near the centre of the plasma (r=0) but is quite pronounced at radii
~ 2=4cm. Since we have not yet resolved whether this is due to a genuine
non-Maxwellian electron distribution or due to instrumental error, we show
in Fig.2(a) two limiting profiles which are consequences, (i) of fitting
the best Maxwellian to the data, representing an upper limit on the true
temperature; (ii) of neglecting the signals in the outer channels (i.e. those
associated with the higher energy electrons) and so finding a lower tempera-
ture limit. The resulting profiles are shown in Fig. 2(a). In what follows
we shall, for the sake of caution, assume that the temperature profile has
the narrower shape (ii), so that, e.g., energy confinement times based on

this profile may well be an underestimate.

Notice that the temperature profile can be measured with the laser

only along a vertical chord at R=90 cm, while the maximum current density,
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(corresponding to the self-consistent magnetic axis) could occur at
R>90cm, so that the laser measurement may well underestimate the peak

temperature when the profile is not flat.

The approximate effect of the azimuthal current on the total rota-
tional transform is shown in Fig.3 for B¢= 18.7 kG and current direction
such as to add to the transform; the contribution due to the current is
based on type (ii) temperature profiles together with the usual assumptions

on current distribution.

HEATING AND CONFINEMENT
Confinement times have been derived in the following way for the

parameter ranges given in Table I,

T, 1is the simple electron energy replacement time defined by

Ee - a1
4 e _ ._JE)
dt (W) + Tpe Ig(v Ig dt
e
where a

& 352 - A
We = 3T R, [ rn(r) Te(r) dr = An, T,

"

0
is the total electron energy, n(r) and T(r) have the forms given by

Fig.2, n, and Te are respectively the mean electron density (from inter-—
ferometry) and central temperature (laser), A then being a shape factor

taken as constant. In general the time dependent terms in the above rela-
tion were very small. Notice that, as defined, Tpe excludes ion energy and

includes inelastic collisions and radiative power losses in the power input

ket TABLE I
Parameter Range

Mean density g (em™?) 3x10* -gx10!3
Central electron temperature T, (eV) 100 - 1000
Ion temperature T; (eV) 80 - 300
Toroidal field B¢ (kG) 14-20
Vacuum transform at separatrix %, 0.6
Plasma current Ig (kA) 8-25

*Collisionality ;\); = % (electrons) 10°*-3x 107!
Collisionality 5 ':nfp (ions) 1072 - 10-!
Electron drift/thermal velocity v4/v, 0.01-0.3
Equivalent current Ieq 46 - 66

*Averaged over |r| < 5cm, assuming Z=1 .
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Generally it is found that both energy and particle confinement
improve as the current decreases and as the density increases. As a
result of this, roughly similar temperature and density can be obtained
for a wide range of ohmic heating current (in contrast to the usual situa-
tion in a tokamak where the heating and confining currents cannot be
separated). This trend is illustrated in Fig.4, which shows the electron
energy replacement time The for various currents for two sets of plasma

conditions. At the largest currents used T approaches values typical

Ee
of stellarators with Ig ~ Ioq s i.e. about those for the equivalent
tokamak(2’3). The range of values corresponding to the empirical tokamak

(4)

scaling law of Hugill and Sheffield for the total energy confinement

time
_ 0.61 1.57 _0.88
TE(ms) = 2.7 nq a B3

(n|3 =ng X 1073, a = radius in m, B3 = B¢ in kG) are shown for comparison.
However, at the lowest currents used,where the vacuum fields dominate the

transform, the energy confinement increases to significantly higher values.

The effect on Tp, of increasing the magnetic field strength for low
current discharges at roughly similar density and temperature, is shown in
Fig.5. This strong dependence (approximately TtrBé), is not, however,

found when larger currents (»20kA) are used (dashed error bars).

The overall effect of different densities, current and temperature
conditions can be seen by plotting Ty, against the drift parameter
E = vd/ve «I/n Ti. This is shown in Fig.6, which uses data from ~ 150
discharges with the same %,, but with other parameters as in Table I.

(1,5)

This plot, which is qualitatively like that found in TORSO indicates

a clear trend towards poorer confinement at large drift parameters.

Particle confinement times, obtained using hydrogen ionization rates
derived from the H, emission and neglecting any contribution from impuri-
ties, are shown plotted in the same way in Fig.7. These exhibit essen-
tially the same trend, but with absolute values considerably longer than
Tge

Ion temperatures, derived in the usual way from the neutral particle
analyzers, vary between 80 and 300eV. For most operating conditions the
measured values are within a factor of two of estimates based on the usual
Artsimovich scaling law, but at lower densities there is some indication

of enhanced ion-heating, (Fig.8).
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A comparison with the pseudo—-classical scaling law, which should
result in the proportionality
We Ig(I + qu)
is shown in Fig.9, where the earlier data has been indicated by different
symbols. This plot suggests that the apparent pseudo-classical dependence
found in the early data was fortuitous, and resulted from the experiment-
ally unavoidable inter-dependence of density and current which no longer

applies under present conditions.

Some representative plasma conditions are shown in Table II.

TABLE 1II
Shot Number 3514 4400
By (kG) 15.7 18
Ty 0.6 0.6
fi, (102 cm™?) 1.8 0.5
T (eV) | 540 + 40 620 * 80
T; (ev) 170 120
Vg V) 2.4 2.8
Ig (kA) 12.0 10.5
The (ms) 9.5%1.1 3.2%0.5
Zp 3.2 4.0
T (ms) ~ 34 ~ 30
Bd)e 1.6 £ 1073 4x 107"
TEE/TBohm ~ 100 ~ 40

PLASMA PURITY AND RESISTANCE

Absolute measurements of the soft X-ray emission spectra, made by
pulse height analysis using the cooled detector, are shown in Fig.10 for
a typical discharge condition. The emission is only slightly above that
expected for pure hydrogen bremsstrahlung with the profiles ﬁsed, the
X-ray anomaly factor being Ay =4.3 corresponding to Z,gg S1.05 (assuming
the increase is due to oxygen recombination radiation). The value of
electron temperature derived from the slope is somewhat higher than that

measured by the laser at R=90cm, consistent with a horizontal displace-

ment of the central (hottest) region.
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A comparison with the pseudo-classical scaling law, which should
result in the proportionality
We Ig(I+ qu)
is shown in Fig.9, where the earlier data has been indicated by different
symbols. This plot suggests that the apparent pseudo-classical dependence
found in the early data was fortuitous, and resulted from the experiment-
ally unavoidable inter-dependence of density and current which no longer

applies under present conditions.

Some representative plasma conditions are shown in Table II.

TABLE 11

Shot Number 3514 4400
By (kG) 15.7 18

T, 0.6 0.6
i, (10"%cm™?) 1.8 0.5
8 (eV) | 540 * 40 620 + 80
T (eV) 170 120
Vg W) 2.4 2.8
Ig (kA) 12.0 10.5
The (ms) 9.5%1.1 3.2+ 0.5
Zp 32 4.0
Tp (ms) ~ 34 ~ 30
s¢e ' 1.6 + 1078 4x 107"
TEE/TBohm ~ 100 ~ 40

PLASMA PURITY AND RESISTANCE

Absolute measurements of the soft X-ray emission spectra, made by
pulse height analysis using the cooled detector, are shown in Fig.10 for
a typical discharge condition. The emission is only slightly above that
expected for pure hydrogen bremsstrahlung with the profiles ’used, the
X-ray anomaly factor being Ay =4.3 corresponding to' Z,¢¢ S1.05 (assuming
the increase is due to oxygen recombination radiation). The value of
electron temperature derived from the slope is somewhat higher than that
measured by the laser at R=90 cm, consistent with a horizontal displace-

ment of the central (hottest) region.
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The above result also agrees with an estimate of the oxygen impurity
concentration based on the absolute emission of the OVIII resonance line

at 23 A, viz } 2x10"® em™%, so that Zoggsl.1. Photographic

Noxygen
records of grazing incidence emission lines show a very low level of metal

impurity.

The measured plasma resistance, however, generally shows a resistive
anomély ZR between 2 and 4 times larger than that calculated for pure
hydrogenic plasma (Z=1) with local conductivity given by the Spitzer
value based on the measured central electron temperature and the assumed
profile, but taking no account of e.g. trapped particle effects. The
greatest resistive anomaly occurs at low currents and high temperatures;
unfortunately the T, profiles are not sufficiently accurately known to

determine whether this anomaly is real.

ELECTRON CYCLOTRON EMISSION

Electromagnetic emission spectra encompassing the first three har-
monics of the electron cyclotron frequency are obtained, with 14ms time
resolution, using the mechanically scanned interferometer system described
elsewhere(6). A typical spectrum is shown in Fig.ll1, and is consistent
with a thermal electron distribution without enhancement due to collective
effects. The peak electron temperature derived from the second harmonié
component of the emission is always proportional (within #* 25%7) to the
central temperature measured by the laser; however, using the precise
resonance condition w=2w., to find the position corresponding to this
peak, shows it to occur some 2-3cm outwards from the geometric axis,
i.e. at R=92-93cm. Even at densities as low as n, A5X 10*2 em™3,
provided low loop voltages (V <15 eV) are used, non-thermal effects due
to runaways disappear in less than 50ms after the discharge is initiated.
When steady conditions are maintained throughout the pulse the emission

remains constant, showing that the electron temperature, within the l4ms

time resolution available, remains the same.

Temperature profiles derived on the usual assumption that the plasma
everywhere radiates as a black body are shown in Fig.12, with appropriate
laser temperature data (normalized) for comparison. However, at the low
densities for which this diagnostic has so far been employed (n< 2x 10!®

ecm™?) the plasma is insufficiently locally absorbing, except perhaps at
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Cleo Electron Temperature Profile by E.C.E. and comparison with

Thomson Scattering
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Time resolved radial profiles of electron temperature
derived from electron cyclotron emission. A compari-
son is made between the profile at 75ms and the data

used for Fig.3(a).
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the centre, for this apparent agreement to be relied on, since the low
opacity in the outer regions can lead to an under—estimate of the profile
width.

DENSITY FLUCTUATIONS

The arrangement shown schematically in Fig.13 has been installed to
observe density fluctuations in the outer region of the plasma in an
attempt to examine these as a possible cause of the enhanced diffusion at
higher plasma currents. A 2mm microwave beam about 7 cm wide traverses
the plasma, entering as an essentially plane wave and emerging with phase
variations across the beam caused: by the fluctuations. The phase is
recorded with time resolution ~ 107®s at up to 8 positions across the
beam by a set of 13 receiving antennae, wavelength and frequency spectra
of the fluctuations being related to appropriate time and position corre-

lations of the received signals.

A preliminary example of recorded signal is shown in Fig.l4 for seven
such channels. There appears to be more than one type of fluctuation
present simultaneously, e.g. the signals show coherent, harmonic oscilla-
tions at ~20kHz, well correlated for transverse distances >3 cm, and
with amplitudes &n/n ~ 37 which disappear when the current decays in the
afterglow, while at the same time incoherent oscillations, with much smal-
ler scale length and broad frequency spectra (up to 120kHz) can be observed.
Magnetic probes outside the plasma show that the 20kHz density oscilla-
tions are well correlated with fluctuations in the poloidal field, with
6Bg/Bg ~ 1%.

DISCUSSION AND CONCLUSIONS
Although there inevitably remains some residual uncertainty about the
absolute values of the electron energy replacement time resulting from un-—
certainty in interpreting the laser scattering data, the general trends are
clear, namely:
1. That the energy confinement is improved when operating at low ohmic
heating currents, i.e. with the vacuum magnetic fields essentially

determining the particle confinement in the outer regions.

2. The confinement at a given (low) current improves significantly
with the magnetic field strength, when the plasma density and

temperature are held approximately constant.
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Fig.14

Oscillograms of raw data produced by the arrangement
in Fig.13. The phase changes are shown for 7 separate
channels. Abscissa 20 us/div.
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3. The confinement is noticeably worse when the drift parameter Vd/ve’
is larger, although no physical explanation is as yet available to

justify this dependence.

4, There is a variety of fluctuations present in the outer density
region, whose relation (if any) to the confinement has yet to be

explored.

S The plasma, presumably as a result of the surface gettering, appears
to be almost free of impurity. However, under some conditions of
current and temperature the measured plasma resistance is higher
than expected. Further work is needed to ascertain whether there
is a genuine resistive anomaly or whether this reflects a constric-
tion of the current narrower than can be explained by the temperature

profile data presently available.

6. Because the temperature gradients are not yet sufficiently well known
to derive experimental heat conductivities it is not meaningful to

make proper comparison with neo-classical transport theory.

I Operation over a much wider range of parameters than was previously
possible shows that the confinement is no longer consistent with the
semi-empirical pseudo-classical scaling law found at high current

(1)

operation and a very restricted parameter range (see Fig.9).
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OHMIC HEATING EXPERIMENTS IN THE L-2 STELLARATOR
I.S. Shpigel’

Lebedev Physical Institute USSR Academy of Sciences, Moscow USSR

1. A SHORT DESCRIPTION OF THE L=2 STELLARATOR

The L=2 stellarator is a contemporary confinement device
with a vacuum chamber bakeable to 30000 and an oil=free vacuum
system, with a pumping speed of 150 litre/sec., Its basic cha=
rasteristics are shown in Table 1.

TABLE 1

Vacuum chamber ma jor radius R = 100 cm

Vacuum chamber minor radius r = 17,5 cm

Average radius of last closed magnetic surface a = 11,5 cm
Maximum toroidal magnetic field B = 20 kG

Helical winding multiplicity 1 = 2

Number of helical winding pitches N = 7

Number of magnetic field periods !I: 14

Lio)
21T
Rotational transform on last closed magnetic surface

Rotational transform on axis ¢ (o) = = 02

¢ (a) = 0,7 -0,8

Sh = — =iE 0
ear » g = 25

Base pressure in vacuum chamber 1 = 2x10-8t0rr
Interval between discharges 2 - 3 minutes
The construction of L=2 embodies a number of features,
The vacuum chamber, which does not have an insulating
break, is made of stainless steel 0,125 cm fhick. During
ohmic heating of the plasma, an induced current flows
through the chamber. However, because of the relatively

large resistance of the chamber (4x10™3 ohm) the chamber
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current is negligibly small. The vacuum chamber is fitted
with 28 pérts with metal vacuum seals. The ports are distri=
buted in seven toroidal cross-sections: 14 vertical ports
(on the top and bottom of the chamber) have an inner dia-
meter of 6cm, and of the 14 horizontal ports, the seven out=-
side ports have an inner diameter of 9 cm, while the 7 in-

side ports have an inner diameter of 2 cm,

Since the chamber has limited mechanical strength, it
is not used to support the helical winding. The helical
winding is attached by an external, inéulating structure
made up of four U=shaped rings. The helical conductors are
arranged in an uniform angle spiral with an angle of 570

with respect to the toroidal direction.

Such a large helical winding angle requires some in=
crease in the helical current in order to keep the last
closed magnetic surface inside the vacuum chamber, In this
cése the separatrix has a relatively smll ellipiticity (ra-
tio of semiaxes 1:1,5)., Furthermore, the rotational trans-
form depends strongly on radius, which is usually a charac=
teristic of Z'= 3 helical windings. Thus, the large pitch
angle of the helical winding produdces the finite rotational
transform on axis i(a) 1‘-’0,2 characteristic of an ¢ = 2
winding as well as the large shear ( & = 0,5) characteris-

tic of an [ = 3 winding.

We did not succeed in experimentally attaining the cal~
culated value mf'ﬁd:): 1,06 at a last closed magnetic sur=-
face and mean radius of 12,6 om because an m = 1, n = 1

disturbance, caused by the finite accuracy of assembly, dis=-



rupts the surfaces in the outer region. As a result, the mean

radius for & = 0,228 is a = 11,5 cm, with a rotational trans=-

form Z (@)= 0,78 on the last closed surface.

An O-shaped iron core with a flux of 0,18 volt-sec (wi=-
thout back=biasing) was used to produce the ohmic heating
current. The experiments were conducted without a material

limiter,

Figure 1 is a schematic of the diagnostic layout of L=2.
The oomplément of diagnostics allows the basic plasma

parameters to be determined in several different ways.

A mini-computer serves as a data acquistion system and
also performs preliminary data reduction in the interval bet=

ween shots.

2. GENERAL DISCHARGE CHARACTERISTICS

l. Pre=ionization was effected by UV radiation from a

powerful quartz lamp shining into one of the ports and a short

pulse of poloidal magnetic field.
The duration of the pre-ionization current pulse was
l-2msec. The presence of the vacuum magnetic field structure

produced by the helical winding allowed a plasma with an ave=

11 12cm-3

rage electron density of 10 =10 to exist at the moment

of main current start-up (i.e., lOmsec after pre-ionization).

This value of initial electron demnsity, under typical dischar-

L

ge conditions in hydrogen (p=2~a—10-5 to 2.10° torr) ensured the

subsequent growth of the average electron density to a maximum

12

value of N, = 5.10°-2.10"7cn™ in 1-2msec with very little

runaway electron production.

1
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2, One of the important parameters in plasma ohmic heat=
ing is the value of the limiting plasma current [1]). In order
to determine this limit a half-sine-wave current was induced
in the plasma. By varying the voltage on the capacitor banks
feeding the ohmic heating transformer primery winding, it was
possible to vary the plasma current over a wide range. However,
experiments showed that there is a sharp limit on the value
of the plasma current that can be excited. This critical cur-
rent Icz was found to be proportional tothe toroidal field
strength and independent of the filling pressure (see figure2).
Evidently, the limiting of the plasma current is caused by the
development of a fundamental mode of MHD instability, which
causes the plasma column to interact strongly with the chamber
walls. The resultant influx of neutral atoms cools the elec=
trons, the conductivity falls, and as a result, the current

decreases.

In figure 3 are shown +¢wo series of oscillograms, obtain=-
ed from discharges with less-than-=critical and critical cur=
rents.

It is clear that when the current reaches J}z s the in-
stability leads to extensive plasma=-wall contact. The density
sharply increases, and peaks again appear in the hydrogen and
impurity lines.

Direct evidence of the instability was obtained from
measurements with a system of sinusoidal and cosinusoidal he=
lical windings with multiplicities m=n=1l. This system would
only respond to the fundamental mode, The measurements showed
that when the plasma current attains the critical value, a

short, unipolar pulse appears on the diagnostic windings.




It should be noted, hower that the skin time of the vacuum
chamber is & 150=200 microseconds, which limits the high-
=frequency response of the diagnostic windings and thus
distorts the true signal. Analysis of the signals from both
windings shows that spatial phase of the disturbance is fix=-
ed, thus indicating that there is a plasma-current=-independent
perturbation in the stellarator magnetic field structure. We
cannot exclude the possibility that this perturbation leads to
the destruction of outer magnetic surfaces, the reduction of
the radius of the vacuum surfaces, and the reduction of the

plasma edge rotational transform to t(a) = 0,78.

3. The ohmic heating experiments were conducted with
&= 0,228, i.e, for that value of the ration of toroidal field
current to helical winding current which places the lost clos=
ed magnetic surface inside the vacuum chamber. Therefore, a
material limiter was mnot used to limit the plasma dimensions.

As has been noted, the winding law used leads to an inward

shift in major radius of 2,5=3 cm from the vacuum chamber axis,

The magnetic axis is thus a flat circle of major radius R
297,0=-97,5. The self=field of the plasma current shifts the

magnetic structure (and therefore the plasma column) outward

in major radius. As is well=known, the magnitude of the shift

4
depends on the rotational transform: A< R f ?‘where Bl is

the perpendicular field of the plasma current, and B is the
toroidal field. The maximum shift occurs on the magnetic axis,
and the minimum shift occurs on the last closed surface. For
the experimental values Eecﬂ 0,9-1,8, the shift on axis is

A%Gn=1,5-3 cm, while the shift on the last closed surface is
at(a)*0,4-0,7 om.
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In view of the small edge shift Al(a), an additional
vertical field to compensate the B, due to the plasma current

was not used.

3. OHMIC HEATING WITH QUASI=STATIONARY CURRENT

1. The basic ohmic heating experiments were performed
with & = 0,228 and a quasi=-stationary current. Typical dis=-
charge oscillograms are shown in figure 4. Shown here are
oscillograms of the plasma current IP s, the loop voltage,
average electron density, and line intensities of hydrogen
and impurity atoms. As can be seen, the current, loop voltage,
and average electron density reach steady-state values 2=3 msec
after the initiation of the discharge. The H, and CIII lines
behave similarly, and only the OVI line peaks and then falls
to a low level after 5-6msec. Towards the end of the discharge,
at 1l7msec in this case, the chordal average electron density

reaches (9-10).10120m-3.

For the regime B=12 kG, J, = 14 kA, and p=4.10'5
1 4p 1

torr, the
ohmic heating power input does not exceed 25=30 kW in the
steady-state portion of the discharge (see fig. 5). The time
devel;pment of the central electron and ion temperatures, 7} (o)
and 7}(0), and the average plasma energy is shown in fig. 6.
The ion temperature was determined by analysis of charge-
-exchange neutrals averaged over a lmsec time interval, the
electron temperature was determined by analysis of soft X-ray
spectra in the range 1,2 to 4 keV averaged over 7msec, and the
plasma energy density was determined from diamagnetic loop

measurements with the assumption of a last closed surface

average radius of 11,5 cm.
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2. The dependence of the plasma tempe wratu.re on density
is particularly interesting. Fig. 7 shows the dependence of
electron and ion temperature on average plasma demsity. As can

be seen, for F)-e = 4-5.1012(:111-3

s the central electron tempera=
ture reaches 800 eV. However, as the density increases, Fe(O)
decreases to 200 eV at Np = 16.1012om-3. The dependence of W,
the energy stored in the plasma, and T, , its confinement
time, on average electron demsity for B = 12 kG, Ip = 14 kA
is shown in fig. 8. Here is plotted the confired plasma enerw
gy, as determined directly from diamagnetic measurement (W.{,),
as calculated from the central electron and ion temepratures
and average electron demsity. In the calculations it was assum-
ed that the radial dependence of t-hese quantities is parabolic,
As can be seen, the measured and calculated energy densities

W and agree in the density range n = 7-15.10120m-3.
d s e

AR dn wibidh

Significant disagreement occures for ﬁe < 7.10
case the energy determinedfrom diamagnetic measurements ine
creases, while the calculated energy, Vs sy falls, This dis=
crepancy can be explained as a consequence of the contribu-
tion of suprathermal electrons to the. diamagnetic signal [ 2]).
The energy and relative number of suprathermal electrons in-
creases as the plasma density decreases., The agreement

between Wd and Wy which occurs for Neg & 7-15.10 2cm™3
indicates that the true distributions lp (%), T: (1) , anda N, (1)
are little different from the parabolas assumed in the calcu=

lations. In experiments on Cleo [3) and W=7a (4] it was found

that the profiles were significantly wider than parabolic.

3. In the majority of ohmic heating experiments on tokaw

maks, the ion temperature in the center of the plasma coincides
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with that given by the Artsimovich formula [ 5] :
-3 2 3
T, (o) =~ 6.10 [TBR De ev (A G, cm)

For tokamak experiments, the plasma current IP is used

expect that the thermal insulation is determined by the total
poloidal field, including the contribution of the stellarator

\
for I in the formula. In the case of a stellarator, one would
|
magnetic field. The equivalent current due to the stellarator

transform on the lasted closed surface, 'tf'_s_t(ci), and is given
5a® B
R

Iss = 5,1 B amperes, with B in gauss. The total current which

by Lg = {(@) For the L-2 stellarator with £ = 0,228,

J
field, L¢3 , is determined by the geometry and the rotational i
|
\
\
l
determines the thermal insulation of the plasma and ion tempe=
rature through the Artsimovich formula is then I_ = B(S+ 5,1)
amperes, where B is in gauss and S = Ip/B. In our experiments
the ratio S is in the range 0,9-1,8. As can be seen from these
ratios, the contribution of the stellarator field to the ther-
mal insulation exceeds that of the plasma current by a factor
of 2=5,.
In figure 9 are plotted measured central ion temperatures
— 1%
as a function of the parameter F ""’[Iz_Ene] . As can be seen,
the temperature rises proportionally with f . However, the
absolute magnitude of 7;'(0) is two times less than that pre-
dicted by the Artsimovich formula,.
Fig., 10 shows the dependence of the ion temperature on
the ratio S = —3.7['2 for three different values of toroidal
filed B. The very strong dependences 7: (o) = f (5) and

Tt-(o) = )f(_B are very striking, Thus, for S = 1,1, the ion

temperature is 65 eV for B = 9,2 kG and 120 eV for B= 16,4 kG.
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It should be noted that simultaneously increases by a fac=
16,4 \2/3
tor of g2 which is approximately the factor by which
!

the ion temperature rises.

Thus, while the ion temperature in L-2 has the same func-
tional dependence as the ion temperature in tokamaks, its mag-
nitude is two times smaller than that predicted by the Artsi=-
movich formula with the substitution of [ =/ = IP+ ];t for

I-1, .

4. Analysis of the experimental data allows us to con=

clude that when -;'%= 0 the electron density, light impurity
line intensity, central electron temperature, and electron
temperature determined from conductivity measurements all
remain constant for the duration of the falt-top current pulse.
If the impurity contribution to the charged particle popula=
tion is neglected, it is possible to derive from the data a
source function. Assuming stationary source and electron den=
sities, it is then possible to determine the local and integral
electron confinement time,

For known or given profiles of 7, (%) and lp (T) , it is
possible to calculate, in the case of multiple charge exchan-
ge, the neutral hydrogen density profile /N, &9 [61_'] The ab=
solute scale can be determined to within + 50% from absolute
measurements of the neutral hydrogen flux or of the lﬂ‘ line
intensity. The first set of measurements gives the neutral
density in the central region with greater accuracy while the

second set gives the neutral density at the plasma edge.

Fig. 11 shows the calculated profile no(1J , Wwith abso=

*In the present calculation, it is assumed that ne (%) and

Ty~ 1 = —:fz-
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lute value at T = 0 determined by charge exchange measurements.
Also shown is the neutral demsity, N, () , determined from
spectroscopic measurements. As can be seen, the charge exchange
and spectroscopic measurements are in close agreement. This
justifies the assumptions made in calculating N, ()

In the same figure is also shown the radial dependence of
the particle confinement time, T,(%), which is calculated
neglecting the impuritiy contribution to the electron popu=
lation and under the assumption of steady-state /7, (t) and

Ne (L) . The particle confinement time at a radius of 0,%a =
= 10 cm is l5msec. for B = 12,4 kG.

In figure 12 is shown the toroidal field dependence of
the particle confinement time on-axis and at a radius of
0,9a = 10 cm. The calculations were done under the assumptions
already described. The analysis shows that the particle con=-
finement time is proportional to the magnetic field raised to
a power greater than 1, and that for B = 16,4 kG T, (0,9a)<=
& 20-22msec. The dependence of Tp (0,9a)was determined at a
current of 10 - 14 kA, and that of Tp (0) for currents 8 to
22 kA.

5. An important characteristic of the thermal insulation

of the plasma is the energy confinement time T, _ﬁk/p where

W = f"’ (T*'T)dvls the energy contained in the plasma and
'P=IPU is the ohmic heating power,

In figure 13 is shown the dependence of the energy con-
finement time on toroidal magnetic field for IP = 12=13 kA,
as determined from diamagnetic measurments and as calculated
using the average electron density, central ion and electron

temperatures, and the assumption of parabolic profiles. The
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confined energy increases from 120 to 350 joules, i.e., by a
factor of three, as the magnetic field is increased from 9 to
16,5 kG. The dotted curve represents the pseudoclassical pre=-
diction for emergy confinement [7,8] W~ IP ('Bst+'31)calculated
with the coefficient C2= 10. The difference between the two
confined energies determined from diamagnetic measurements
and calculated from Ng , 7;(0) , and T¢ (0) is relatively
small, and their dependence on the toroidal field coincides
both functionally and in magnitude with the pseudoclassical
predictions (dotted line in fig. 13) in which the total polo=-
idal field ‘Bx ‘.B_,t "'BI is included.

The P(B) and W (B) data allow us to construct Te (B),
which is also shown in fig. 13. The energy confinement time
increases faster than linearly with the magnetic field. The
magnitude of TE for B=1l2 kG agrees with the empirical law
Te= 4.10°a*B,  [9].

If the magnetic field is held constant as the current is
raised, TE at first rises, but after reaching a maximum value

'[at S = l,3], falls (see fig. 14)., The ohmic losse P (see
Fig. 5) in the interval of current variation S = 0,9=1,3
remains practically constant, but with further increasing cur-
rent P increases sharply, reaching 100=200 kW at S = 1,8,

Under the same conditions the behaviour of W (I )differs
significantly from that of the ohmic heating power. At first,
the plasma energy grows almost proportionally with the current,
but atS=13( IP = 17 kA) the growth of plasma energy stops, and
with further increase in current the energy begins to decrease.
At a current of 20-22 kA the energy confined in the plasma is

about one=half the maximum value, In contrast to P and \n/ the
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seen, the results obtained on these three device fall on a
straight line proportional to this parameter., The slope of
the line is one=half the slope of the corresponding line for
tokamaks.

It is striking that the energy confinement times of these
three devices differ markedly. Fig. 16 shows the dependence of
TE on o , the ratio of the average electron drift wvelocity

—

o P
Yax Zfn,ds

can be seen, the ener confinement time increases as < de=
’ g8y

to the average electron thermal velocity Y3, . As

creases. In [10] it is shown that the particle confinement ti=
me depends significantly on the wvalue of o |, Such a strong
dependence of TE on o indicates a significant transport of
energy out of the plasma by convection.

In all of the stellarator experiments it has been noted
that an arbitrarily large ohmic heating current cannot be ob=
tained. The current is limited by Kruskal=Shafranov condition
that the total rotational transform iz < 4 . This means
that, in spite of its effectiveness, the ultimate capabilities
of ohmic heating in stellarators are limited. Further progress
in attaining better plasma parameters must be achieved through

use of current=less heating.

CONCLUSION

l. The goal of this paper was to give a review of the
current status of experiments on the L-2 stellarator and to
compare the L=2 results with those of other stellarators. In
these experiments high density plasmas with 3e== 5-20.10120111’"3

are obtained. The central electron temperature is 800=200 eV,

while the ion temperature is 60=-120 eV. The energy confinement
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central electron temperature changes only slightly as the cur-
rent is raised from 12 to 22 kA, It may be possible to explain
the dependence shown in Fig. 14 by supposing that, for cur=-
rents greater than 16-17 kA (§ > 1,3), the plasma column
shrinks, due to the development of instabilities in its outer
regions. This leads to a comnstriction of the current channel,
an increase in gas influx from the walls, an increase in power
input, and, as a reéult, a reduction in ZTF . At the same time
C(O)can remain unchanged, since, although the energy confine=
ment time decreases, the power input to the plasma increases

significantly (2-4 times).

4., COMPARISON OF EXPERIMENTAL RESULTS FROM THE L=2,

CLEO, AND W-7A STELLARATORS

Data presented in this and in an earlier paper [1l] in-
dicate the confinement of the L-2 stellarator plasma ig good.

The long energy confinement time of 6=12msec achieved in
L=2 can be attributed to the significant contribution of the
poloidal component of the stellarator field to the thermal in-
sulation of the plasma. As has already been shown, for 9 < 1,0~
~1,2, this component is about five times larger than the polo=-
idal field of the current, and for 1; = 15 kA, it reaches
Bg; = 1,2 kG. Other work [1,3,4] has also shown the importance
of the stellarator poloidal field.

However, in stellarator experiments [1,3,%4,6 ] the ion
temperature has been found to be about one=half the value ex=
pected from the Artsimovich formula. In figure 15 the central
ion temperatures of the Cleo, W=7A, and L-2 stellarators are

2_ 1
plotted versus the parameter [B R ng (15{: ¢ IP)] . As can be
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time reaches 8=12msec, The energy density averaged over the

x5 eV/cm3 for a total plasma

plasma cross=~section is 6=7.10
energy of 350 joules. All of these results were obtained at
relatively low magnetic fields of B=9-16 kG with an ohmic

heating current of 10=20 kA,

2, The results listed above show that the plasma tempe=-
ratures and energy confinement times attained in L=2 can only
be attributed to a significant influence of the poloidal com-
ponent of the stellarator field.

The presence of a significant rotational transform creat-=
ed by the helical winding on the one hand increases the MHD
stability of the plasma column for values of totoal rotational
transform ﬁz-é 4', but at the same time limits the plasma cur-
rent, and therefore the ohmic heating power input to the plas~

ma, This limits the maximum electron and ion temperatures.

3. Analysis of the Cleo [ 3,11] and W=7A [ 4] experiments
in which the stellarators were operated as tokamaks with out
stellarator fields shows the importance of the poloidal stel~
larator field.

These experiments showed that when these devices were
operated as tokamaks, the plasma parameterswere significantly
lower than those achieved in stellarator operation. The con-
clusions drawn in the papers [3,4,11] unequivocally show the
significant contribution of the poloidal stellarator field to

energy confinement.

4, Along with this, it is necessary to note the relative-
ly low ion temperature, one=half the Artsimovich value, obtain-
ed in these stellarators. A possible explanation of this may

be enhanced losses due to charge exchange or diffusion.



123

Experiments on the Levitron [10] have shown the importan=

ce of convective losses. Certainly the presence of an electron

drift velocity due to current flow effects the particle and

energy confinement times.

In conclusion, it is the author’s pleasant duty to express

his deep gratitude to the members of the L=2 stellarator group

for many useful discussions.

(1]

[2]
[3]

(4]

[5]
[6]
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THE MIRROR MACHINE PROGRAM IN THE USA
by
F. H. Coensgen

Lawrence Livermore Laboratory, University of California

Livermore, California USA

ABSTRACT: As the result of recent experiméntal progress, theoretical
advances, and the emergence of new approaches to the improvement of mirror
confinement, the mirror approach has become the principal alternative to
the tokamak in the USA magnetic fusion program. Emphasis is now centered
on the Tandem Mirror and Field-reversed Mirror Concepts, which theoreti-
cally can obtain Q values of five or more.

INTRODUCTION: Recent progress in the mirror fusion program (see Table 1)

includes a series of favorable advances in the 2XIIB experiment and the

Table 1. Recent Highlights in the Mirror Fusion Program

July 1975 2XIIB plasma stabilized; lifetime increased
' 10-fold; mean ion energy of 13 keV.

July - December 1975 Theory of 2XTIB stabilization developed;
predictions of this theory guide Mirror Fusion
Test Facility (MFTF) design.

October 1975 Simple method of "startup" in a de magnetic
field demonstrated: mneutral injection on a
cold-plasma stream.

February 1976 High B achieved (peak B =~ 1.2 to 1.6); raises
hope for field-reversal concept.

March - September 1976 MFTF proposed and approved by ERDA.

July 1976 - April 1977 Tandem mirror idea for high-Q reactor

' introduced, favorably evaluated at LLL. TMX
proposed and approved.

December 1976 to date 2X11IB field-reversal experiments yield 50%
greater diamagnetic signal and maximum electron
temperature to 140 eV; neutral-beam current
being increased beyond 500 A for further

experiments.
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development of a theoretical model that accounts for observed plasma be-
havior in 2XIIB and other mirror experiments. This theory provides scaling
laws for extrapolating of present experiments to larger devices.

These advances, together with the emergence of new approaches to the
improvement of mirror confinement, have led to increased planning and con-
struction of magnetic mirror systems in the USA. The USA mirror program

(shown in Table 2) includes several university experiments as well as

Table 2. USA Mirror Research Facilities.

Cornell University — Field-reversal experiments in a mirror machine using

energetic electron beams to form electron rings. Working on production
of intense bursts of energetic ions to be used in field-reversal experi-
ments to either directly reverse the field in a mirror machine or to
produce the reversal by subsequent compression of the trapped ion ring.

Massachusetts Institute of Technology — Investigating a possible means of

stabilizing the drift cyclotron loss cone (DCLC) mode. Idea is based on
Ioffe's interpretation of PR-6 and -7 results. In the MIT experiment,
electron beams will be used to generate rf fields within the plasma that
will heat a portion of the electrons until they become magnetically con-
fined and serve to produce a depression in the ambipolar potential. It
is expected that low-energy lons trapped in this depression will
partially fi1ll the loss cone and thus suppress the DCLC instability
mode.

University of California at Berkeley — Constructing a new, multiple mirror

facility that is fully stabilized against MHD interchange mode and in
which the density decay time is long enough to observe any residual MHD
instability. The loss cone is nearly full in thié device, which should
suppress mirror-associated microinstabilities.

University of California at Irvine — Planning an experiment to test the

possibility of stabilizing the MHD interchange modes by "line tying"
only the plasma boundary through a cold-plasma blanket that surrounds
the hot plasma.

University of California at Los Angeles — Planning to produce a collision-

less, mirror-confined plasma with radial density gradients confined to a
surface region to test the prediction that the DCLC mode will be local-

ized in boundary region.
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Table 2. Continued

University of Wisconsin — Planning to build a tandem mirror experiment in
which the ions are heated by low~frequency rf rather than by neutral
beams. '

Lawrence Livermore Laboratory — Operating the neutral-beam-injected 2XIIB

experiment. Constructing a tandem mirror experiment (TMX) to be com-
pleted by October 1978. Constructing the Mirror Fusion Test Facility
(MFTF) to be completed in 1981.

Los Alamos Scientific Laboratory — Operating a field-reversed theta pinch

which produces field reversal for 20 us or more and which shows
increased electron temperature when the field lines close.

Naval Research Laboratory — Pursuing two field-reversal experiments. In

one, a 50- to 70-ns burst of 1-MeV ions is to be cusp-injected into a
low-ratio mirror field. In the other, an electron ring is formed by
injection of a burst of relativistic electrons that induce an ion "back

current."

The electron current decays in 60 ns, leaving an ion ring
current that reverses the magnetic field. Field reversal persists for a
time (5 us) consistent with resistive diffusion and cross-field
diffusion times.

Qak Ridge National Laboratory — Operating electron bumpy torus (EBTI),

which is a toroidal mirror experiment. Increasing rf power to convert
EFTI to EBTS and planning a larger experiment called EBT II.

United Technologies Corporation — Preparing an experiment to explore

stabilization of the DCLC instability. Electron cyclotron resonant
heating is used to generate a population of energetic, magnetically
confined electrons that will depress the plasma potential in the plasma

interior to confire low-energy stabilizing ions.

installations at the Lawrence Livermore Laboratory (LLL), Los Alamos
Scientific Laboratory, Naval Research Laboratory, Oak Ridge National
Laboratory, and the United Technology Corporation.

As a candidate for a fusion power plant, a mirror system offers a number
of advantages, including high beta, the possibility of steady-state oper-—
ation, small unit size, and natural divertor action along the open field
lines. This divertor action precludes buildup of impurities, somewhat
reduces wall loading, and makes practical the direct conversion of the

energy of escaping plasma and charged reaction products to electricity.
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The major disadvantage is the relatively poor particle confinement,

leading to a power amplification factor Q of about unity even if stability

is achieved. Augmented by a blanket of uranium or thorium, such a system

might provide an attractive fissile fuel breeder or hybrid fission~-fusion

[1]

reactor.

As a pure-fusion reactor, it would have to operate as a driven

power amplifier with a large recirculating power fraction requiring very

efficient energy recovery and high heating efficiency in order to produce

net power.

Emphasis in the mirror program is now centered on new concepts that

theoretically can obtain Q values significantly larger than that of previ-_

ous mirror reactor designs.

Q is defined as the ratio of fusion power out-

put to the injected neutral-beam power required to sustain the plasma

density and temperature. From among the possibilities[z] for enhancing Q

in mirror machines, the Tandem Mirror and the Field-reversed Mirror

Concepts have been selected as the basis for the LLL mirror program.

Theoretically, both concepts can obtain Q values of five or more. During

the next 5 years, the largest USA mirror facilities will be 2XIIB, a tandem

mirror experiment (TMX), and a large mirror facility called the Mirror

Fusion Test Facility (MFTF).

The specifications of these three machines,

which will all be located at LLL, are compared in Table 3.

Table 3. LLL Mirror Facilities.
TMX
2X11IB (end plugs) MFTF
Magnetic field 7 kG 10 kG 20 kG
(midplane)
Field duration 10 ms Seconds dc
(superconducting)
Length between 1.6 m 1.15 m 3.2 m
mirrors ;
Injection current 600 A 550 A/plug 750 A
maximum maximum (sustaining beams)
Beam accelerating 20 kv 20 kv 80 kv
voltage (some 40 kV)
Beam duration 10 ms 25 ms 500 ms
(first beam set) (later, seconds)
Date operational Operating October 1978 October 1981

(proposed)

(proposed)




133

RECENT PROGRESS: Experimental progress at LLL was made possible by modify-

ing the 2XII experimental facility to incorporate a system of 12 neutral

[3]

beams, each designed to inject 50 A of deuterium atoms into the con-
tained plasma at energies of up to 20 keV in 10-ms pulses. First experi-
ments with the new 2XIIB facility were carried out in January 1975.
Research centered about identifying and eliminating the source of micro-
instability that had limited confinement times to a few hundred micro-

[4]

pointed to the drift cyclotron loss-cone
[5,6]

seconds. Experimental evidence

(DCLC) instability. Following the lead of an earlier theory and

[7]

experiments, a low-energy plasma stream was injected along magnetic
field lines into the contained energetic plasma in an attempt to‘partially
fill the loss cone and stabilize the DCLC mode at a low level of turbu-
lence. In a period of a few months (see Table 1), the principal issues of
the Mirror Program — control of microinstability, scaling of nT with
energy, and startup in a dc magnetic field — were addressed with favorable
results. Details of this work are reported in Refs. [8] thfough [11].

An alternative technique of providing cold ions for suppression of the
DCLC mode uses electron cyclotron resonant heating (ECRH) to heat electrons
in the mirror trap. The presence of the hot electrons modifies the
ambipolar potential so that the cold ions are trapped in a local potential
well, filling the loss cone sufficiently to stabilize the DCLC mode. This
approach produced apparent stabilization for 50 to 100 us in the PR-6 trap

[12] In the USA, similar investigations (see

at the Kurchatov Institute.
Table 2) are underway at the United Technologies Research Center and at the
Massachusetts Institute of Technology (MIT). In the MIT experiment, the
ECRH is replaced by rf fluctuations driven by electron beams.

Concurrently with the 2XIIB experimental program discussed above, the

[13,14] of the DCLC mode was developed at LLL. The DCLC

quasi-linear theory
mode is driven by the plasma density gradient coupled with a loss cone ion
energy distribution. It can be stabilized either by reducing the density
gradient or by partially filling the ambipolar potential hole in the ion
energy distribution with a warm-ion plasma. Warm-plasma stabilization has
been tested successfully in 2XIIB but has the disadvantage of increasing
the electron energy loss rate, hence, lowering Te' As the density gradient
is reduced, the amount of warm plasma necessary for stability decreases, so
Ehe electron temperature can increase.

Tho quasi-linear theory also predicts the long-standing experimental

observation that the stability condition is easiest to satisfy at high
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values of beta. Plasmas of reactor size and density are predicted to be
completely stable to the DCLC mode with the possible exception of boundary
effects.

MIRROR FUSION TEST FACILITY (MFTF): Testing the predicted geometric

scaling of Te [and (nT)E] with the density gradient is a primary physics
objective of the MFTF. To achieve values of (n‘r)E significantly larger
than those attained in 2XIIB and to provide a convincing test of predicted
scaling, it is necessary to increase both electron and ion energies. A
NbTi superconducting Yin-Yang magnet provides a 20-kG, minimum-B magnetic
field (40 kG at the mirrors). Startup is accomplished as in 2XIIB by
injecting pulsed beams into a transient cold plasma provided by an array of
streaming guns. After startup, the plasma will be sustained by injecting
750 A of deuterium atoms with energies up to 80 keV for a period of 0.5 s.
The injection period is long enough to achieve steady-state plasma condi-
tions but not sufficient to attain equilibrium particle reflux from the
walls, which are initially clean titanium surfaces providing high-speed
pumping during the startup phase. Twenty-four 80-keV neutral beams provide
the 750-A sustaining current, and twenty-four 20-keV, 10-ms, 2XIIB-type
neutral beams inject a current of 1000 A into the cold-plasma stream for

startup. MFTF plasma parameter goals are: density=¥1014 cm_3, mean ion

energy ~50 keV, electron temperature ~1 keV, and confinement (HIE:* 1012
cm—s-s. Successful completion of the MFTF requires development of reli-
able, high-current, 80-keV neutral beams; methods of disposal of intense
flux of energetic particles; steady-state, high-speed, high=-capacity
pumping techniques; reliable, large-scale, complex, superconducting
magnets; and reliable control systems for all beams, magnets, machine, and

safety monitors.

TANDEM MIRROR EXPERIMENT (TMX): A tandem mirror system[15’16]

consists of

a solenoidal central magnet that is terminated at each end by conventional
mirror cells that by virtue of their high positive potential act as
electrostatic "end plugs'" to prevent plasma leakage out the ends of the
solenoid. In TMX, each end plug is essentially a duplicate of the 2XIIB
experiment, except that the energy of four of the neutral beams in each
plug has been increased to 40 keV and duration of all beams has been
increased to 25 ms. The particles lost from the central solenoid are
replaced by injection of gas or low-energy neutral beams that are ionized
and heated by the hot electrons. The electrons are, in turn, heated by the

energetic ions in the plugs. Electron temperature is the same in both
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plugs and the center cell. The system is characterized by Ep >> Te > T,
where Ep is average ion energy of the plugs and TC is the ion temperature
in the central cell. _

If the density in the plugs is greater than that in the solenoid, the
requirement of quasi-neutrality establishes a potential difference ¢i
between the two regions that confines the center-cell plasma ions.
Electrons are confined by a net positive potential ¢ relative to ground;
this potential adjusts to equalize the electron losses with the combined
ion loss from the plugs and the solenoid. .

Projected TMX plasma parameters are: Te ~ 0.2 keV, & =~ 1.1 keV, plug

density np =5 X 1013 cm_3, mean plug ion energy Ep=¥ 26 keV, plug beta

Bp:a 0.5, central density n, o~ 1.2 % 1013 cm—3, center cell ion temperature
Tc ~ 80 eV, confining ion poFential ¢i ~ 290 eV, center beta (ionm +
eleetron) Bc ~ 0.54, center magnetic field = 0.50 kG, plug center field

Bp ~ 10 kG. Magnet and current parameters of the end plugs are given in
Table 3. Experiments using 20-keV beams to independently heat the center
cell are also being prepared. With these beams, the principal parameter
changes are that Te increases to 290 eV and center-cell ion energy
increases to 280 eV.

The purpose of TMX is to provide a proof-of-principle evaluation of the
Tandem Mirror Concept as rapidly as possible. To accomplish this, there
are three main physics objectives of the experiment: to demonstrate the
establishment and maintenance of a potential well between two mirror
plasmas, to develop a scalable magnetic geometry while keeping macroscopic
stability at high beta, and to investigate the microstability of the plug-
solenoid combination. In the first experiments, low-energy ions required
to stabilize the DCLC mode in the end plugs will be provided by plasma
losses from the center cell. If the above goals are met, TMX should
demonstrate the enhancement of confinement by the electrostatic barriers
and determine the limitation on beta in the central cell.

Plasma containment in tandem mirror systems is directly dependent upon
plasma containment in the end plugs. Thus, in scaling TMX to the large
sizes required for fusion power plants, the most important question is
stability of the end plugs. The MFTF experiment discussed above will
provide a definitive test of the relevant scaling laws.

FIELD-REVERSED MIRROR (FRM): The FRM is an entirely different mode of oper-

ation of a mirror machine. In the field-reversed state, the plasma diamag-

netic current is strong enough to cause magnetic lines in the center of the
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system to close upon themselves. Plasma confined on these closed lines
would assume a toroidal shape embedded in a system of open lines that would
act as a natural divertor, shielding the toroidal volume from accumulation
of impurity ions. The FRM is similar to the Astron, the toroidal Z-pinch,
and the reversed-field theta pinch. It differs from the Astron in that the
current is carried by the plasma rather than by an independent axis encir-
cling the electron current layer. In contrast to toroidal pinches, the
current would be carried by the ions (at least initially), and there is the
possibility that the FRM could be maintained continuously by neutral-beam
injection.

In the fluid (guiding-center) limit, the FRM is similar to the toroidal
Z-pinch with no stabilizing field. Theoretically, such configurations are

MHD '.JI'LE;table.[17:|
[18]

On the other hand, field-reversed Astron configura-

[19]

tions and reversed-field theta pinches have been established
experimentally and appear to be stable for periods much longer than the
respective MHD instability growth times. It is speculated that stability
in these cases is attributable to the small plasma radii as measured in
gyroradii of the energetic component carrying the current and to the fact
that the aspect ratio ié near unity, a domain that is not accessible in
tokamaks. These conditions violate both the limits of walidity of the
fluid theory and the limiting geometries amenable to stability analysis.

The unexpectedly high values of beta (B > 1) obtained in 2XIIB (Table 1)
have raised the possibility of obtaining field reversal by neutral-beam
injection into a mirror field. Measured flux changes through a loop encir-
cling the plasma and in an array of small loops outside of the plasma
volume establish that the circulaéing diamagnetic current in 2XIIB is
intense enough to cancel the externally produced field within the plasma.
Independent measurement of plasma ion energies and eleétron temperature
indicate that these currents must be produced by the ioms.

Values of the field-reversal parameter AB/B have been derived from
experimental data and the 'best values" exceed unity. These results are
encouraging but inconclusive. Data from the experiment are compared to
plasma parameters calculated using a two-dimensional (r-z) particle simu-
lation: code, SUPERLAYER.[ZO] There is reasonable agreement with 2XIIB
values of n, AB/B, and beta. Although comparison shows the necessity for
including turbulence in the code, it indicates that the field-reversal

parameter AB/B has approximately a three halves power dependence on 'I‘e and

is linearly dependent on the injected current. It is hoped that field
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reversal will be conclusively demonstrated in 2XIIB either in the present
system or in a later modification with increased beam power.

Even if field reversal is achieved in 2XIIB where the plasma radius is
only one to two gyroradii, there will remain issues of scale size because a

[21]

viable, reversed-field mirror reactor will require a minor radius of 5
ion gyroradii (in vacuum field) and a major radius of 10 to 15 gyroradii.
If closure of the magnetic field lines improves nT by as much as a factor

of ten (to 1013)

, the MFTF beam system is more than adequate to maintain a
toroidal plasma of 15 ion gyroradii major radius. Thus, MFTF could be the
ideal place tb‘explore the issues of MHD stability, microinstability, and
transport in plasmas of the size required for field-reversed reactors.

[21]

A conceptual central power plant design based on the FRM incorpo-—
rates a linear chain of modules of approximately the MFTF size. Each
module injected with 200-keV neutral beams would produce 10 MW of electric
output.

- SUMMARY: 2XIIB experiments have demonstrated the possibility of stable

plasma confinement in magnetic mirror geometry. A theoretical model has

been deveioped which predicts observed plasma parameters of 2XIIB and which
can be used to extrapolate 2XIIB results to the larger systems required for
fusion reactors. This theory has been used in the design of an experi-
mental MFTF, wﬁich should obtain an order of magnitude improvement of nT
over present mirror machines and provide a definitive test of the theory.

Several university and USA national laboratories already have programs, and

others are starting programs to investigate alternative approaches to

stabilization and development of concepts to enhance the Q of confinement
systems based on magnetic mirrors. The breadth and depth of the effort
indeed substantiates the statement that the mirror approach has become the
principal alternative to the tokamak in the USA magnetic fusion program.
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Abstract. Toroidal axisymmetric systems which aim at the confinement of
high-f plasmas can be divided into two categories by means of the Kruskal-
Shafranov limit. The reversed field pinches operate at currents above this
limit; their stability is governed bj shear and wall stabilization. The
screw pinch and high-B tokamak operate in the tokamak mode where the plasma
current is below the K.S.-limit. Experimental results of both categories

are discussed.

Introduction. Toroidal high-f systems include reversed field pinches (RFP),

screw pinches and/or high-B tokamaks, non—axisymmetric systems like the
high-B stellarator and the bumpy torus, and non-circular systems like the
belt pinch. The subject of this paper is limited to axisymmetric systems
with a circular cross—-section of the torus. Since this in general does not
imply circularity of the plasma cross—section, also some remarks on systems
with weak non-circularity will be made.

Figure 1 shows the zero- and first-order Bessel functions, which represent

the final field configuration after a relaxation prfcess in a zero-B slight-
Ho
2maB

the initial toroidal field, and a the plasma

ly resistive plasma, when the "pinch ratio" 6 = is smaller than 1.6,

I being the induced current, Bt
radius. This configuration, which Taylorl) derived by minimizing the energy,

2)

subject to Woltjer's integral invariant™’ over the total volume and to the
invariance of the toroidal flux, is a force-free configuration which is com—
pletely determined by the stored volt-seconds and the toroidal flux. Since
in such a configuration the current is proportional  to the magnetic field
(} = aﬁ), it follows from the figure that the configuration can only be sus-
tained if parallel (force-free) currents flow at any position. The complete
drawing in Fig. 1 applies to the field configuration of a reversed field
pinch, whereas the part at the left approximates that of the screw pinch.
Figure 2 shows q as a function of the radius for both configurations. The

3)

q-profile of the RFP is a measured profile in HBTX-1 at Culham, the one
of the screw pinch is a hypothetical g-profile in a high aspect ratio screw
pinch with a small vacuum region near the wall. The high-f plasma column

itself is in the centre region, where the behaviour of g is uncertain

139
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and largely dependent on the precise initial conditions and on the details
of the implosion process. Since the pitch is nearly constant, the screw
pinch can - for stability - not rely on shear stabilization. Instead, like
in tokamaks, it depends on the toroidal periodicity condition, which implies
that q has to be larger than 1. Since q = rBt/RBp, this leads to high values
of the toroidal field and small values of the aspect ratio A = R/b. In

SPICAA)

, for instance, this value is equal to 3.

In the reversed field pinch q changes rapidly as a function of r, except
near the axis. By sign reversal of q, very strong shear can be imposed with-
out ever creating a pitch minimum, even if a vacuum region near the wall is
present. The stability is governed by shear and wall stabilizatiom; there is
no direct necessity for high toroidal fields or for a small aspect ratio.

The question arises how in practice the field configurations can be produced.
Figure 3 gives a simple illustration of the principle of pitch conservation

in an imploding plasma shell. The torus has been replaced by a cylinder with

‘length 2mR. If the conductivity in the moving shell is sufficiently high,

5)

the fluxes ¢t and ¢P in toroidal and poloidal direction are conserved ’, so
¢t = 21TrdBt = const. and ¢p = ZNRdBp = const., which implies that ¢t/¢p =

rBt/RBp = ¢ = const, This mechanism offers a possibility for fast program—

ming of g-profiles in inward moving plasmas. In screw pinches it is the
usual methodé); here an approximately constant q-profile is needed which
makes the programming extremely simple, as it asks for a constant field
ratio at the wall of the discharge chamber during the pinching action of
the rising fields. The described mechanism is also the principle mechanism
underlying the concept of the flux-conserving tokamak7) and it can be ap-
plied to create a reversed field configuration, although the necessary
strong g-variation complicates the programming during the initial phase.
For the reversed field configuration other options exist for its production,
of which I ﬁention the well-known self-reversal mechanism, which has been
observed in many experiments and of which a number of descriptions is
availables).

In the next section a review is given of the existing and of some older
RFP-experiments with the main experimental results. Some proposed experi-
ments will also be discussed shortly. Thereafter, the same will be dome
for the screw pinches. '

The experiments in table I are quite similar: the minor radius varies from

4 to 7.7 em, the filling pressure from 10 to 100 mtorr and the main mode of

operation is fast field programming with rise times of 1 to 10 us.
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TABLE I
HBTX-1 | ETA-BETA [ETL-TPE-1 | STP ZT1 |[ZT1-der.| ZT-S
CULHAM PADUA TOKYO NAGOYA 1L0OS ALAMOS
Minor radius(cm) 6.5 5 5 4 5 5 Tud
Major radius(cm) 100 40 40 12 37 37 40
Wall material quartz quartz pyrex quartz sectored alumina
Filling gas 40 20-80 30-50 20-30
10 - 100 D
(mtorr) D, H, He D, 2
Plasma current |40-200 30-150 100 50 30- [40-70 30-140
(kA) 200
Production mode progr. progr. progr. progr. programmed
Remarks self- self- also primari- I=1.4 [f=1011
reversal] reversal]l screw | ly high- [x10!? Als
applied | applied pinch | beta Als
tokamak

Because of the fast programming, the walls are exclusively made of insulating

material. The machine which differs most from the others is ZT-1, where a

very high toroidal electric field (Etor N 1 kV/em) has been applied. Although

very high ion temperatures were produced in this way, the configuration suf-

fered from skin formation near the wall and too high values of Bp to be

stable.

In the derated version

9)

the temperature dropped substantially and

field profiles with more favourable stability characteristics were obtained.

These experiments have shown that completely stable high-f RFP-configura-

tions can Be obtained by means of the fast field programming technique. The

thus produced profiles are predicted to be stable according to ideal and

resistive MHD-theory. Besides, the lifetime of these stable discharges is

governed by classical diffusion. Since the temperatures obtained are low

(between 10 and 40 eV), and the dimensions are small, the energy confinement

time is limited to about 15 us and the resistivity destroys the configura-

tion in some tens of microseconds. The low temperature is attributed to line

radiation from impurities. In ZT-S, for instance, the impurity level was

found to be 0.3 to 0.5%Z, mainly oxygen, which is too high for the ohmic

heating to burn throughlo). Improvement is expected from a low impurity

level (v 0.17%) or from a high initial temperature produced by fast compres-

sional ion heating and/or anomalous resistivity. In HBTX-1 it was showni

1))

that the electron temperature scales as 72 up to 110 eV at 150 kA. However,
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like in the other fast programmed reversed field pinches, no stable dis-
charges could be produced above a current level of 40-60 KA.

Spontaneous reversal of the toroidal B- and E-fields has been observed in
Perhapsatronlz) and ZETAIB)
strated in ETA—BETA14) and in HBTX-1
analogous to the tokamak start-up in the sense that both pass through a

already long ago. Recently, it was also demon-—

]5). In this mode the set—up phase is

turbulent state before reaching a quiescent mode of operation. The way in

pwalllBtav)

and on the compression ratio. At relatively high 6-values (0 ~ 3) and high

which the reversal proceeds depends on the pinch ratio 6 (= B

compression ratio, the reversal is associated with a large m=1 kink insta-
bility16). At low B-values (O R 1.2) and low compression ratio the reversal
is produced by a series of small m=] instabilities. If the current or the

magnetic Reynolds number is high enough, this reversed field configuration

17)

. The importance of the magnetic

can be sustained by maintaining the plasma current "“, as has also been

demonstrated in numerical simulationsla)
Reynolds number (S = TR/TH) lies in the fact that the field distribution
decays on the resistive time-scaleTRf whereas the RFP-restoring instabili-
ties act on an MHD time-scale Ty At high magnetic Reynolds number, fast
regeneration of the RFP can then become possible by small amplitude fluctua-
tions, thus keeping the profile continuously close to a "Taylor state",

like it is from the beginning in a programmed screw pinch. Since the exact
needed level of fluctuations for sustained reversal and the associated
losses are not exactly known, it is important to determine the scaling of

the fluctuation level with S in future experiments.

Proposed RFP-expériments

Some experiments in table II have not yet been officially approved of and
the design parameters and coﬁpletion dates may not be final.

The engineering design of HBTX-1]A is based on the use of a spare ORMAK shell
and core from Oak Ridge. The experiment is intended for filling the gap be-
tween today's fast experiments and RFX, which will not be completed before
1982. Since in future experiments the residual level of fluctuations is .
crucial to the question whether the losses. can or cannot be compensated by
ohmic heating only, in HBTX-1A the conditions will be studied in which
quiescent plasmas are established by means of the self-reversal effect.
Therefore, a metal-walled torus, slowly rising magnetic fields, and a high
value of-S (up to 5x 10%) will be used as well as field-matching tech-
niques. Furthermore, the effects -:of impurity, minor radius scaling, B- and

transport properties will be studied. A time—-dependent model, tested with
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TABLE II
HBTX-1A RFX ETA-BETA II ZT=40
Culham Culham Padua Los Alamos
minor radius (cm) 25 60 12 20
major radius (cm) 80 180 50 114
wall material metal metal quartz ceramics
. metal metal
plasma current (kA) 300-500 700 200 600
(42000)*
: (us) ‘ 100-500 2=10 ms 2-100 2.5-30
rise , (10-50)
T 1-5 ms 10-20 ms > 100 < 100 ps
decay (50~100) -
completion dates 1979 1982-'83 1978 1979
(1985)

* Values between brackets are those for an envisaged second stage of RFX.

ZETA data, was used to'predict a temperature of 100-150 eV at I = 450 kA.

18) predicts somewhat higher values.

The Christiansen—-Roberts code
Whereas in this experiment the emphasis is placed on studying the setting-
up phase of the quiescent state, in RFX the main interest is in the sustain-
ment phase, when the configuration dedays slowly and the plasma parameters
are considerably higher. It is expected that a highly quiescent state can
be obtained in this experiment, since the parameter range encompasses that
of ZETA. The predicted temperature here is up to 500 eV.

In close cooperation with Culham, a new RFP was designed in Padua (see table
II). An interesting feature of this machine is that pinches produced in
quartz as well as in metal vessels can be compared. This comparison may help
in deciding whether fast programmed pinches, which are heated mainly during
the implosion phase, remain a viable alternative to the slow pinches which
rely on joule heating. Furthermore, the electric circuitry is designed to
make a wide range of rise times possible, thus allowing a gradual transition
from the fast production modes to the slow ones compatible with metal walls.
In the metal-walled torus, where a rise time of 100 us is employed, the con-
ditions for spontaneous (or aided) field reversal will be a matter of inves-
tigation. The possibility to replace the continuous conducting shell by an
array of conductors is being considered for a later stage.

The prime objective of the programmed version of ZT-40 is to increase the

confinement time by an order of magnitude over that of ZT-S. From minor
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radius scaling (T &~ b2), which was demonstrated in ZT—S‘gJ

, the confinement
time of ZT-40 would become 150-200 ps if the diffusion constant were left
unchanged. It is to be expected that this time can be improved by a decrease
in resistivity. At an impurity level of 0.1Z the temperature should reach
values between 100 and 200 eV at a density of 1-5x1015 cm™3 and higher tem-
peratures can be reached if stable operation is possible at lower densities.
Another objective of ZT-40 is to determine the maximum current density (and
the minimum electron density) compatible with stability to micro-perturba-
tions. The machine is primarily designed to operate with an insulating
(either quartz or A1203) wall, the rise timé of the fields being in the us-
range. For longer rise times (>> 10 us) also a metal discharge tube is be-

ing considered.

Screw pinches and/or high-beta tokamaks

TABLE III
SPICA STP-2 STP-=3 ETL-TPE-1 ETL-TPE-2
Jutphaas Nagoya Tokyo
minor radius (cm) 20 10 15 5 22 x 14
major radius (cm) 60 25 50 40 40
wall material quartz quartz alumina pyrex quartz
alumina
filling gas (mtorr) | 5-20 D2 < 10 10-150
He,D2
plasma current (kA) 400 75 100 600
toroidal field (T) 1.4 ) I 5 2 2.5
T* (us) 10 4,5 3 4.7
Ty (H8) 1000 100 n 10" 150 600
(const)
T (eV) 60 50 4 1000 | 30-100 400
remarks B, B, elliptical
completion date 1979 1979

This part of the paper is concerned with devices which derive their magnetic

field configuration from a fast pinching action due to a simultaneous rise

of the current and the toroidal field. Naming them high-beta tokamaks or

screw pinches is a matter of taste. When the experimentalist wants to stress




the similarity with the tokamak configuration, he usually chooses the former
name. When the force-free current region has approximately a constant q-
profile, the name screw pinch is more appropriate, also for historical
reasons.

In the experiment ETL-TPE—]ZO)

the g-profile is changed by varying the time
delay between the onsets of the fast rising toroidal current (Iz) and the
toroidal magnetic field-(Bz). The value of B is varied by means of the to-
roidal bias field strength. A typical result of the time dependence of the
plasma parameters is given in Fig. 4, where the toroidal current has been
crowbarred in such a way that it matches the decay of the toroidal field.
For given values of Iz and Bz optimum values with respect to stability have
been found for the bias field and the time delay between Iz and Bz' In such
an optimum the q~profile is nearly flat, q > 1, and BP = 1-2. The maximum
time of stable plasma confinement is 70 us. Since the aspect ratio (A = R/b
= 8) is rather large, it is very hard in this experiment to combine good
high-B equilibrium, which requires a high plasma current, with good stabili-
ty characteristics, for which the value of q has to be greater than 1. At
these q-values the large shift of the plasma column immediately after the
implosion phase is also responsible for a substantial loss of energy, which
can amount up to 507 of the input (implosion) energy. An improvement may be
expected for smaller aspect ratios. A new experiment (TPE-2), with aspect
ratio 2.9, is being constructed and may produce its first results in 1979.
In this machine the plasma position is controlled by pulsed vertical fields
and compensating coils will reduce the error fields through the gaps. The

cross—section of the tube will be slightly elliptical (ellipticity 1.6).

21)

STP-2 in Nagoya indeed has a low aspect ratio, but also here a violent
movement of the plasma to the outer wall is observed after the implosion
phase, accompanied by a serious loss of energy. In STP this loss has been
reduced by pulsed vertical fields which compensate the outward drift and

22)

keep the plasma near the centre of the tube . The result of this improve-
ment is shown in Fig. 5, where the decay of T, is given for a discharge with
and one without a vertical field. A similar difference is observed for the
measured pressure distribution over the cross—section. It is found that with
the help of this compensating field higher B-values can be confined for
longer times.

It is shown in this experiment that the dominant poloidal mode number is 2,

which, at these gq-values, is the mode number predicted by Freidberg and
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Haasza) for a toroidal high-Bf tokamak surrounded by a vacuum region. Since
it is not the predicted dominant mode for a screw-pinch plasma with a broad,
rather homogeneous, current distribution and since this low aspect ratio ex-—
periment shows a very large equilibrium shift when no vertical field is ap-
plied, it is possible that a constant pitch region does not fully develop.
STP-2 has undergone some important changes: e.g., both the toroidal field
and the plasma current can be maintained for more than 100 pus without decay
and a complete A1203 torus without joints has been completed. In the mean-—
time a new experiment, STP-3, is being constructed, which is also a low-
aspect ratio high-f tokamak with circular cross—-section. The projected tem-
perature after fast implosion heating and adiabatic compression is 500-

1000 eV. Besides the programmed vertical field, feedback-controlled vertical
and horizontal fields will be applied.

6)

After a series of small experiments in Jutphaas the first large bore ex-

4)

periment with small aspect ratio, SPICA
24)

, showed reasonably good confine-
ment properties already in 1974, but the low value of the bias field pro-
duced B~values for which the column became unstable after some tens of micro-
seconds. This led to a rapid decay of the toroidal current (T”e n 100 us).
Since then the value of the bias field has been enlarged and discharge
characteristics improved accordingly at a1l ™ 1.5. In contrast with the
Japanese experiments mentioned above, there appears to be no dramatic tem—
perature drop during or after the outward drift of the column. No measures
have been taken to stop this drift and the column settles at an equilibrium
position that is in agreement with theory. The measured /[ nedl remains
roughly constant up to 150-200 pys and its behaviour suggests that in the
equilibrium position the column is vertically elongated. The most interest-
ing observation is that the decay rate of the plasma current during this

time has increased to values C{ 700 us) which approximate that of the prima-
ry circuit (see Fig. 6), while the inductance increases at a very slow rate.
This shows that the resistivity of the low-density plasma outside the main
column is quite low, that current scrape-off at the walls hardly takes place

25)

and that current peaking as predicted by Hoekzema takes place on a long
time-scale. A self-amplifying effect of current scrape—off due to an eccen-
tric equilibrium position is negligible if the width of the vacuum region
is sma1124).

For the SPICA discharge to behave well, the history of 9a1l is crucial.
Where in ETL-TPE-1 the best results were obtained when Iz started somewhat

before Bz, in SPICA a1l has to start at q = ®, drop rapidly to q = 1.5,




and remain constant thereafter. The exact procedure of pre-ionization and
pre-heating also appears to be an important initial condition26).

Finally, measurements in SPICA suggest that the impurity level plays an im-
portant role; clean discharges giving more stable plasmas. From theoretical

27)

when vertically elongated plasma cross—sections with their centre of gravity

calculations it follows that the highest beta-values may be confined
towards the major axis are combined with force-free fields. The SPICA con-
figuration may be close to this optimum configuration, the maximum B obtain-
ed being 207. Improvement can be expected if also the discharge tube is
chosen non-circular, e.g. D-shaped or racetrack-shaped, with a moderate

ellipticity. Such a new torus is currently being considered for SPICA.

Final remarks. The flux-conserving tokamakzs), which is closely related to

the screw pinch as it exploits the same principle, and high-B tokamaks which
operate at long time-scales (like TOSCAzg)) have not been included in order

not to overcrowd this review. Reactor considerations have also been left out.

The experiments on the RFP and the screw pinch are accompanied by an impres-
sive number of publications on numerical simulation of the setting-up phase
and the relaxation state. The codes have been reasonably successful in de-
scribing experimental results and they have been used to predict the perfor-
mance of proposed experiments. The results are presented in several papers
at this and preceding conferences. Interesting new theoretical results on

the resistive interchange mode in the RFP30)

27431)

and on MHD-equilibrium and

stability of the high-B tokamak as well as the most recent experimen-—

32)

tal results on implosion heating of toroidal B-pinches are presented at

this conference.

This work was performed under the Euratom—FOM association agreement with

financial support from ZWO and Euratom.
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NEW RESULTS IN HIGH=-BETA STELLARATOR AND BELT-PINCH RESEARCH

E. Funfer
Max~-Planck=Institut fur Plasmaphysik, 8046 Garching, Fed.Rep. of Germany,

EURATOM Association

|. Introduction

The production of hot plasmas with stable equilibrium and high 8 is the aim of all
fusion-orientated plasma experiments. However, high-B plasmas can, at least for the
moment, only be achieved by means of shock compression heating. Therefore the essential
criterion of the two experiments to be discussed here, namely the High-Beta Stellarator
and the Belt-Pinch, is the high B value which is achieved experimentally by fast mag-
netic compression. In contrast, with the tokamak it is not yet possible to achieve

beta values which are necessary for a fusion reactor, although the tokamak gains more
and more importance. On the other hand, regarding stability, the tokamak is superior
to high-B8 plasmas produced by fast magnetic compression, at least in so far as the fast

MHD modes have not yet been completely overcome in the present high~8 machines.

In view of these facts it seems justified to pursue both concepts with their respective
experimental techniques. It is clear that a number of questions which in tokamak ex-
periments cannot be solved today because of too small B-values, can be answered
with little effort in the existing or planned high=8 experiments. On the other hand,
problems as for instance transport phenomena and impurities can be investigated better
in a tokamak due to the long lifetime of the plasma. High-B experiments with their

still short confinement times yield until now only limited results to this effects,

The High-Beta Stellarator is not axisymmetric and is therefore a true alternative
to the tokamak. The third dimension increases the number of possible equilibria and

thus the chance to find a particularly favourable one.

In the Belt-Pinch, an enhancement of 8 is intended by configurational studies of axi--
symmetric equilibria. Configurations with elongated cross-sections are expected to
confine plasmas with considerably higher B-values than are achievable in circular

cross-section tokamaks,
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Il. High-Beta Stellarator (HBS and Scyllac)

The Principle
In the following, mainly the High-Beta Stellarator experiments in Garching (HBS) and

the Scyllac experiments in Los Alamos are being discussed.

High-beta stellarators /1, 2/ are understood to be configurations with the following
properties: toroidal equilibrium with nested magnetic flux surfaces and 8 << 1, but
without essential toroidal net current. Such a configuration is completely 3-dimensio-
nal. The magnetic axis normally describes a spatial curve, e.g. a toroidally closed
helix. The rotational transform ¢ is finite. The structure of the flux surfaces is M+S-
like, i.e. there exists a stronger corrugation on the inner side of the torus than on the

outer side.,

Todate there is no rigorous proof of the existence of equilibria with finite 8, not even
within the scope of the ideal MHD theory (except in the special case of plane magne-
tic axis and € = 0 /3/). On the other hand, a large number of such 3-dimensional
equilibria are conceivable, and it is possible that among them there are some with

particularly favourable properties.

Theoretical Basis

A fairly detailed analysis of periodic configurations has so far only been carried out in
a surface current model and by investigating only such equilibria which can be de-
scribed in small parameter expansion around the linear O=pinch /4 = 10/. This analysis
has revealed that for reasons of stability, preference is given to the helical € =1 con-
figuration. Additional weak fields with € = 0 and €= 2 symmetry produce the M+S
structure and thus the toroidal equilibrium and suppress the Pfirsch=SchlUter currents.

It seems also that for stability reasons so far only large dspect ratios A 2 100 (A=R/a)

are useful (R = major torus radius, a = plasma radius).

The m = 1 instability can be avoided by wall stabilization at large A if a small com=
pression ratio rv/a is used (rW = wall radius). Theoretically a critical 8 is then ob=

tained above which the wall stabilization becomes effective. This makes the slow heat=

ing up of plasma beginning with low B impossible. The high-8 regime must be reached
faster than MHD instabilities can grow. So far this can only be done with shock waves.

Therefore the HBS is at present also from this point of view linked with shock heating.
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But it might be possible to find more favourable equilibria providing greater freedom

for the production and heating of plasma,

Another approach to m = 1 stability is the feedback method as tried in the Scyllac
experiments, thereby avoiding the low compression ratio which is necessary for wall

stabilization /6/.

Basea upon the results of sharp boundary calculations, the theoretical investigations
and the experiments were focussed on equilibria with mainly = 1 symmetry, i.e. with
helical magnetic axis. An important step ahead has been made with the calculation of
unscaled helical equilibria with arbitrary boundary and diffuse pressure profile /11/.
However, the subsequent stability analysis was restricted to circular cross-section and
§ << 1, (€ =ha, h = helical wave number). Lateron, a stability analysis of these
2-dimensional, helical MHD equilibria was carried out without any scaling /12/. In
HBS and Scyllac configurations with a compression ratio of rv/a =2, the m = 2 mode
is the dominating one. Fig. 1 shows a comparison of growth rates of the m= 2, k 20
mode versus Jl ( Jl = relative amplitude of the helix), calculated in the surface
current model, the 2D-code /12/, and a d W-analysis /11/.

(Several attempts to calculate toroidal high-8 equilibria with diffuse pressure profile

~ were at first not very successful /2/ or led to singular solutions /13/.)

A more detailed description of all the theoretical investigations cannot be given here.
In general, the analytical results of the surface current model calculations could be
largely confirmed so that they are still being successfully applied. In addition, there
were indications of improved stability. For example, investigations of slender £=1
high-B equilibria with a small vacuum range outside the plasma showed that a magnetic
well exists already at relatively low B values (8 > 0.23) and that at B8 values of

- B 2 0.75, stability in the sense of the Mercier criterion is obtained over the entire
plasma cross-section except for a very small area around the magnetic axis /14/. If
strong, non-circular cross-sections are allowed for, the Mercier criterion and even a

sufficient criterion can be fulfilled on the magnetic axis /15/.




156

Experimental Tests

The theoretical results were tested in linear helical 8-pinches in Garching /16/, in
Los Alamos /17/, and in Julich /18/. Regarding helical equilibrium and m = 1 stabili=-
ty, good agreement was obtained with MHD theory.

Toroidal equilibria were investigated in Garching /20/ and in Los Alamos /21/. The
necessity for M+S-like deformation in high=8 plasmas was impressively demonstrated.
The ISAR T1-B experiments have shown that extremely large helical plasma distortions
can be achieved (radius of helix = 3 = 5 a). Regarding stability, the results hardly
differ from those found in the linear experiment. Problems such as initial dynamics,

self-induced toroidal currents, damping of helical Alfvén modes etc. cannot be dealt

with further in this paper /16 - 21/,

The wall stabilization of the m = 1 mode has not yet been proven in the ISAR T1 and
Scyllac experiments because they have too large compression ratios. In the linear ex-
periment "Helix" in Julich, a surprisingly favourable m = 1 stability was found in con-

trast to theory /18/, but here, other interpretations are possible.

The feedback stabilization of the m= 1 mode as alternative towall stabilization has brought
first successful results to Scyllac /22/. Helical €= 1andbumpy €= 0equilibrium fields
ina 120° sectorare produced by shaped coils. A helical quartz tube is used to facilitate the
formation of helical plasma equilibrium. The streak photographs in Fig. 2 (Los Alamos)
show the transverse motions of the plasma column in the horizontal and vertical plane with-
out feedback (upperphotograph)and with feedback (lower photograph). Without feedback
stabilization, the m = 1 instability carries the plasma to the wall inabout 15 usec. With
feedback stabilization, the plasma confinement is extended to more than 50 wsec (in the
central region of the sector). This confinement time is many e=folding times of them = 1
instability. The plasma confinement is terminated by end effects in the sector and radial

diffusion in the 120 eV plasma which reduces the plasma 3.

An €=1,2 equilibrium configuration with a large helical plasma distortion (radius
of the plasma helix &3 + a) is now installed in the Scyllac feedback sector. This
configuration avoids bumpy plasma distortion and its troublesome transient effects.

First results seem to be very encouraging /22/.
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The Finite lon Larmor Radius and Longtime Effects

The m = 2 modes are unstable according to the ideal MHD theory. Between the ex-
periment and the original sharp boundary medel /23/, there was at first disagreement
concerning the critical value of the ion Larmor radius . above which the fast m = 2
modes should disappear. Fig. 3 shows the theoretical situation. The m = 2 growth
rate ¥ (normalized to the ideal MHD growth rate X‘MHD) is plotted versus the ratio
m = rL/u. We define the gyro radius at the transition regime 2 and 3 to be the
critical one.

ISAR T1-B is a toroidal HBS with extremely large helical =1 amplitude. The most

important data are summarized in Table 1.

Major diameter 271 cm

Minor average coil diameter 17 cm

Inner tube diameter 9.2cm

Number of helical periods on the torus 16

Bank energy 0.5 MJ 1.5MJ
Maximum magnetic field 1.4T 3.1 T
Rise time 4.7 us 6.4 ps

Table 1: The experiment ISAR T1-B

By varying filling pressure, filling gas (hydrogen, Deuterium) and bank energy, the
ion gyro radius " and the ion=ion=collision time ’Uii were varied over a large range.
In Fig. 4, the experimental results are shown in a m, versus ( oOL . ’Uii) - plane

( LOL = ijon Larmor frequency). Fast m = 2 modes were observed only for w <0.14,
This critical limit is much more optimistic than originally predicted. Meanwhile im-
proved theoretical results have been achieved /25 - 28/, as shown in Fig. 5. The
critical ion gyro radius is shown as function of B, appropriately normalized for com-

parison. The best theoretical results lie within the experimental error bars.

The problem of gyro stabilization has thus been solved satisfactorily, at least on the
fast MHD scale. With the above results we have investigated the possibility of ob-
taining simultaneously wall stabilization of the m = 1 mode and gyro stabilization of

the m 32 2 modes for HBS reactor dimensions. At the same time X -particle orbits must
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not hit the wall. This seems possible, in particular at aspect ratios of A 2> 200 which
may still be feasible. The long~-time behaviour of gyro effects under reactor conditions

is still doubtful. There exist at present only rough estimates /29/.

Theoretical Work in Progress

An interesting method allowing a systematic analysis of toroidal configurations without
rotational symmetry is still in progress /30/. A power series expansion of the unknown
functions in the distance of the magnetic axis up to 3rd order is used to calculate to-
roidal, 3-dimensional equilibria. The stability behaviour of these configurations is in-
vestigated in the vicinity of the magnetic axis by means of necessary and sufficient
criteria. The discussion of the stagnation points of the magnetic flux surfaces yields
estimated maximum B-values of MHD -stable equilibria.

Since some years promising efforts are being made in order to find 3D solutions by ap~-
plying numerical methods. The procedures /31, 32/ are based on a properly defined
variation principle for the potential energy of the plasma integrated over the volume.

The potential energy is minimized following the steepest descent while at the same

time magnetic fluxes and mass are conserved. This way only stable solutions should be

obtained,

In another study /33/, MHD equilibria and their stability are investigated by inte-
gration of the non-linear, time-dependent MHD equations. Non-ideal MHD effects
(resistive effects, shear viscosity etc.) can be implemented straight forward into this
code.

All these investigations are still in their initial stage. Yet, there are already some re-
sults which are encouraging enough for us to pursue the HBS concept. For instance,
the 3D numerical calculations /32/ agree satisfactorily with the experimental results
and indicate improved stability at triangular plasma cross=sections /34/. However, it
is not yet certain whether this permits to dispense with the wall stabilization and its

restriction to small compression ratios, which seem to be necessary at present.

A Next Experiment

The HBS Il project /35/ is the next step of the Garching high-beta stellarator group.
It is still a shock-heated toroidal stellarator without additional adiabatic heating to

provide for low compression ratio in order to wall=stabilize the m = 1 long wavelength




modes. Although the dimensions are large, the magnetic field and the energies are

rather modest, as can be seen from the following Table 2.

Temperature T, = T = 600 eV
Electron densi;y nee =8x 10]4cm-3
B =0.8
Torus radius =8m
Minor coil radius =10 cm
Minor plasma radius =4 cm
Radius of the helical distortion =6 cm
Toroidal magnetic field B =0.7T
Rise time <0.5 s
Fast bank energy =0.5MJ
Magnetic pulse duration 750 ps

Table 2: High=Beta Stellarator HBS |1

The main object of HBS Il will be to prove wall stabilization of m = 1 modes and to in-

vestigate the limits of gyro stabilization on an extended time scale. The experiment is
in the coil region still flexible enough to eventually incorporate new theoretical re=

sults which may arise from computer equilibrium and stability calculations in the future.

l11. Belt=Pinch
The Principle

The Belt-Pinch represents an axisymmetric high-8 equilibrium which stands in a close
relation to the tokamak. In present day tokamak experiments, beta is limited to
rather low values. »ln the belt-pinch, however, configurations are investigated which
could open the range of higher 8 in axisymmetric geometry. In these modifications,
very high Bpol =values are obtained by strong shock heating and non=circular plasma
cross=sections. The possible gain in B can easily be deduced from the well-known
equation for beta in a tokamak which does not take into account restrictions with re-
spect fo q due to instabilities.

In the case of a vertically elongated cross=section with minor half axis fixed, an

159




160

additional geometry factor has to be taken into account, yielding:

1 1 e+1 2
B=—g * = it 3
qy, A

(qb = inverse rotational transform at plasma boundary; A = aspect ratio;

e = ratio of the half axis b/a)

With the optimistic assumption that the critical qb—value still is in the range of 3 - 4,
already modest elongations should allow medium B-values of about 10% /36/. A fur-

ther increase of b/ato 5 or more is sufficient for high=8 equilibria with 8 larger than 50%

/37/.

Theo[z

During the recent few years, much theoretical effort has been spent on the question of
plasma stability for finite 8 and non=circular cross=section. According to these efforts,
increased beta values as well as strong non=circularity give rise to different types of

ideal MHD modes which usually are stable in the conventional low-8 tokamak.

From local stability criteria it can be shown that for elongated cross=sections, the q=
value on axis (qo) must be increased well above one in order to provide stability
against localized modes. Some improvement, however, can be expected if triangular
deformations are applied /38, 39/. Other internal modes seem to have stability con-
ditions similar to those of the localized modes /40, 41/, as is shown by recently de-
veloped, large MHD spectral codes. At finite B, however, the unstable forces due to
the plasma pressure gradient becomes essential and ballooning=type distortions set a
severe limitation for B /42, 43, 44/, In contrast to the internal modes just mentioned,
external modes grow on a much faster time scale and can destroy the confinement with=-
in a few microseconds. For the standard tokamak (circular cross-section, larée spect
ratio and Bpol Z 1)y ay 2 3 and a ratio of qb/qo < 3, which means a centrally
peaked plasma current, are known to stabilize these external kink modes. First re~
sults of the new spectral codes indicate that this also holds for elongated cross=~
sections: the kink branch approaches its marginal point for practically the same fa-

vourable q-ratio /42/. For a fixed qo-value, there follows a strong increase of beta




with b/a according. to the above relation for 8. Taking into account the internal modes
which cause q, fo rise above one, the gain in B is reduced, but there still seems to be
a considerable advantage compared with circular cross=sections. Further improvement
of B by increasing the B ol -value, however, again leads to the problem of ballooning
modes covering also the surface region /42, 43/. Considering all requirements for
ideal MHD stability, B-values above about 5% might be realistic with an optimized

plasma shape.

A complete experimental verification of the critical B-values does not yet exist. A
contribution to this important question has been obtained in the different belt-pinch ex-
periments where the stability properties of elongated high-8 equilibria have been in-

vestigated at least for the time scale of the fast MHD modes.

A further problem of non-circular cross-section is its sensitivity with respect to axisym-
metric displacement modes, Theoretically and experimentally it has been shown that the
modes can easily be suppressed by a conducting shell close to the plasma. For long

times, a feedback system is necessary /45, 46, 47/.

Shock-Heated Belt-Pinch Experiments

Like the High-Beta Stellarator, also the belt-pinch experiments use the fast shock com-
pression in order to produce a toroidal high=8 plasma. Fig. 6 shows schematically the
arrangement of such a belt-pinch experiment. The plasma is compressed mainly by the
fast rising toroidal field which is generated by asingle turn toroidal coil. The inner

part of this coil is helically wound. In combination with the outside vertical coil, this

inner helix works as OH-transformer for the fast induction of the toroidal plasma current.,

The further programming of vertical and shaping coils finally provides the toroidal equi-
librium during the discharge. Because of the small distance between the plasma and

these coils,plasma loss due to vertical displacement instability can be avoided.

Table 3 summarizes the main physical results obtained in different belt-pinch experi-

ments /48 - 52/, As shown in this table, the experimental range of non-circular cross-
; ] i 1
sections covers b/a ratios from 3 to 30. The plasma density varies from about 10 4 fo

10] 6cm_3. A special problem in most of the experiments is the limited temperature of
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Experiment| b/a |critical | initial |<ne>lcm’)| -decay| remarks coil-cross
9 TleV) (ps) section
TENQ -4 | =2 [~w00m)| 3-0"“ |-50 stable operation | Tim
{Jiilich) = 70(Te) at BpS2
i t limited
Lavsanne | 20:30| 7 | ~S0 | 7-10° | 230 o elaoe et i
TORUS | . ) _nl6 . corresponds to first
(New York) o] 0 o w BPI1 at Garching B
TERP g o ik - mode analysis by
{Maryland) =2 [ g i W internal probes i
BP Illa 100(Ti) ‘ p-decay mainly due
(Garching) | . = ¥ " to radiation losses
BHlE | PER =20 ~60 (influence of inter-
~ 35(Te) nal modes?)
HV BP : investigation of I
(Garching) | ~10 ? 700(Ti) | _ 5.10° ? fast shock com-
~300(Te) pression

Table 3: Main physical data obtained in different belt=-pinch experiments

T £ 100 eV. The reason for this limitation is mainly the large poloidal circumference
of the experiments, which in practice allows only a modest electrical field strength
that determines the shock energy. Furthermore, the small wall distance necessary to
maintain the elongated cross=section and to avoid displacement modes excludes strong
adiabatic heating. In experiments with smaller b/, lower B-values are required. This
is achieved by bias fields which reduce the effectiveness of the shock compression
(TENQ). Only in the Garching High-Voltage Belt-Pinch /52/, where relatively small
dimensions are combined with exiremely high voltage and rather low densities, col-
lision=free plasmas in the keV=range have been produced. The disadvantages of this
experiment, however, are the high neutral background and the comparatively large

ratio of gyro radius to plasma thickness 2 a,

Experimental results on Equilibrium and Stability

The typical arrangement of the poloidal field coils as sketched in Fig. 6 provide an
elongated cross-section with more or less flattened ends (race-track). As an example,

Fig. 7 shows two plots of poloidal flux surfaces for different Bpol-values in Belt=Pinch lla.
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These pictures have been obtained with the aid of a numerical equilibrium code /53/
which fits several experimental input parameters (pressure and magnetic field profiles
and B values) /51/. During the first phusg of high Bpol (Bpol == A), the race-track ge-
ometry is very pronounced. For later stages, the equilibrium has a tendency towardsan
ellipse with remarkable triangularity. From these calculations it can be deduced that
the toroidal current distribution stays roughly homogeneous in the z~direction during a
discharge. Compared with a simple ellipse, these plasma forms have strongly elongated
flux surfaces also in the central plasma region. As a consequence, a modest ratio of
qb/qocan be maintained evenat high B and elongated cross=section. At this point it is
interesting o note that the proposed " flux conserving tokamak" ~concept is based on the
idea topreserve initial, modest a, /qo-rurios by means of a fast plasma heating towards the
high Bpol -values /54/. For this reason, in the belt-pinch experiments not only the high

] ol-values but alsodetails in pressure and current profiles are quite similar to those of the
FCT-equilibria.

Typical radial profiles of p, Bt’ BP, and toroidal current density I for a high-8 belt-
pinch equilibrium are shown in Fig. 8. = Note the strong shift of the maximum toroidal

current density to the outside region due to the high B-value of the plasma.

Concerning plasma stability at high beta values, all belt=pinch experiments show the
same encouraging result : above a critical a, around typically 3, fast growing MHD
modes (except for displacement instabilities in some special cases /49, 51/) can be
avoided. Below this obvious stability limit, however, different types of pronounced

kink modes have been observed /50, 37/. For instance in the Belt-Pinch Il experiment,
the occurrence of such modes resulted in an explosive destruction of the high-beta

equilibrium within typically 10 - 20 ps.

In the recent experiments in Belt-Pinch lla, a strong reduction of the impurity level
did improve the high-8 confinement time by a factor of 2 to more than 100 ws. Again
nomacroscopic instabilities are observed. The time behaviour of all measured plasma
parameters has been compared with simulations using the Garching high= multi-fluid
transport code /55/.
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For the new, improved parameters, the experimentally observed decay of the plasma
energy content seems to be somewhat faster than predicted by the collision dominated

model and a certain influence of intemal modes on transport cannot be excluded.

Conclusions

Modifications of the simple tokamak configuration in the direction of non-circular
cross-section and high Bpol-vulues indicate that the critical B can be enhanced.
Extreme conditions in this direction have been realized in the different belt-pinch ex-
periments, As the main result of these experiments, the fast kink modes as the first
barrier of high-8 confinement, are obviously stabilized by 9, > 3 with a sufficiently
high shear (qb /qow 3), even at strongly non-circular cross-sections. This allows to
investigate the high- regime and especially transport problems in toroidal geometry
for time scales which have not been realized in other high-8 configurations so far.
For longer time scales, one has to suspect the appearance of intemal kink or

ballooning modes which are outside the scope of the fast pulsed experiments at present.
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Figure Captions
Fig. 1: Growth rate [ versus cﬁ of the m= 2, k = 0 mode

Fig. 2: Transverse motions of the plasma column in the horizontal and vertical plane
without feedback (top) and with feedback (bottom)

Fig. 3: Theoretical m = 2 growth rate f for a Vlasov fluid model (normalized to the
ideal MHD growth rate fMHD) plotted versus the ratio of the Larmor radius
to the plasma radius, - rL/a |

Fig. 4: The experimental results are summarized by representing each set of plasma

:

parameters by 77  and (wL . 'vii)a at t a4 ps. Individual points are drawn
for deuterium only. The experimental m = 2 stability boundary is shown,

yielding 12““;80.14

:

~J
Critical ion radius r, as a function of B (normalized with ¥ = and a)
- s

Technical arrangement of the Belt-Pinch Il experiment

= 1,5 (right)

Poloidal flux surfaces at two times with B8, = 4 (left) and B
pol pol

Fig. 8: Radial profiles of toroidal and poloidal magnetic fields, toroidal current

density and plasma pressure ot t = 10 ws in Belt-Pinch lla
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PROGRESS IN LASER~-FUSION RESEARCH
0.N. Krokhin

P.N. Lebedev Physical Institute, Moscow, USSR

Giving an introduction to a laser~fusion research carried
out now I shall give more attention to the comparison of expe=
rimental and theoretical results especially on the possibility
of the mathematical simulation of the whole process. The re=
sults obtained till now by different study groups are, in ge=
neral, in a good agreement, This gives us the confidence in
correct understanding and intepretation of physics of the laser
radiation interaction with matter, the dynamics of the fuel
compression and the transport phenomena. There are also some
results, however, which need more detailed examination. More=
over, there exists also, in several points, some discrepancy
between different experimental results and their theoretical
explanation. The aim of the investigations both performed now
and planned for future is to make these problems more clear and

to determined the ways for the further development.

GENERAIL, PROGRAM LASER~-CTR

DEVELOPMENT OF HIGH-POWER HIGH=-EFFICIENT LASERS

HIGH-GAIN TARGET PERFORMANCE

DEVELOPMENT OF REACTOR CONCEPTION INCLUDING

FUSION AND FUSION=-FISSION APPROACHES

NEW TECHNOLOGY AND MATERIALS

Fig, 1
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The general program of the laser-fusion research includes
the items shown in Fig, 1. It is clear that these items are
closely connected with each other. The high gain of a target
(of the order of several hundreds ) would simplify the problem
of the development of new lasers as we do not need the high
effeciency of lasers in this case (it can be of the order of
one percent only). Also the approach of fusion=fission reactor
design would reduce some of the difficulties of both laser and
target programme. In addition, among the very important prob-
lems the development of new laser technology especially of

optical elements with high reliability is worth mentioning.

LASER RADIATION=-PLASMA INTERACTION
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! FLUX DENSITY ON | DOMINANT PHYSICAL PROCESSES OF INTERACTION |
1 I. ]
i TARGET ; ' !
= = = e = - — - —1— ——————————————— e e B R e Y S S e S S S B S S -——-ﬂ
: 1 ! ! | THERMODYNAMIC |
| NEODYMIUM i CO. 1| ABSORPTION | ENERGY TRA ) I
| DYMI | €2 | | Y NSPORT | conprTTON i
U 14 1k E- I PN Y N A
: 1013 10k : 10? | REVERSE | CLASSICAL ELEC- | NEARLY THERMO-
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The physical phenomena of laser.radiation interaction with
a plasma is schematically presented in Fig.,2. Various mecha-
nisms of the absorption are dominant for different power densi=-
ties of the interacting beam. The experiments show that the
absorbed ﬁart of the total flux remains on the level of appro=-
ximately 50% through the whole region of the power veriation.
Perhaps, at a high intensity of radiation, there existsrsome
similarity in the absorption of the meodymium and CO2 radiation
due to sharpening of the plasma‘density profile by the pondero-
motoric forces. The occurence of hot electrons in the inter=-
action region could result in an initiﬁl preheating of fuel
preventing its subsequent high compression. Alsc the imnhibition
of the electron heat conduction leads to thg decrease of the

momentum transferred into a target.

] T
a Janus (~0.4 TW)
1013 o Argus {(~2 TW)
Slope = 1.03 keV
10021 | | o
=
=
10" 21.7 keV
Slope = 0.75 keV
1010} =
11.3 keV
1 _
0 10 20 30
he, keV

Fig., 3 H.G. Ahlstrom, Proc., US=Japan Seminar on Laser

Interaction with Matter. Osaka Univ. 1977.
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Tmax
(eV)

10 |-

10 2 Ll ] [) 1 1 [ » I r
10" 102 @(W.cni?)

Fig. 4 E. Fabre et al,, "Plasma Physics and Controlled

Nuclear Fusion Research",vol.II,1976(IAEA,Vienna 1977)

In the Fig. 3 the presence of two groups of electrons in
the interacting corona is illustrated. The main part corres=
ponds to thermal electrons with temperature of the order of
1 keV typically, but the "tail" of electron distribution has
a "temperature" of the order of few tens of keV. In the Fig.4
the flux dependence of both these temperatures is shown for
the case of the target illumination by 002 laser radiation.
The target compression driven by the pressure arising at the

ablation front can be affected by Rayleigh-=Taylor instabilities




resulting in degradation of the spherical symmetry of the com=
pression. The unstable region corresponds to the layer of the
target material near the ablation fromt in which the signs of

the pressure and density gradients are opposite (Fig.5).

STABILITY OF COMPRESSION

UNSTABLE CORORA
ABLATION

ROK

STABILIZATION PACTORS

- SMALL VALUE OF Y t DUE TO SHORT
TIME INTERVAL OF EVAPORATION
= SMALL RATIO OF "TURBULENT FPOTENTIAL

SHELL ENERGY" TO KINETIC ENERGY OF GLASS
SHELL ( ~ 10™4)
DT FILL / - EXPERIMENT: VOLUME COMPRESSION > 1000

Fig. 5

Nevertheless, the one-~dimensional énalysis of the abla-
tion process shows that the thickness of this layer is very
small. This leads to some stabilisation of the material flow
due to the very short time within which the layer is affected
by the Rayleigh=Taylor instability. Another important circum-
stance is connected with the relatively small value of energy
associated with turbulent motion of the plasma. The ratio of
this energy_to the kinetic energy of the accelerated layer is
of the order of 10-"l only. It corresponds to the velocity
ratio of some 10_2. This is quite a small value which cannot

lead to a large asymmetry of the compression even for very

thin glass shells (aspect ratio ~ 50).
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P.N.LEBEDEV INSTITUTE "KALMAR" EXPERIMENT

TARGET PERPORMANCE : DIAMETER 140 um
WALL THICKNESS 2.2 um
DD FILL 5.4 mg/cc
LASER PUISE: © 2.5 ng, 0.04 TW
LEBEDEV INST. SODE * TACE ¥
EXPERIMENT
ABSORBED ENERGY 20 30
§ max 6+ 8 9.7
R 10~2 5.4x10™3
Ti 0-67
Te 1 0.67
FUSION EVENTS (346) x 106 4.4 x 106
COMPRESSION VELOCI- P P
TY - (5410) x 10 8.6 x 10
COMPRESSION TIME 1.4 x 10° 1.33 x 10™2
Fig. 6

It is very important to discuss the problem of numeri=-
cal simulation of processes of the laser-target interaction
and of the comprgssion of fuel. The numerical modelling is
based on the gasdynamical and energy transport equations
accounting for the dominant physical processes and their
characteristics. These processes are: the mechanism of ab-

sorption which determines the value of the absorption




coefficient, electron heat conductivity, radiation losses and
transport, transport of the hot electromns. The usual method
of the computer simulation consists of fitting the introduced
parameters to achieve good agreement with experimental data.
This procedure implies, however, a certain degree of freedom
and may lead to some discrepancy between computed and expe=-
rimental data under highly different experimental conditions,
e.g. at significantly higher or lower power densities and so
on. The Fig.6 shows the experimental data obtained on 9=beam
installation "Kalmar" at Lebedev Physical Institute. This
data are compared with calculated ones by means of code "Luch"
developed at the Institute of Applied Mathematics by A, Samar-
sky group and at Lebedev Physical Institute by N.Basov group.
It was assumed that the main part of the radiation aksorption
is determined by parametric instabilities, which is consist-
ent with direct measurements, and that the electron heat con=
duction is classical one, Similar results and similar con-
clusions were obtained by Limeil group and were presented on
"TV Workshop on Laser Interaction and Related Plasma Pheno-

mena" in November 1976.

The Fig.7 (according to Univ. of Calif. Report UCRL=-
-79736 by W.C. Mead) presents the Argus experimental results
obtained at the Lawrence Livermore Laboratory and their com=-
parison with the expected from the simulation parameters.
One can see a good agreement between the experimental data
and the Livermore simulation model achieved by fitting the
code parameters to the experimental situation. This model
takes into account the presence of the hard electromns, the
inhibition of the flux limited electron thermoconductivity

and transport of radiation.
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LLL "ARGUS" EXPERIMENT

TARGET PERFORMANCE: DIAMETER 105 am
WALL THICKNESS 0.78 pm
DT FILL 1.7 mg/ce

LASER PULSE: 4.2 ps, 2.5 TW

LLL EXP.| LLL CALC.| LLL EXP. [CODE "LUCH"*
g | w 13.5 21.8 21.8

Cmax 0.2 0.16 0.37

gR 3.107% | 3.1074 4.104

T, | 5 4.6 5.4 18+

|

. : '

FUSION | 4.10% | 3.6x108 | (245)x108] 2.7x10%*

IS INCORRECT; FUSION EVENTS ARE CORRECTED
ACCORDING TO HENDERSON (PHYS.REV.LET. 33,1142,
(1974).

Pig. %

. GASDYNAMICAL DESCRIPTION OF FUEL IONS BEHAVIOR
|

On the other hand the calculations by code Luch were |

made by the same way as for the Kalmar experiment, Probably, i
the large discrepancy in the value of temperature occurs at |
first from the more strong shock wave given by Luch model. }
Inadequacy of the gasdynamical description is due to the ‘

large free path of the fuel ions. Under the experimental



conditions indicated in Fig.7 the'"cut off" energy corresponds
to approximately 6 keV. Moreover, the measured ion temperatu=-
re of some 4-5 keV can be, probably, comnected with the
escape of the energetic ions.

RECENT LASNEX CALCULATIONS INDICATE THAT THE SOVIET

PELLET MCDEL IS CPTIMISTIC (£

1000 Joules absorbed
0.25 nsec pulse width

- Oi* p* pR* Fusion
50, Model (keV) (g/cm?) (g/cm?) events
‘ .
0.071468cm / Soviet 10 3.8 1.0 X 10~2 1.4 X 103
0.01413 cm 0 .
3T 2.6 8.0 8.2X 103 1.9 X 101
2T+phins®| 1.7 3.2 45X10°3 2.7 X 101°
3T ()
w/oe —i 11.9 29 4.2 X 10-3 1.3 X 1013
coupling
4
LLL ) 5.0 0.17 6.5 X 104 6.3 X 1010

*Fuel averaged values at peak reaction rate

Fig. 8

In the Fig. 8 the results of several computer simula=-
tions of pellet compression by 1000 J energy absorbed
within 0,25 ns are compared. The Livermore éaloulations cor=
‘respond to:
l. three temperature model = for electrons, ions and radia=
tion
2. two temperature model with multigroup transport for
radiation
three temperature model without electron-ion relaxation
4. multigroup electron and radiation transport and inhibited

thermoconductivity.
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The last model agrees favorably with the Livermore Argus

experiment at the absorbed energy in the range of 10-20 J,

There exists a large difference between our result and
the Livermore one, but this only demonstrates the sensiti-
vity of the yield on parameters introduced in a model. The
different models have their own optimum target parameters =
the diameter and the wall thickness. Target which is shown
at the first row in Fig. 8 corresponds to the maximum output

in our model which agrees favorably with "Kalmar" experiment.
The sersitivity of the yield on the target parameters is
shown in Fig. 9.

CALCULATED YIELD AT 10 TW ABSORBED POWER IS
~7J IN 1-C, “GAIN" ~ 0.3% &

7 ' T T T 7
m
Lo —
_f 4
g
w 3 -
With 7= 100 ps
i b -
0 1 l 1 l 1 [ 1
G 1 2 3 4
W, um 50-60-0777-1188

Fig. 9

This Figure gives the dependence of the yield on target dia=

meter and on the thickness of its wall. The curves have




smooth maxima with a width of ~ 1 um and a sharp fall out-
side this region, But the difference in the maximum yield

is negligible for the diameter change from 250 to 400 pm. Our
target is located very far on the right hand side of the
Livermore curve corresponding to the wall thickness of 5.5 jum,
being thus very far from the optimum region of the Livermore
model. The maximum yields predicted by Luch and LLL models,
however, differ only by a factor of 4, which is not too much

from the point of view of accuracy of such predictions.

The last two Figures are reproduced from the Report of
Univ. of California UCRL - 79736 by W.C. Mead et al. with
a comment: "Models other than turning off electron=ion .coupl=
ing might produce similarly high yields and that we do mnot
intend to imply that your calculations were done in that

way"~ (J.T. Larsen, private communication).

TARGET PERFORMANCE: Diameter 300 um
Wall thickness 2.6 um
DT fill 5 mg/cc
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In the Fig.l1l0 parameters of the target corresponding to the
maximum yield from Fig,9 are indicated. The final parameter

calculated by means of these two models differ only slightly.

The new laser installations based on the neodymium and
CO2 high power laser will operate in one=two years. After
the completation of these facilities we can expect a notic=
able advance in understanding the physical processes of the

laser driven compression, the instability problem as well as

better computer simulation models.

I should like to underline the importance of the deve=-
lopment of laser technology. The laser which are available
till now are mostly scientific instruments and not the tech=
nical ones and camnot be considered, therefore, as suitable
form the practical fusion. I should not like to exclude also
various possibilities of "mixing" of the different approaches
within the inertial confinement programme., From this point of
view,too, the laser-fusion program seems to be the most ad-
vanced one in the investigation of physics towards the

realization of pulsed thermonuclear reactions,
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SANDIA'S RECENT RESULTS IN PARTICLE BEAM FUSION RESEARCH
Gerold Yonas
Sandia Laboratories
Albuquerque, New Mexico 87115, U,S.A,
The dual goals of the Sandia particle beam fusion program are to determine
the feasibility of using pulsed high-voltage accelerators of intense
particle beams to achieve ignition of inertially confined thermonuclear
fuel and to determine methods for practical application of those results
to fusion reactors. Pulsed power accelerators potentially offer a poten-
tially efficient (up to 50 percent) and relatively inexpensive (several tens
of dollars per joule) route to an experimental reactor ignition system if
the yet to be answered physics questions have a favorable outcome., These
physics issues encompass the following; (1) power concentration and dielec-
tric breakdown, (2) beam focusing and transport, (3) beam target interaction,
and (4) implosion hydrodynamics. These interdependent elements of the pro-
gram are being investigated to determine which of the three particle approaches
(electrons, light ions, or heavy ions) will provide an optimal route to our

goals.

The use of electron beams will require low inductance power concentration
methods to deal with the ultra-high currents (~ 108 A) thought to be needed
at MeV electron energies and either substantial improvements must be made
in vacuum insulator flashover strength, or instead multiple, magnetically
insulated vacuum transmission lines must be used to deliver power from low

stress insulators to the target :regit:m.]"2

Numerical time-dependent 2-D
similations of the electron flow in magnetically cutoff lines predict effi-

cient power transport with energy loss only due to pulse front erosionm,
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Experiments have already confirmed those predictions and studies are con-
tinuing on the use of rectangular transmission lines which would permit

further power concentration,

If such multiple lines are terminated in a single or double diode configura-
tion, the resulting low impedance load will experience substantial energy
losses due to enhanced ion current gemeration in the self-pinched electron
flow.> Two-dimensional particle flow simulations indicate that a dual
diode arrangement, such that the ions reflex between two anodes through a
common hollow cathode, will suppress the net ion current and still permit
efficient electron focusin,g.4 Reduction in the ion current can also be
achieved by utilizing higher impedance diodes and this step would be facili-
tated by raising the electron accelerating voltage, Pellet design calcula-
tions which employ higher electron voltages by shaping of the power and
voltage pulse have not been successful in reducing the power requirements.
This appears to be a result of the bremsstrahlung preheat of the pusher,
Nevertheless, higher voltages may be usable if the electron stopping distance
can be substantially shortened in low-Z ablators as a result of the beam
self-magnetic field penetration into the deposition region with subsequent

modification of the electron stopping distam:e.5

Monte Carlo simulations

of this effect predict measurable changes in beam-target coupling for current
densities > 1 MI\/c:nl2 and I > I Al fvén'6 Deposition experiments with focused
beams interacting with thin foils are being carried out using soft X-ray

and optical diagnostics. In our experiments on Hydra, the currents and
current densities have not as yet reached high enough values to expect

enhanced deposition. We have observed enhancement with targets which protrude
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from the anode thus perturbing the electron flow and causing beam stagnation.7

Magnetic enhancement of deposition in thin foil targets has been reported by
the Kurchatov electron beam group8 apparently using a diode which achieves
higher current densities and operating in a turbulent plasma pinch rather

than a beam.mode.9

Beam deposition in thin foils and exploding pusher targets are being studied
with two 6pposing beams irradiating a common spherical target using the Proto
I generator operating at the 1 TW 1ev?1. Current densities of ~ 107 A/cmz
have been measured with thick targets and although symmetry of irradiation
with thin targets has been found to be within a few percent, the maximum
ablator temperatures appear to be less than 10 €V, The measured temperatures
are too low to produce measurable neutron yields. Numerical simulations in-
dicate that relatively thick targets are needed for efficient energy absorp-

tion and it is believed that higher power levels than available on Proto I

will be needed to produce measurable neutron yields from simple targets.

Successful neutron production experiments have been performed10 using the
0.25 TW beam from the Rehyd generator and employing a more complex targgt
concept. An exploding pusher consisting of a thin spherical plastic shell
3 mm in diameter and containing a 25 to 50 u diameter CD2 filament was imploded

symmetrically with a velocity of 4 cm/usec by a single beam.11

Approximately
106 neutrons with an energy of 2.5 * 0.2 MeV have been detected using neutron
time-of-flight techniques. With a simple target, this beam power would be
insufficient to produce measurable neutrons but here magnetic reduction of

thermal conduction allows one to reach higher final fuel temperatures with a

lower compression ratio.12 Fuel preheat and magnetic insulation are achieved
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using a 5 to 10 kA, 1 usec prepulse which is collected by a thin foil attached
to the target. This prepulse current pre-explodes the wire thus creating the
necessary initial conditions. Null experiments support the contention that
magnetic thermoinsulation is essential for success of these targets and

these results open up promise for substantial reduction in pellet ignitor
requirements, This target approach should permit the use of longer power
pulses (~ 100 ns) than possible using more conventional target designs.13
Thus far, 1-D calculations indicate that breakeven power levels are reduced

by about a factor of four and allowable pulse durations are increased by almost

an order of magnitude.

Another approach to utilize higher impedance diodes and thus reduce inductance
restrictions on minimum power pulse widths is to subdivide the beam current
into multiple beams which are then individually transported and combined at

the target. In contrast to the Kurchatov cusp transport approach,l4 we have

proposed to propagate separate focused beams in plasma discharge channels.
Such channels have been formed in air at 1 atm using a fine wire to define
the path of a 50 kA discharge. With the focused beam injected into the low-
density, high-conductivity 1-cm-diameter channel formed after a delay of ~ 10
pusec, efficient and stable propagation over 1 m has been observed.15 Experi-
ments on beam combination with multiple channels and theoretical modeling of
beam transport and combination are underway. Use of laser guided discharges
in a background g3516 may provide a means of achieving the standoff necessary

for high gain reactor applications,

In view of the advantages of ion beam deposi'tion,17 an alternate approach is

to utilize the self-pinched low-impedance diodes discussed above as ion sources

with ballistic focusing of the resultant space charge neutralized beam.lB’19




187

Externally applied magnetic fields can be used for electron current suppres-
sion in relatively high impedance diodes thus permitting controlled beam

collimation, ion source production, and beam extraction.zc Such techniques
are being developed for us at diode power levels approaching 1 TW on Hermes

21

and Proto I, Magnetic insulation for electron current suppression may

also be useful in space charge neutralized high current, multistage linear

accelerators. 22

The prospects of this application are under study for pro-
ducing high quality beams which can be propagated over substantial distances
to a target. Such a pulsed power driven high current linear accelerator
would have negligible power flow problems and would readily lend itself to

repetitively pulsed applications.

Scaling of intense particle accelerators to higher power levels is continuing
with primary emphasis on Proto II which has been tested at the 6 TW level
with a 20 ns pulse. The accelerator is also being operated in 50 and 80 ns
modes in order to determine component characteristics over a wide range of
parameters. Another test facility (MITE), has also been completed to evaluate
a single module of the 36 module electron beam fusion accelerator which is
planned for completion in 1980. If the initial steps now planned prove
successful, then an ignition experiment using an upgrade of EBFA would be
carried out in the 1985 time frame to set the stage for a later experimental
power reactor. Economic analyses have shown that high efficiency and low
cost I.C.F. ignition systems would be able to compete with other postulated
long-term energy sources with pellet gains < 10 in hybrids and ~ 100 for

pure fusion reactors. &3
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GENERATION AND APPLICATIONS OF HIGH POWER ION BEAMS TO FUSION RESEARCH*
R. N. Sudan
Laboratory of Plasma Studies, Cornell University
Ithaca, NY 14853 USA
I. INTRODUCTION
At the 1973 European plasma Physics conference in Moscow, towards the

end of my paperl on electron beam/plasma interaction I ventured the hope that
"by suitable modifications of E-~beam technology, it might prove feasible to
create ion beams in the 105 A range". Soon after, this possibility was demon-
strated at Cornell2 by the successful generation of a 0.5 kA, 100 keV proton
beam. Since then, extensive work at Cornell,, NRL, and Sandia has pushed the
parameters to well beyond the prediction so that intense ion beams of over a
100 kA are routinely available, Indeed, the main limitations on ion beam
parameters are those imposed by present day pulsed power machines. Ion beams
of 6 MeV has recently been generated on the Hermes machine in Sandia,3 200
4(2) 4nd ~ 100 kA beams at
v 300 keV have been routinely obtained on the Neptune machine at Cornell.5

kA beams at < 1 MeV have been reported from NRL,

II. 1ION DIODE TECHNOLOGY
The principal difficulties to be overcome in producing ion beams from a

diode energized by a high power voltage pulse as compared to an electron diode
16

i & 10

anode surface within a time interval of say, 10'-8 sec, from the initial of

are twofold: (1) the creation of an ion-emitting dense plasma n cm-3 on the

the voltage pulse, (2) the suppression of the electron current which is larger

1/2 in a simple planar diode is

than the ion current by a factor of (milzime)

necessary for reasonable device efficiency.
The solution to the first difficulty was obtained by employing insulating

anode surface instead of the normal conducting surface.2 On the application

of a voltage pulse the electric field within the diode has a tangential compo-

nent to the anode surface. This component can initiate local electrical break-

down. The anode surface material is generally a hydrogenous plastic e.g.

mylar and a dense hydrogen surface plasma is formed very rapidly within a few

nanogeconds., The actual details of this process is not well understood but

in practice it works very well, Figure 1 shows details of a configuration

that has been successfully employed. This arrangement is one in which the

mylar sheet is backed by a conductor and an array of copper pins, machined

flush, pierce the mylar to provide local breakdown centers. More than a
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hundred shots can be fired with this anode before any deterioration sets in.
Electron current suppression can be handled in two ways: (a) electron
reflexing and (b) magnetic insulation, '

Reflex Triode2

In this device the cathode and anode are made in the form of meshes

transparent to charged-particle flow. Electrons emerging from the anode
create a virtual cathode on the far side and are reflected by the resulting
space charge. The anode is made of a mesh of insulating nylon wires or a
thin mylar sheet., The anode plasma formed by the surface flashover emits
ions which are accelerated in both directions and emerge as two ion beams
from either end. A magnetic field coaxial with the applied electric field
prevents the electrons from wandering off at the edges. The theoretical
understanding of the performance depends critically on whether the anode is a
mesh2 or a thin sheet.6’7 A reduction in the electron power by a factor of
10-=20 can be achieved for a transparent mesh anode. Ion currents well above
the Child-Langmuir limit are observed when the anode is a thin sheet of plastic,
This point is discussed at length in Refs., 6 and 7.

Magnetic Insulation

A magnetic field perpendicular to the diode electric field exceeding the
critical field B* required to turn the electrons within the gap would be effec-—

tive in cutting down the electron current.8 However, it is desirable that the
E x B electron Hall current should have a closed circu:i.t9 to prevent charge
build-up as in the cylindrical geometry shown in Fig. 2, This principle of
magnetic insulation has proved very useful and cylindrical magnetic di_ode.]s'o’ll’5
with the anode design of Fig. 1 have been successfully operated in the voltage
range 100 kV to 10 MV, Child-Langmuir current densities are easily achieved
and for B >> B* it could approach the ideal efficiency., The diode current is
adjusted by varying the ion emission surface, Beams are extracted through
cathodes provided with slots, and such diodes survive several hundred shots.

If a closed circuit is not provided for the electron Hall current as in
the parallel plate diodel2 shown in Fig. 3 then an interesting phenomena occurs
when B > B*, At this value of the field the electrons are prevented from cros-
sing the gap and the Hall current begins to flow orthogonal to E and B. RF
emission is observedl2 at just at this field (Fig. 3). The probable cause of
this emission is the build-up of space charge at the ends leading to RF emis-

sion by some "diocotron-like" mechanism. This emission has the effect of
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allowing the electrons to cross the gap thus shorting the build-up of charge.

In equilibrium the total current is the sum of the ion current Ii and the Hall

= + = ® * i
electron current, I Ii IH’ where IH ICL(d/L)(B /B) for B > B%, ICL is
the electron Child-Langmuir current, d is the gap and L is the diode length.
The planar diode perveance P = ?[/V::'/2 is therefore higher than for a cylin-

drical diode of the same area.

In situations where the self-magnetic field of the diode current becomes
comparable to the external field the analysis gets quite complicated. In the
complete absence of an external field pinching of the electron flow takes place at
high currents. If the anode is ion emitting by virtue of the energy deposited
by the pinch the ratio of the ion current to electron current has been shown
to be: Ii/Ie = (me/mi)l/Z(R/d)(B/B*) where R is the cathode radius.l3a'b
But as an ion source the pinch suffers from potentially higher divergence,
electrode damage and somewhat less controllable discharge. It is possible that
self-fields, which are unavoidable, could be used to advantage in different

geometry.

ITI. TION BEAM EXTRACTION AND PROPAGATION

Propagation in Vacuum

Early experimentSZb in which an ion beam from a reflex triode was allowed
to propagate in a drift tube at a pressure of X 10—4 Torr with no magnetic
field, showed dramatically that the ion beam emerged completely neutralized
from the cathode. The drop in beam energy density measured calorimetrically
as a function of distance was explained in terms of the geometrical beam
divergence., Without neutralization the beam would be unable to propagate more
than a few mm. It is in this property that intense ion beams differ notably
from relativistic electron beams which require a gas or plasma environment for
neutralization and propagation. The source of these electrons has not yet
been resolved in detail but presumably they could originate from the region of
the virtual cathode. These beams were also magnetically neutralized indicating
that the mean drift velocity of the neutralizing electrons is approximately
the same as that of. the ioms.

Propagation Across a Magnetic Field

Several experiments have been performed to investigate the propagation of
ion beams across a uniform magnetic field using magnetically insulated diodes
as a source. For the configuration shown in Fig. 2 the measured ion current

density as a function of radiusl1 is shown in Fig. 2 (inset). This shows that the
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ion beams follow approximately single particle trajectories; in other words
space charge neutralization along the magnetic lines of force has occurred.
In this particular experiment a small fraction of the ion beam was allowed

to impinge on a plastic surface thus providing a synchronized source of
electrons., In the second experiment12 shown in Fig. 3a the ion beam emitted
from a planar diode spiralled down the magnetic field for a few turns., This
is evident from Fig. 4, where the response from several ion collectors spaced
down the axis is plotted as a function of axial distance., Note that ion are
rotating close to their gyro-period. Magnetic probe measurements on the

axis show diamagnetic fields of 140 G maximum indicating a circulating cur-
rent of ~ 110 A/cm, which indicates that magnetic neutralization does not occur,
in contrast, to field-free propagation. This result is not surprising since
for complete magnetic neutralization a radial electric field Er = Bvi/c would
be required. If the radial thickness of the beam is approximately an ion
Larmor radius thaen the potential ¢ is given by ei¢ = mivi;;here A is the
ion azimuthal velocity. Potentials of this magnitude cannot be set up with-
out breakdown occurring and neutralization therefore takes place by electron

currents along the lines of force,

IV, ION BEAM FOCUSING

Geometrical Focusing

One can take advantage of the propagation features of intense ion beams
to geometrically focus these beams. An experiment using large area cylin-
drical magnetically insulated ion diode was (see Fig. 5) performed to confirm
this possibility.5 The cathode was constructed of aluminum rings 0.64 cm
thick and spaced 0,80 cm apart. Since the magnetic field is pulsed, the
cathode rings prevent the flux from penetrating into the interior region.
This arrangement provides magnetic insulation in the A=K gap but allows the
ions to propagate inwards in a field-free region, as shown in Fig. 2a. Ion
collector probes and damage on target plates give evidence of beam convergence.
However, since the ions suffer a small deflection in the A-K gap they do not
all reach the axis but miss it by an amount A o dB where d is the A-K gap
distance and B is the insulating field., This is verified by the fact that the
damage pattern on both sides of either plate are dffset from each other by A,
Ion current densities up to 90 A/cm2 are observed over an area of 1070 cmz.
The total ion current < 105 A with an efficiency estimated at 457% to 70%.

Damage to targets appear to indicate a 10:1 radial focusing and over 500 A/cm2
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has been observed using biased charge collectors at the focal region. By
examining each of the beamlets emerging from spaces between the cathode rings
we estimate a radial and axial divergence of no more than 3° and 5° respec-
tively.

The region interior to cathode is next filled with a steady bias magnetic
field opposite in direction to the pulsed field used for gap insulation. By
adjusting this bias field B, = -B d/R where R is the cathode radius the ion
trajectories can be brought together to meet at the line focus (see Fig. 6).

Magnetic Focusing

The use of magnetic lenses for focusing low current unneutralized charge

particle beams is well known in high energy accelerators. A priori it is not
obvious that such lenses could influence charge neutralized intense ion beams
which appear physically more closely related to a highly directed plasmoid.
However, in view of the experimental evidence supporting the concept of single
particle trajectories for such beams, an experiment (see Fig. 7) to test the
focusing of an ion beam by a simple dipole lens is in progress. The "field-
inclusion' diode used as ion beam source for this particular experiment is
unique in that the insulating magnetic field is almost entirely enclosed
within the A-K gap allowing the beam to emerge into a field-free re.g:f.c:n.:L5
This feature is very useful when ions are required to be injected into a
field-free region. The cathode is shaped like a §=-pinch coil which is energized
from a capacitor bank to produce the insulating field. The anode is within
the coil and the pulsed field is contained in the region between the cathode
and anode,

Preliminary results are shown in Fig. 7. The current density at a
particular z-location is plotted against the amp-turns in the dipole lens.
There is clear indication of focusing., Particle simulation of ion trajectories

in the dipole field also shows such beam focusing.

V. APPLICATIONS TO FUSION RESEARCH

Many of the potential uses to which intense ion beams can be put in
fusion research have been anticipated in discussions of relativistic electron
beam applications. However, there may be significant advantages in many
cases to replacing electron beams with ion beams, e.g. for heating plasmas in
a long solenoid reactor.16 Let me discuss two of these applications.

Pellet Fusion
17a,b

Calculations of the energy deposition of 1-10 MeV proton beams in
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gold foils have shown that the power levels required for breakeven with protons
are as low as 60 TW, an order of magnitude less than that required with electron
beams. This option has provided a serious impetus for ion beam research., A
reactor chamber is likely to be 10-15 m in radius to contain the products of
thermonuclear burn and the question of beam transport and focusing over this
important for success may favor protons or even heavier ion.18 Now the strong
focusing achieved in electron diodes is a result of strong self-magnetic fields
produced by beams with v >> y; v = Nre is the Budker parameter, N is the num-
ber of electrons per cm and r, is the calssical electron radius, y is the

usual relativistic factor. However, this very facility for self-focusing
makes transport difficult because the self magnetic fields can give rise also
to unwanted instabilities, like the "pinch" and "kink" modes. Increasing the
particle mass reduces v/y in proportion, so that a proton beam of the same
power is less unstable than an electron beam. Moreover, such beams do not
require an ambient gas or plasma for electrostatic neutralization and are also
magnetically neutral when propagating in vacuum. Since the equilibrium self-
fields are small, focusing of such beams can only be accomplished either by
appropriate geometrically shaping of emission surfaces or by external magnetic
fields as discussed in Sect. IV. A conceptual designl1 for a spherical, mag-
netically insulated, 10 MV, 12,6 MA diode can achieve 63 TW on a target 1.5 mm
dia., with the anode Child=Langmuir current density at 5‘kA/cm2 for an emis-
sion area of 2625 cmz. But in order to focus the beam on the target it is
necessary for the beam divergence not to exceed 0.5° and for the radius of the
sphere to be within 25 cm. Because of this small radius of curvature of the
emitting surface such a device cannot serve as the basis for a reactor design.
Thus geometrical focusing cannot lead all the way to a reactor. However, if
magnetic focusing of these beams is practical, and preliminary indications

from a small scale experiment appear to justify some optimism, then intense
proton beams could be viable as the "ignitor" for pellets but further improve-
ments in identifying and reducing the sources of beam divergence are necessary.

Field Reversed Ion Rings

A field reversed configuration obtained by injection of ion beams into a
magnetic mirror similar to the Astron like geometry produced by relativistic
electron beams19 is another important application for this technology. There

are two possible scenarios for a reactor based on this concept. In the first,

know as the '""Field Reversed Mirror",20 the closed-line region produced by the
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circulating ion current reduces mirror end losses and the system Q is enhanced
from the marginal figure just in excess to unity, to about 3 ~ 5, This arrange-
ment requires a steady sequence of pulses of ions with energy between one and
a few hundred keV. One possible mode of injection is to convert the pulsed
ion beam into a neutral beam by passage through a charge-exchange grid. This
approach is being pursued by Pron02l at Livermore,

The alternative approach is to form an ion ring by the resistive trapping
of an injected 10-20 MeV ion beam. The ring is adiabatically.compressed by

32,48 After com—

an external field to increase its energy to a few hundred MeV.
pression the D-T plasma confined within the closed line region is heated by

the fast ions and allowed to burn. At the end of the burn phase the ion energy
is recovered by adiabatic expansion. There can be more than one ring in the
burn region simultaneously to improve the reactor economy.

At Cornell the experimental effort is devoted to the injection and trap-
ping of ion rings. A small experimentl2 which demonstrates the injection and
propagation phases has been discussed in Sect. III Fig. 3. The field reversal
on axis 6B is given by ¢ = 6B/B = Niri/R where Ni is the number of fast ions in
the ring, s and R are the ion classical radius, ring major radius respectively.

For R v 10 cm and ¢ h 2, N, = IT/ei = 1017 is required, For a pulse time

T = 10—7 sec we need an iniection current T > 105 A. TIf pulse duration of a
microsecond is feasible in diodes, the margin for success is greatly improved,
In any case, the injection system must be designed for high trapping efficiency.
Fig. 8 shows a "field exclusion" ring-shaped, magnetically insulated diode24
whose anode emission surface is made to coincide with a flux surface by adjust-
ing the ampere-turns contained within the anode. All the ions emitted from
this surface have the same canonical angular momentum and therefore form a
tight rotating bunch with minimum axial and radial spread after passing through
the cusp shaped field. Preliminayy experiments have shown that the diamagnetic
signal from a magnetic probe on axis are in agreement with the estimates of
the circulating ion current, Experiments on the resistive trapping of this
ring are in progress. Numerical studies on two dimensional (r,z) particle
codes show that the efficiency of resistive trapping improves with the number
of injected ions to about 90% at N = 1017 for a particular design of the
resistors and magnetic field profile.25

Finally, I would like to say that intense ion beam technology and physics
is still in its infancy and much further work is needed to establish the
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nature and extend of its role in fusion research.
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Figure 1, Details of plasma anode for magnetically insulated diode.

Figure 2, Schematic of cylindrical magnetically insulated -diode showing elec-
tron trajectories and ion trajectories for (1) Byny, = B, (2) Bipy, = 0 and

(3) Bint.= -B d/R. Inset shows observed ion-current density vs., radius for

case (1): (Ref. 11),

Figure 3., Parallel-plate magnetically insulated diode for ion injection across
field. Inset shows measured RF signal against insulating magnetic field (Ref., 12).
Figure 4. Trajectory of :spiralling ion beam injected from diode of Fig. 3 as
recorded by magnetic probes plotted as a z-t diagram; 2m/wgp is the cyclotron
time (Ref, 12),

Figure 5. Layout of cylindrical geometrical focusing experiment; A, pumping
port; B, diagnostic isolator output; C, glass vacuum vessel, 30 cm i.d.; D,
diagnostic isolation inductor; E, Delrin support rod; F, 20-turn, 20-kG magnetic
coil; G, anode, H, cathode assembly; I, ion-current-density probes; J, bellows
for electrical comnection; K, high-voltage terminal from the Neptune C gener-
ator; L, return conductors; M, Rogowski loop-current monitor; N, support rods;
0, resistive diode-voltage monitor (Ref. 5).

Figure 6. Plot of the position Ax of the most intense damage on a plate located
on the axis (see Fig. 2) as a function of bias field B,g; dotted line is esti-
mated position.

Figure 7. Layout of magnetic focusing experiment using '"field-inclusion" diode.
Inset shows plot of relative ion current density at target as function of ampere-
turns in dipole lens.

Figure 8, Layout of ion ring injection experiment using annular ring anode:

A, Omnipulse Output; B, Experiment Frame; C, Glass Vacuum Vessel; D, External
Coils; E, Anode Coil; F, Extraction Cathodej G, Cathode Stalk; H, Anode Stalk;
I, Field Lines; J, Proton Orbit Projection,
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PRESENT STATUS OF TWO R.F. HEATING SCHEMES : I.C.R.H AND L.H.R.H.
T. CONSOLI

ASSOCTATION EURATOM-CEA
Déparment de Physique du PLasma et de La Fusion Contrnolée
" Servdice IGn - Centre d'Efudes Nucléaires
85 X - 38041 GRENOBLE CEDEX

" ABSTRACT. : Among the large number of wave-plasma interaction, Ion-Cyclotron
Resonant Heating (I.C.R.H.) and Lower Hybrid Resonant Heating (L.H.R.H.),
are two promising additional R.F. heating schemes for toroidal hot plasma.
They both offer the advantage of using power generators which requires a
moderate development for next generation machines. It seems important to try
to state in the limits of this paper the present experimental situation of
these two R.F. heating methods as it results from the vast litterature

published from the last European Conference (Lausanne September 1975).

L.H.R. COUPLING STRUCTURES AND WAVE LAUNCHING.

The L.H.R. frequency for plasma densities in the range of few 10]3

to 5.1014 and toroidal magnetic BT between 10 to 100 kG is in the 0,5 < f<3 GHz
bandwidth (Fig. 1). In this frequency range one can use in preference to
loops waveguide launching, which presents obvious technological advantages

in the thermonuclear context.

The Grill is a simple and elegant solution (Fig. 2) for launching
L.H.R. waves in a toroidal machine which satisfies the accessibility condi-
tion. It is provided by an array of 2,4, or more guides /1/, /2/ mounted
with their small side parallel to the toroidal magnetic field ; and each

3

guide is excited in the fundamental TE01 mode. The phasing between the single
elements of the Grill is adjustable, so as to excite in the toroidal
vessel a retarded wave. By means of suitable size and phase choice, the
average value of %V can be varied in order to heat either the electrons

or the iomns.

The coupling efficiency of the Grill /2/ depends upon the distance
xP between the edges of the Grill and the plasma, and upon the density gra-

: _ dn, —1
dient Ln = (n)re . (5=

i i <
g" ‘dx’at x = xp. The coupling requires xp (A

vacuum)RF'
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Other less simple and internal structures in the liner have also been propo-

sed for the excitation of slow waves /3/, [4/.

An excellent experimental verification of BRAMBILLA's Grill theory

has been obtained on the Princeton's linear device H, with 2 and 4 guide

1
arrays /5/ Fig. 3. The behaviour of the coupling system was, as predicted

by the theory, determined by the plasma parameters near the antenna.

An apparent disagreement between BRAMBILLA{S theory and the expe-
riment was noted when a four guide Grill was used on A.T.C. for the E.L.D
heating. Later this disagreement was explained by an error in the calibra-
tion of the phase of each guide of the Grill /6/. Once the real values of
the phases 0, O, m ™ and O M ™ O established, theory and experiment agree

again.

Coupling by one loop (Tokamak TM3 and LIWEREX linear machine) or
two phased loops (WEGA) or 22 ring slow wave structures (F.T.I) have been
used with success. On WEGA when the two loops are well matched, a transmis-
sion of 95% of the input power is obtained. The phasing of the loops is im-

portant according to the density where they are immersed.

LOWER HYBRID WAVE PROPAGATION, RESONANCE CONE.

The L.H.W. propagation and the resonance cone has been observed by
many authors /7/, /8/. A clear experimental demonstration was made by

P. BELLAN and M. PORKOLAB /9/ in the Princeton L

3 plasma column. The dis-
persion relation and wave packet propagation was verified. The wave packets

were experimentally localized in space. They propagate as predicted by the

theory along two resonance cones which make a small angle with respect to the
confining magnetic field. The waves were damped by E.L.D. and as result the

main body of electrons was heated and high energy electron tail was observed.

L.H. WAVE HEATING.

Ion heating of a linear or toroidal plasma using L.H.R. mode has
been studied at Garching (LIWEREX) at Kurchatov (TMB) /10/, at M.I.T. (ALCA-
TOR), at the IOFFE Institute (F.T.I.) at Princeton (A.T.C.) /11/ and at Gre-
noble (WEGA) /12/. The F.T.I. experiment (see 3) aimed at the study of the
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production of fast ion tail during L.H.R.. A flux of fast neutral of high
energy (~ 1 keV) was observed during the H.F. pulse. This flux increases
sharply when L.H.R. conditions are met. This leads the authors to the con-
clusion that the fast ion production occurs mainly in the L.H.R. regionm,

and takes about 157of theinput power. This conclusion is in contradiction
with what has been observed on the WEGA and A.T.C. Tokamaks. The application
of the H.F. pulse did not change the current, the loop voltage and the equi-
librium of the discharge. A small increase (10 Z - 25 %) of the density and
of the electron temperature Te in the central part of the discharge was no-
ticed. The A.T.C. and WEGA which are very similar were conducted with improv-
ed experimental conditions. A better understanding of L.H.R.H. was thus
possible. The double loop on WEGA and the double guide Grill on A.T.C. in
opposite phases are very appropriate coupling structure. Almost complete
transmission (> 95%) has been obtained with matching. Natural matching was

excellent (70 Z - 80 7) and in agreement with theoretical predictionms.

The heated component (electron or ion) depends strongly upon the
EV energy spectra excited by the slow wave coupling structure. For low
average EV ion heating should prevail according to linear or parametric
instability theory, while for q” 2 5 electron Landau damping should prevail.
The former conditions prevail in LIWEREX, TM3 (Fig. 4a), F.T.I., ALCATOR,
A.T.C. (Fig. 4b), WEGA (Fig. 4c). The fate of the transmitted energy is still
not completely understood. On the one hand as it appears from the A.T.C. and
WEGA results, the charge exchange analysis (Fig. 4b and 4c) and DOPPLER
broadening on impurity lines as 0O VI (Fig. 5a-b) /11/, /12/ show that the
ions of the bulk are heated ; on theother hand an energetic tail in the ion
energy distribution is observed in the charge exchange curves. The fast ioms
have after the R.F. pulse a life time shorter than 100 us (Fig. 4c), which
means that they are produced in the outer layer of the plasma and badly con-
fined since they are lost after so short a time. As a verification, the WEGA
group has shown that fast neutral flux is progressively reduced when a collect -

ing plate is pushed deeply in the tenuous plasma (Fig. 6) /12/.

The location of OVII ions is known by.the radial electron tempe-
rature profile Te(r). This temperature is determined by THOMSON scattering,
radiometry and soft X-ray methods. The highly ionized oxygen ions are very

deep inside the plasma, at few cm from the axis of the discharge. Experiments
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with and without R.F. heating prove without any ambiguity that bulk plasma

heating occurs.

During the R.F. pulse on the WEGA device, it has been observed
that the electron temperature remains quite constant, while the electron
density and the loop voltage increase. For a constant applied R.F. power

the density increase is proportional to the pulse length.

However the increase of Ti cannot be attributed to the improved
efficiency of ohmic heating, due to gas or impurity influx produced by the
R.F. /12/. An equivalent increase of density has been sifulated with light
neutral gas (D2) puffing. It has produced a variation of T, less than 30%
of that produced by the R.F. power, and with a different time history. The
bulk heating is then reliable ; what still remains undetermined experimen-
tally is the sharing of the transmitted power among the wall, the low den-
sity plasma, the ion tail and in the bulk ionms.

The observed heating has been simulated with the Fontenay's code.
The results of the gas puffing experiments were nicely reproduced by ‘assum-
ing a reasonably enhanced neutral in flux from the wall. Ofi the other hand
to reproduce the results of the R.F. experiment it was necessary to suppose
zn energy source in the ion energy balance of about 50 kW localized at
r/a 5 0,5 (for larger radii the energy confinemént time was too low for a
built up of T, to be observed) in agreement with the experimental measurement
through 0VII DOPPLER broadening.

CONCLUSIONS ON L.H.R.H.

The coupling of a waveguide array to a plasma is effective. Reflection
coefficient of 957 can be obtained, when the Grill is well matched.

Heating of ioms and electrons of the plasma bulk has been shown by corre-
lated charge exchange analysis and OVII line DOPPLER broadening. Tails in
the ion or electron energy distributions have been observed. They are
correlated with parametric instabilities in the R.F. noise spectra. These
instabilities are a general but not necessarily dominant process in L.H.R.H.,
it might be possible to avoid them in the future. No deleterious effects

on the M.H.D. equilibria have been observed.
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The distribution of the transmitted R.F. energy between the wall, the
tenuous plasma and the bulk is not yet known. However it has been possible
to double the ion temperature of the bulk plasma in a Tokamak. The recent
results on WEGA suggest that 307 of the launched power could be transferred
to the bulk ioms.

ION CYCLOTRON WAVE LAUNCHING AND COUPLING.

I.C.R.H. has also been the object of an intense theoretical and
experimental research during these 'last two years /13/-/15/. In the I.C.
waves frequency range, coupling can be facilitated by the existence of cavity

eigenmode in the plasma loaded toroidal chamber.

These modes were first observed in 1971 by V.L. VDOVIN et al. /16/
and by N.V. IVANOV et al. /17/ and analyzed theoretically in a series of
publications /13/ to /21/.

The existence of toroidal modes is beneficial in that it enhances
the plasma loading of the launching structure and allows efficient heating
of the plasma. In medium size devices the eigenmodes are well separated.
Mode selection requires an appropriate antenna desigp and needs mode tracking
/22/. The situation 4s not so good for fusion reactor /26/. In large devices,
the toroidal cavity becomes highly oversized so that the modes are so dense
that their selection might be impossible. It seems then difficult to extra-

polate present experiments on fast waves "mode physics" to fusion device.

The coupling of R.F. energy to the fast toroidal eigenmodes is
obtained generally by loops. It has also been proposed to use special wave
guides /23/, /24/ (ridge wave guides and loaded wave guides) in large
torus (2a > 3m) and at high magnetic field (B > 50 k&s). For loaded guides,
as an example, with titanium dioxyde, the dielectric has to be protected
by Faraday shield. In both cases, loop and guide, the antennas must be

matched to the toroidal loaded cavity by external circuits.

I.C.R.H. IN TOROIDAL DEVICE.

V.L. VDOVIN et al. /25/ have shown on the Tokamak TM.,, wave genera-

1
tion and heating of ioms at Wpp = MW 35 0 = 1,2 in a Deuterium plasma. The
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wave launching system consisted of two asymmetrically placed coupling coils
insulated with a quartz jacket, and placed along the plasma column. For a
correct phasing the efficiency Pwave/Pemitter of this launching system is up
to 80-90% and only 40-507 in the case of one symmetrical loop. The modes
generated in the plasma were identified and their attenuation along plasma
measured by R.F. probes.

Charge exchange analysis shows an increase of the perpendicular ion
temperature of 100 eV for an R.F. power comparable to the ohmic heating
(~ 60 kW). The perpendicular energy distribution has a tail corresponding to

an ion population of 430 eV (Fig. 7) as in the case of L.H.R.H.

The efficiency of magnetosonic waves heating at 2wci was about
30-40% and a little less at W e The lifetime of the bulk ion was 200-300us

and that of the fast ions of the tail much less.

In connection with the energetic ions of the tail, strong neutral
tnflux is observed, which has as a consequence to increase the rate of
energy exchange between ions and electrons. A very important result of this
experiment was the presence of a small percentage of protons in the chamber
(of the order of 1%Z). which strongly decreases the quality factor of the modes
from the theoretical expected value. The two ion hybrid resonance appear to

be at the origin of the observed anomalous damping.

The situation is different in large Tokamaks,where the role of
Area)

Vol 7 7
that in high discharge current and high magnetic f1eld the energetic ions

hydrogen will be negligible, the ratio ( belng reduced. It is hoped

of the tail will be better confined, and this will prevent the bombardment
of the walls. J. ADAM et al. 26/ have investigated I.C.W. generation and
damping between w4 and 2 w,; at low R.F. power on the T.F.R. Tokamak in
addition to the two ion hybrid mechanisms previously observed by V.L.VDOVIN.

High Q modes where found at w_, = Z(wci)H in an hydrogen plasma, but not

RF

at Wpn = 2 (wci)D in a deuterium plasma. This effect can be attributed to

the existence of a resonant layer where the fast wave is converted into a

slow mode, if w,, < (wci)H' In addition J. ADAM et al. have shown the feasi-

RF
bility of mode tracking resonance conditions. A selected mode has been maintain-

ed by this method during 5 ms, in a time varying density plasma.
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I.C.R.H. ON THE S5.T. AND A.T.C. TOKAMAKS.

In these Tokamaks the coupling structures are single or multiple
(2 or more) phased, electrostatically shielded, fractional (length of the
loop < cross section perimeter) loops. In both Tokamaks the majority of the

diagnostics used in L.H.R.H were in operation.

In both machines, it was possible to determine the perpendicular
and parallel components of the ion temperature by both charge exchange and
spectroscopiec measurements. Lhe second charge exchange neutral detector
looking tangentially was located on the opposite side of R.F. coils. It is
then reasonable to assume that the entire plasma was at the temperature in-—

dicated by this detector.

The main results at wRF =2 w.; reported in /27/ can be summarized
as follows. Using two half turn coils separated by half a wave length, it has
been possible to reach a wave generation efficiency (at 25 MHz) up to 907

and a plasma loading in good agreement with theory. The experiment shows

that the I.C.W. is strongly damped. For fast wave excitation the R.F. probes
along the torus reveal the propagation of the wave many times around the
machine and consequently the predicted m = - 1, n = 4, -+ 8 toroidal eigen-
modes are observed. The measurement of loading resistance versus time exhi-
bits periodic splitted peaks which were explained theoretically as the effect
of the poloidal magnetic field. When 70 kW, 5-10 ms R.F. pulses were applied
at 2 w,, toa (n=06x lolzchB) D, plasma, perpendicular and parallel charge
exchange neutral analysis showed the considerable ion heating (~ 100 eV),

20 7 efficiency and the formation of an energetic anisotropic ion tail (Fig.8).
Comparing ?Li and Ti” , it appears that Tiﬂ increases more slowly (Fig. 9)

than ?li and decreases approximatively with the same slope. DOPPLER broaden-
ing measurement gave similar results. No variation of T, and loop voltage

was observed. Unfortunately, an important influx of neutral particles is
associated with the R.F. pulse and probably with the fast ion tail. This

influx produces constriction of the current channel which evolves into MHD
instability. The injected R.F. energy in S.T. was thus limited to about

1 KJ.
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Another gonsequence of the impurity influx is the increase of the
electron-ion equipartition rate and thus of the ohmic heating of the ioms.
The density variation during the R.F. pulse has been simulated with neon
gas puffing during 10 ms. As a result it appears that the observed ion

heating must be partially attributed to impurity influx.

On A.T.C. the perpendicular and tangential ion energies were de-

termined by three different methods /28/ :

a) charge exchange neutral particle analyzer (with three channels perpendi-
cularly and only one channel in the direction of the toroidal magnetic
field).

VII

b) Spectroscopic measurement of Ti by 0O 5 CV and CIV DOPPLER broadening.

c) Neutron counting after R.F. heating followed by magnetic compression.

Here again these measurements indicated a body heating with (ATi)
up to 200 eV for an applied R.F. power of 145 kW during 10 ms with an im-
portant tail in the distribution function of the ions. This tail may again

consist of protons present in small quantities in deuterium plasma.

There is some evidence that body ions are heated, because (ATizL
and (ATi%V obtained by charge exchange and DOPPLER broadening are compara-
ble, and also because the temperatures reached by adiabatic compression are
in agreement with the predicted increase due to compression for an initial
temperature resulting from the R.F. heating. Finally the positions of 0VII
and CV lines which were determined by optical measurement of.Ti and Te(r),

give an information on the heated regions.

The heated plasma relaxes after the R.F. pulse in few milliseconds.
This relaxation time is consistent with the calculated ion energy re-
placement time (Fig.10 ). Although the test of neon gas puffing has not
been made on A.T.C. to simulate, an improved electron-ion energy exchange
triggered by impurity influx, the authors of Ref./28/think that the measured
heating is mostly attribuable to the R.F. pulse. On the other hand no signi-

ficant deterioration of the energy confinement by R.F. pulse was observed.
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The most recent experiment on I.C.R.H. on a Tokamak has been made
on T4 by Buzankin et al. (Proc. of-VIth I.A.E.A Conference Berchtesgaden,
6-13 October 1976, Vol. III p.61), in a deuterium plasma containing a known
small percentage of hydrogen. This experiment has demonstrated the preferential
heating of protons, with the formation of a tail only on the proton population

when 1.C. resonance was excited.

No bulk heating and tail were observed out of resonance and far from

the antenna. Near the antenna, due to near field effect, local heating occurs.

The same experiment has also shown the existence of an upper limit
in the injected power. Above 50 kW disruptive instabilities were triggered as

on ST, by impurity influx due probably to the wall bombardment.

In summary the threshold for these instabilities was, 50 kW on T4,
100 kW on ST, more than 140 kW on A.T.C.. This threshold seems to depend on

the geometrical and physical parameters.

IN CONCLUSION.

. ST. and A.T.C. experiments have clearly demonstrated body heating.

3 TM] and T4 devices have shown the role, in the R.F. energy absorption,
of a small percentage of H, when I.C.R. is excited. This effect will
be exploited in the case of a two component (D,T) plasma.

. The, formation of a tail only in the proton energy distribution
rises the question on the nature of the ions in tails observed in
all I.C.R.H. experiments.

. Disruptive instabilities triggered in S.T., A.T.C., T, were likely

due to the impurity influx and not to the R.F pulse. ghis influx
can be attributed to wall bombardment, or to an uncontrolled displa-
cement of the discharge, or to another presently unknown cause.

. In large devices the density of toroidal eigenmodes in the frequency
domain imposes mode selection and needs mode tracking.

. The selection of the desirable mode might be unresolvable if the
frequency domain becomes near continuous.

. It seems impossible to extrapolate present experiments on fast

wave mode physics to fusion device.
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Experiments planned on large machines as T.F.R. 600, PLT, JET,
will provide the appropriate correct conditions for the required next steps.
Systematic research with improved diagnostics are needed to reach the

reliability required for the thermonuclear reactor.

If the present effort is maintained the evolution in the next ten
years of these R.F. heating methods compared to neutral beam heating, might

be as on the diagram represented on Fig. 11.
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FUSION REACTOR PROBLEMS

R Carruthers

Culham Laboratory, Abingdon, Oxon 0X14 3DB

(Euratom/UKAEA Fusion Association)

"Can we have fusion power?"; "can we build a fusion reactor? - this is the

type of question which is increasingly being asked.

There is only one honest answer - "We don't know and it will take a lot of
time and effort to find out." To answer the question as quickly and econcmically
as possible requires a carefully thought out programme. It is not just a matter
of getting the physics "right" and the engineering "right," putting the two
together and expecting to have a fusion reactor. The physics and engineering

must at all times be concerned with mutually consistent solutions.

l)I called

In my lecture at the 6th Conference in Moscow four years ago,(
these the problems of the interface region. Since then, plasma physics has made
encouraging progress and there is every hope of achieving the basic reactor plasma
parameters gquite soon. Engineering studies of fusion reactor concepts have
examined some generic technological problems in greater depth. Progress towards

wholly consistent solutions still leaves much to be desired.

Today I will examine these problems of self-consistency and show that
before trying to answer the question "Can we build a fusion reactor?" it is
necessary to have a much more plausible answer to the question "What is a fusion

reactox?"

1 Fusion Reactor Studies

First let us lock at the state of conceptual studies of fusion reactors.
Many thick volumes have emerged, some dealing with full scale reactors(z), others
with experimental power reactors. They embody a variety of ingenious models as
the basis of optimisation studies and conclude with seemingly precise estimates

of cost in $/kW.

This is a dangerous trend. If something can be costed so precisely, why
will it take so many decades of R and D and so much expenditure before it can be
built? Cost estimates are a valuable discipline to ensure that we are not

pursuing ideas which are orders of magnitude removed from reality, but the results
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must give proper emphasis to cautionary qualifications. Important items in the
reactor system are often treated superficially because they cannot be adequately
defined whilst others are very semnsitive to the chosen plasma model. These
uncertainties can affect the cost estimates by large factors but this is rarely

made apparent in the studies.

On the positive side, we can say that these studies have given a better
understanding of many generic technological problems - breeding blankets and
shields, radiation damage, heat transfer and methods of magnet design. We also
have some insight into reactor congepts which incorporate ideas for meeting the

operational requirements for construction and maintenance.

To make progress we have to remember that the value of systems studies is
not only to provide a progressively greater insight into the technological problems
of the different confinement systems, but also to make comparative assessments of
the likelihood of the realisation of each different system. This requires that
the effort devoted to investigating and developing the engineering concepts of
the different confinement systems is sufficient to bring them all to a similar
standard and fhat the models studied must be equally plausible and wholly
consistent right through from the plasma to all the engineering sub-systems. For
this to come about, the engineering design studies must have an increasing
influence upon the-plasma physics programme - the concept of "scientific feasibility"

as a‘purely plasma physics objective is unrealistic.

2. Fusion Reactor Plasma Parameters

We need to understand how to set up the plasma required in a fusion reactor
which is not the same as a full understanding of all the physical phenomena which
might arise in such a plasma - after all, man used the observed fact of chemical

combustion a long time before the development of combustion theory!

Relevance to reactor requirements must be the basis of future experiments.
There must be: flexibility because all reactor reguirements and relevent experiments
are not yet easily or accurately defineable. The necessary understanding and
clarification will only come from a greater interaction between plasma physics and
technology. The present weakness of this interaction is exemplified by the widely
held view that the objective of plasma physics studies is to define the parameters
for a fusion reactor. The plasma parameters for a fusion reactor have been fairly

closely defined for many years, and.the real plasma physics objective must be to
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find the means of achieving and maintaining these specifiable paramaters.

These parameters can be derived from simple models and it is important to
remember that these basic requirements remain unchanged even though complex models
may be required for optimisation studies and difficult technological problems must

be resolved to meet them.

To clarify these basic requirements, let us regard a fusion reactor as a
collection of "black-boxes. (Figure 1). There are six principal boxes. Most of
the studies concentrate on only two of these boxes - the confinement system and
fhe energy conversion unit, with an underlying assumption that the other four
peripherals will not seriously modify the results. There is no justification for
this assumption - the peripherals could be expensive and their interaction back

on the confinement system could modify the assumed model to a considerable extent.

The Confinement System

Let us first examine the confinement system, since it is the engineering
constraints on this unit which define the basic plasma parameters. The key
constraint here is the power loading of the first wall.' The essentials of the
argument are that the costs of engineering hardware, per unit area of first wall,
are determined by the blanket thickness and this is a function of the scale length
for neutron capture and shielding of the magnetic field system. Hence the cost
per unit area is a function of engineering design and for any given design,
minimum cost is obtained from a plasma which gives the highest possible power per

unit area.

We can put limits on the range of wall loadings likely to lead to an acceptable
reactor. The upper limit is due to a simple engineering constraint, Heat is
deposited directly in the first wall by radiation, energetic particles, neutrons
and backscattered gammas. Removal of this heat leads to a temperature gradient
across the wall and consequent mechanical stress. Homeyer(B)first treated this
problem in 1965 using the "onion-skin” model. Subsequent studies based upon a
cellular structure, no charged particle power and only hydrogen bremsstrahlung
suggests an upper limit to wall loading of about 10 MW m_z. Reactor studies at
lower power loadings were undertaken because of the concern at the high rate of
radiation damage and these all indicate that at 1 MW m_2 the reactor costs would
be unacceptably high. (Rember 10 to 1 in wall loading is essentially 1 to 10 in

capital costs, a large factor).
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Making the assumption of quasi-steady-state operation, relatively flat
plasma profiles and a plasma which fills the containment tube, it is possible to
draw a simple relationship between wall loading, plasma radius and energy

14

confinement time. This I show for a self-heated reactor, i.e. nTE % 2 x 10 cmr3sec,

temperature v 15keV (Figure 2).

By assuming an aspect ratio ©f 3, lines can be added showing the constraint
due to the unit size of the reactor. If we take the region bounded by 1GW and 5GW ;

(thermal) , and 5 and 10 MW m_2 we see that several parameters are closely defined:-

TE l - 2s
Density l - 2x 1ol4an2
Plasma radius 1.5- 3 m

This diagram changes only slightly over the temperature range 10-40keV. The
peakiness of the plasma profiles has much more effect - the size increasing and

the required energy confinement time going down.

We can add on the right hand side a scale of the product of B 32 - which for
the reactor region must be 1.5 - 3 (TEsla)z. This addition helps to show the
difficulty of making a low power reactor which would be of real technological
value. This technological value comes from working at wall loadings close to the
reactor conditions for realistic studies of radiation damage, heat transfer, cyclic
stressing etc. Changing the reactor output from 5 GW(th) down to, say, 100 MW(th)
requires B 32 to be raised a factor of about 3. Any large reactor should be
designed to operate at the lowest field consistent with B limitations (say 5T and
B = 10%) - because higher fields mean higher costs, therefore at the same B limit
the smaller reactor will require the development of a high field technology not
required by the large unit. This is not impossible to consider - but it needs

close examination before one can be sure that it would be a cost-effective exercise.

We have established the range of plasma parameters needed in our reactor, so
we can turn to some of the other boxes and see what is needed to establish and

maintain these parameters.

Control

I shall discuss control next rather than the more obvious question of start-up,



221

because I believe thtat control is the key problem. Different assumed solutions

have a considerable effect upon the other three sub-systems.

A quasi-steady-state burn has been assumed in most reactor studies and this
implies a certain particle confinement time. However, if this time is too long
and only a few particles come out, then the exhaust problem is simple and the
question of refuelling does not arise. We can assign an upper limit to the particle
confinement time by the extent to which we will permit the plasma to be diluted by
helium and hence reduce the reactivity. For a fixed total density, a 10%
concentration of helium would reduce the reactivity by about 40%. At a temperature
of v 15keV this would arise in about 8 energy confinement times, i.e. 8-16 seconds.
Particle confinement times can be shorter than this but it must be remembered that
the fuel throughput is inversely proportional to Tp and this directly affects the
cost of the exhaust system, fuel clean up, preparation and re-injection.

To maintain a steady burn temperature the energy confinement time must be
controlled at the required 1-2 seconds. If too short, the plasma will not self-heat
and if too long, then the temperature will rise.

All recent reactor studies sidestep thlis control problem by assuming a

Trapped Ion Mode loss process. Taking the highest estimate leads, conveniently,

to just the right values for a large reactor. This illustrates a disturbing in-
consistency - if the reactor assumption is correct, then ignition, breakeven, etc.
cannot be achieved on a smaller scale and many current programme plans are suspect.
However, trapped ion mode losses have yet to be identified and I understand that
the current view of plasma physicists is that even should they arise then the loss
rate will be only 1/10th to 1/100th of that assumed in the reactor studies. Future

reactor studies must therefore deal more realistically with this control problem.

Let us examine some possible approaches and their consequences. Taking the

usual nt - KT plot - which may be regarded as (nTt) (Figure 3). For stable

heating
operation at a given temperature, we must have an energy loss process with a

temperature dependency such that:

d(nTheating _ 4d(n1)josses
ar ay 9

Trapped ion mode loss scaling is attractive because the negative temperature
coefficient is consistent with stability in the 10-20keV range. All other

postulated loss processes have a positive coefficient: for example, with enhanced’
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radiation losses and a T;’ dependency, the ion temperature cannot be controlled to
below 40keV. Control by radiation from pulsed injection of impurities in a type
of bang-bang servo has been proposed. It can be shown that this is only
conceivable if the impurities can be extracted at a much faster rate than the D-T
fuel. To justify reactor studies based upon 10-20keV plasmas, we need a
predictable and controllable method of either enhancing energy transport or
selectively removing o-particles when they have only given up the fraction of
their energy needed to heat the incoming fuel. In the absence of plausible ways 1
of doing this, reactor studies should, for consistency, assume radiation cooling
and a high ion temperature. This still leaves the question of achieving a high
enough particle loss rate without which burn times must be limited to 10's of
seconds due to drop in reactivity.

(4)

Such a self-consistent mode for a tokamak was_studied at Oak Ridge and

the result was economically unattractive.

The apparent attractions of a quasi-steady-state tokamak cannot be taken
seriously until there is some attempt to show how the related plasma control

requirements may be satisfied. We need to consider the effect these requirements

will have on the confinement system, the cost of the additional hardware and any

increased power losses.
Exhaust

We can now examine the exhaust problems and it will become apparent why I
first dealt with control. What are the exhaust requirements? If we take the
"inconsistent" plasma model, then we have the condition assumed in reactor studies -
all - or at least nearly all - of the unburnt fuel + the a-particles and the
a-particle energy éan be channelled by a magnetic divertor into a collector region.
This again is very convenient because it minimises the direct power input to the
first wall. However, if we have to use radiation cooling or any other procesé for
temperature control which is based on energy transport direct to the first wall,
then the power input to the first wall surfaces is increased substantially - by a
factor of 3-4. The rating limit of 10 MW m'-2 was determined by this direct input

and heat transfer constraints, and for any increase in this direct input the limit

must be reduced by the same factor leading to an increase in the capital cost -

though not quite proportionately.

Unless we can obtain a high enough particle loss rate, there will be no input
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for the divertor which would not be needed, except perhaps to perform a
screening function, and we would be constrained to a short, fill-burn-pumpout

mode.

I1f we assume that future research will show us how to achieve the required
enhancement of energy and particle losses into a magnetic divertor, then another
plasma constraint can be derived. The flow into the divertor will be relatively
collisionless for energy to be removed efficiently at a well defined collector.
The plasma boundary temperature is then determined by the ratio of particle to
energy confinement times - or fractional burn up(s). This illustrates another
conflict of requirements. Good particle confinement to minimise refuelling leads
to a high boundary temperature (v 15-20keV). Introducing collisional effects to
reduce this will lead to the charged particle energy being deposited over a larger

area with problems of recovering it efficiently.

Refuelling

If the exhaust process is ill defined, then it is obviously not possible to
define the refuelling requirements. This will be zero for the short burn mode.
Long containment of D-T with selective removal of a-particles would together be
consistent with refuelling by neutral beams of a few hundred keV, whilst with the
usually assumed TIM losses, it is necessary to contemplate the high velocity

injection of pelletised D-T fuel.

Start-up

Finally, we come to the remaining box, "start-up." Present reactor studies
minimise this problem by assuming that start-up can be a relatively leisurely
process. This is acceptable if the burn time can indeed be made several hundred
seconds and the short energy confinement time of v 1 sec turned on when the burn
has been initiated, but the start-up model which is consistent with the other

sub-systems, itself depends upon the solution of the Control problem.

If quasi-steady-state operation is not possible, then the short burn mode
calls for a much more rapid start-up and the additional heating power will
certainly be much higher - more like 1GW than 100 MW - and adds to the doubtful

viability of such a mode of operation.
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Circulating Power

All the components of my simple reactor model contribute to the level of
circulating energy -~ that is the amount of energy produced by the reactor which

is used to keep the reactor operating and is not therefore available for sale.

It is well known that this is a severe problem in a mirror-type reactor which
_ Fusion power out "
~ Power input to plasma’
that it should be a negligible problem in a toroidal self-heated reactor with a

and it has been assumed

has an inherently low plasma QP(QP

plasma Q of infinity. This is not a correct assumption as was pointed out in a
sadly neglected report published by Jﬁlich(G&ith contributions from Garching and
Culham. Perhaps this was because the results were in engineering terms of overall
thermal efficiency and not the familiar Q of physics papers. All reactor studies
reach their $/kW costing by assuming a certain thermal efficiency - usually taking
a value appropriate to the best thermal cycles envisaged for fission reactors.

The Julich report takes into account the larger heat losses due to the system
needed to collect heat from the very extended low density source presented by a
fusion reactor, together with likely losses in the various sub-systems and shows
that it will be difficult to achieve a net conversion efficiency of more than about
70% that of a fission or fossil fuelled heat source. Any $/kW cost estimates,
however doubtful they may be for other reasons, are at least 30% low because of

over-estimating conversion efficiency.

Expressed in terms of Q the Julich report shows that, optimistically, a tokamak
might have a net Q = 30 though, pessimistically, or perhaps more realistically, the
net Q might be lower than 10! The significance of Q is often misunderstood so I
have produced a simple diagram (Figure 4) relating a cost factor to Qeff' Qeff is
smaller than the plasma QP and is the ratio of the nuclear output to the electrical
power consumed at the power station and not therefore available for sale. 1In this
way we obtain a generalised expression in terms of the unit cost of the fusion
reactor (X/kW(thermal)), the unit cost of the "conventional" plant (Y/kW(electrical)),

and the efficiency of the convertor, N,

Power Station Cost = ———:ﬂ§7——- X + .0 per kW(e)
r](:,- Qeff nc

n is the cost factor and is plotted for nc = 0.4.

PR | | < I
Ng = Q¢

For reference, a relatively poor "conventional" power station with 10%
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recirculating power corresponds to Qe = 25 and a cost factor of 1.1. Hence, a

ff

eff
for more conventional equipment would result in a power station costing 23% more

hypothetical fusion reactor with a Q of 10 and the same unit cost (X/kW(th)) as

andrhaving double the waste heat of the conventional power station.

At this stage the curve should only be used as a general guide. Systems

which have difficulty in achieving Q > 5 are likely to be unacceptably

eff
expensive and produce excessive waste heat whilst systems with Q_c¢ > 15 may be

considered to have promise.

The curve is not applicable to mirror machines in which it is assumed that
recirculating power can be handled by efficient and hopefully cheap direct

convertors. This brings the Knee in the Q/cost down to a lower Q.

The Ultimate User

I hope that by now I have shown the considerable interaction between the
sub-systems of a fusion reactor and how necessary it is to develop an understanding
of the control of plasmas - a subject I have called Plasma Engineering. This
understanding is essential for our reactor studies to ensure that these studies
can provide a sound basis for the correct relative assessment of the reactor

potential of different confinement systems.

I must not conclude without mentioning the third party to reactor studies
who has so far been somewhat neglected. He is the eventual operator of the power
plant. Just as much as plasma physics parameters must be compatible with the
constraints of engineering feasibility, so must both plasma physics and engineering
meet the requirements of the utility operator (who we hope will purchase our
fusion reactors). Utilities in the U.S.A. have already begun to express their
views on present tokamak reactor studies. It would be nalve to assume that the
energy situation will become so bad that fusion would be welcome, regardless of
capital cost, efficiency, reliability and ease of operation. A prototype or

commercial fusion reactor must compete with the alternative energy sources.

Having, with great ingenuity, shown how fusion reactors might be built, it
is also necessary to consider the plasma parameters required and to see what
simplifications can be introduced into the engineering design to approach the

reliability and ease of operation, on which the utilities will rightly insist.
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We must now face these operator requirements and any constraints imposed
upon the engineering design of a fusion reactor. The fusion reactor designex
must fully understand and quantify these constraints and the practical
requirements of the utility operator so that they are incorporated in the
conceptual design studies and allow the-cbnsequent, tighter constraints on the
plasma parameters to be established.

Conclusions

In this lecture, I have tried to dréw attention tb important problems which
have not been highlighted in published reactor studies. They are mainly plasma/
engineering interface problems and show that now plasma physics research has come
within striking distance of reactor parameters, it can no longer set its own
objectives, The future programme must interact more closely with engineering
studies and concentrate upon research which is relevant to reactor‘plaémas - in
particular there must be a vigo}ous attack on the control problem because the’

form of the solution has such a major effect on the design of a fusion reactor.

It'would take another lecture to consider possible solutions but I have
summarised the position in Figure 5 which shows four possible control options
and their consequences for the other sub-systems. The third option is the basis
of most engineering design studies of tokamaks - yet it is the one having the
largest number of uncertainties. Studies of other systems such as mirrors and the

reverse field pinch are usually more self-consistent.

Many of the problems arise from the control of a plasma which has ignited

-and become self-sustaining, i.e. the plasma Q is infinity. Since a plasma Q of,

say, 40 would be acceptable, is ignition a necessary or even a desirable
objective? If the confinement of D and T is long - tens of seconds - and the
a-particles could be preferentially removed at high energy we would have a
solution consistent with beam refuelling and the beams might even be consistent
with the requirements of plasma profile control and current sustainment for

continuous operation.

— .
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STATIONARY AXISYMMETRIC STATES WITH DIFFUSION
AND HEATING OF TOKOMAK CONFIGURATIONS

(Supplementary papers)

C. MERCIER

ASSOCIATION EURATOM-CEA SUR 1.4 FUSION

Département de Physique du Plasma et de o Fusion Contrilée
Centre d'Enudes Nucliuires

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

The equilibrium equations of a plasma with Ohmic and other supplemen-
tary heating have been given in the contributed paper egs (2) - (7). They contain
the heat transport coefficient. It was shown that for a realistic coefficient

(f=—1,N=5) andomicheatingalane&eplam-ﬁ-ﬁoesmtemesiafewpermt.

Further numerical calculations have been made using a supplementary
heating caracterized by a given radial distribution of the heat source. The
intensity of the supplementary heating is expressed in terms of the ratio
m = (suppl. heating)/(Chmic heating).

Two cases have been treated
a) constant radial distribution

b) radial distribution increasing from the center towards the boundary

of plasma.

In case a) we obtain
for D-shaped plasma cross-section :ﬁm=ld|wiﬂ1m=so
for kidney-shaped plasma cross section : /Frrax' 18% withm = 75

In case b) we obtain -
fnrD—ahamdplasmcmsssectim:F =22 % withm= 86
fdrmdmy-mplmmmmﬂ“ﬁmwﬁtwimm=wo

A systematic research of the aptimm;l_m has not been carried out.

We have fourd that the B increase linearly with m, the slope belng
practically the same for all cases treated. 'I‘hemxtmmpossj.blevalueofﬁ is
given by the limit of equilibrium (appearance of a second magnetic axis). In
oconclusion we may say that the adequate choice of the radial distribution of the
supplementary heating is essential for dbtaining high plasie -5 . It appears also
that the kidney shape leads to the best B balues.

The investigation of the stability of the obtained equilibrium
configurations has not yet been done.
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ELECTROSTATIC POTENTIAL IN THE DIVERTOR SCRAPE-OFF LAYER

U. DAYBELGE and M. A, Mamedow*

Institut fiir Theoretische Physik, Ruhr-Universitdt Bochum,
4630 Bochum, F. R. Germany

*University of Baku, Azerb. Soviet Socialist Republic

Abstract: In a tokamak plasma bounded by a simplified poloidal
divertor geometry the electrostatic potential variation is deter-
mined. Results are plotted as a function of both position and

the temperature ratio of electrons and ions.

In this supplement we present some of our results found by
the method described earlier. If we consider only the transiting
particles, the precise description of the loss and existence re-
gions can be summarized as follows: First consider the case o= 1.
(a) t < 0. We define A = (h®-1)E - (h-1)y - h2ne-c’e?.

1) If A < O, then there is no loss.
2) If A > O, then the loss region is the exterior of parabola
(h-1) 22+ 2u{-th-1)[(h2-1)3 - h?ne-e2e2] + 2:21;2}

+ [th2-1E-h2ne-c?e?)2- 4e2e%k = 0 ()

(b) t > 0, then either 1)all ions are lost for E-p-et < 0, or
2) if E-py-et > O, then i) in the region where A > O all ions
are lost, or ii) if A < O, then the loss region is the
interior of the skew parabola given in (1).
Now, we consider the case o = -1: Supposing first
(a) t <0, then 1) if A > O, then all ions are lost.
2) If however, A < O, then the loss region is the exterior of
the skew parabola (1).
(b) t > O, then 1) if A < O, then all ions are lost, or
2) if A > O, then the loss region is the interior of the pa-

rabola given by Eq.(1). Additional constraints are 1y >0,

e >
E= &=k 210
the assumption that all orbits are transiting and consequently,the

and E - p > O, where the last inequality expresses

potential between the edges of the divertor plates'is constant and
zero. If we admit, however, the trapped particles into the analysis,
we can prove that for sufficiently high E and u, some particles
will reach the plate after having passed bglow the plate and chan-
ging the direction of motion at a turning point. As a result, the
potential at the tip 6f the plates will be continuous.

Results found without trapped particles are given in Figures.1-2.

-4

B=1
€=yp=0.a8¢
§=o0.00 P
€E=9=0186
= 0.0}
£ -6

Fig.1. Potential plotted as a
function of normalized radius

and poloidal angle

Fig.2. Potential plotted as a
function of normalized radius

T
and the temperature ratio: Yﬂn.Fji
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REDUCTION OF POWER LOSS DUE TO HEAVY IMPURITIES IN DIVA
DIVA GROUP, presented by $S. Yamamoto

The toroidal magnetic field is increased to 20 kG, and the movable shell
and copper rods have been dismantled. No titanium is flushed in the present
experiments. Plasma-wall interaction can now be studied over a wider range
of plasma parameters which extend to Puln = 180 kW, Ip = 45 kA, T“ = B00 eV,
o= 0.8x10'* ca™ and 1, = 3 msec. Ion temperature T, agrees with the
Artsimovich scaling law, up to 300 eV. In order to study the divertor effects,
plasma parameters are investigated with and without the divertor undzr the
conditions in which li,, L) Ip and BT are appreciably the same. Figure 1 shows
the radial profiles of Te' Ti and L the powers emitted by the plasma along
different chords due to the sum of radiations and charge-exchange neutrals P”.
oxygen OV and pseudo-continuum. With the divertor, the heat flux to the
divertor is 85 kW, i.e. 60 of ohmic dissipations. The particle flux to the
divertrr is 38% of the total. The divertor reduces the loop voltage by a
factor of 2, radiation loss due to oxygen and heavy impurities by a factor of
3, and increases the energy-confinement time from 1.1 msec to 2.9 msec. The
divertor effects on the energy-confinement time and the particle-confinement
time are studied under various discharge conditions. The energy-confinement
time compared with the Alcator scaling 1.“" is shown in Fig. 2-(a), in which
open and closed circles dénute the cases with and without the divertor,
respectively. The divertor increases the emergy-confinement time by a factor
of 2.5 over the wide range of plasma parameters. A scaling law for the
average particle-confinement time 1w obtained and shown in Fig. 2-(b). These
expertmznln:l results show that the divertor reduces plasma-wall interaction.

Consequently, impurities decrease and the energy £ time i .

* Aleator group, Proc. the Berchtesgarden Conf. IAEA-CH-35/A5 (1976)
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Fig. 1 Plasma parameters with and without the divertor
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EXPERIMENTS CN NEODYMIUM LASER PULSE INTERACTION WITH SLAB
TARGETS IN THE PICOSECOND REGIME (PART II)

J.A. Zimmermann, J.E. Balmer, T.P. Donaldson, P. Wagli
Institute of Applied Physics, University of Berne, CH-301l2-Berme

Abstract: Measurements of electron temperature and ion expansion characte-

ristics were made of plasma generated by short neodymium laser pulses focu-
sed onto perspex targets at oblique incidence. Two groups of fast ions
were seen, one of which only occurred st p-polarisation.

Further experiments were made with the laser—system described in Vol. 1,
to compare sbsorption at oblique and normal incidence. Laser intensities
of 2:.1.013 watts uu_z wvere focused obliquely onto perspex targets, at
angle O between the laser k vector and the target mormal. In Fig. 1(1) the
electron p 3 Te' d as a function of © for p-polarisation,
pesks at @ = 15° 3 5". A resonence absorption peak at this engle implies
& density scale length L = 3 ym (sin @ = 0.'{(knL)-V3), in good agreement
with the value calculated from the measured temperature and reflectivity
(2) (ef. Vol. 1). Figure 2 shows the thermel ion expansion energy, Eps
and T, to vary as coazo (# is the angle between laser E-vector end in-
cidence plane); this functional dependence indicates the presence of re-

sonance sbsorption. Figure 3 shows the ion curremt for s— and p-polari-
sations where distinct thermal and fast peaks can be seen on both traces.
The thermal peak for p-polarisation is more energetic due to incressed
energy absorption (cf. Fig. 2). The fast peak for p-:palnriuution(si, vom—
poned of several ion species, corresponds to an electrostatic mcceleration
potential Vn = 12 kv, vhile the fast peak for s-polarisation corresponds
to \l’. = 1.6 kv. v is equal to the penderomotive potential calculated from
b s vhile Vp
is equal to the sum of the ponderomotive potential and the escape potential
from the resonance region. It is concluded from these results that reson-

the électron quiver energy in the plasms reflection regicn

ance sbsorption is an important heating process at oblique incidence and
that there are two distinct sources of fast ioms.
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(1) J.E. Balmer and T.P. Donaldscn; submitted to Phys. Rev. Lett. (197T)
(2) J.E. Balmer, T.P. Donaldson and J.A. Zimmermann; to be published
(2977)
(3) P. Wigli and T.P. Donaldsonj submitted to Phys. Rev. Latt. (1977)
(k) V.L. Ginzburg, Propagation of Electromagnetic Waves in Plasmas
P 365 (Pergamon New York, 196L)
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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 Plasmaphysik, 8046 Garching, Fed.Rep.Germany
EURATOM Association

Detailed equilibrium calculations for Belt-Pinch lla resul ted in a sequence of ideal MHD
solutions fromwhich two plots of the flux surface structure and corresponding plasma para=
maters are shown in Fig. 5. In the course of the discharge the initially racetrack-shaped
cross ion (10 ps)b more elliptical and triangular (70 ps), and the toroidal
current density within the plasma remains opproximately z=independent (j = copr + & :—

with miymk‘f’—cunrrlbuflom , where :op and ¢ p are constants related toplasma

pressure and toroidal flux function).

Zlem] Zlem]
1304 130
|
0 gJ
0 Rlem]l 0

Fig. 5: Equilibrium solutions for t = 10 ps (¢8> = 0.6, <Bp> =4.0,
9 =4.4, 9= 1.8) and for t =70 ps (£B>=0.2, (ﬂp‘} =1,5,
9, = 5.2 q, = 2.0)

Extensive simulation experiments with the Garching high-beta transport code, which
use all available experimental data and profiles, have been carried out, Within ex-

e tal o

P errors pl g is

hal

d between the experimental particle
and magnetic field transport and predictions from the classical multi~fluid transport
model, Measured plasma line densities and density profiles including two side maxi-
ma are explained by the code with a neutral particle background, which is consistent
with the initial p of the discharge. M: r, it has been shown that the

gas influx from the vessel walls must be rather small and unimportant, Ancther main

result is that there exists a faster energy loss in the experiments (‘C‘E 2260 ps) than
is predicted numerically (TE =180 ps). The enhanced energy loss and the measured
eloctron temperature on the magnetic axis (see Fig. 4) can be simulated by an im=-
purity content of 2.5% oxygen, whereas 1% (oxygen plus carbon) hove been measured.
The slow rise of T, (see Fig. 4) is caused by the fact that initially only part of the
total fon energy exists in thermal form due to compressional escillations, so that the
heating of the electrons is delayed. Possible explanations for the observed larger
energy losses are e.g.unidentified impurities and transient contacts of outer plasma
regions with the vessel walls. At present an anomalous energy transport due to micro-
instabilities or MHD modes cannot be excluded, while particle and fleld transport has
been shown to be classical .
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CHARACTERTSTICS OF SPONTANEOUSLY GENERATED RFP IN ETA-BETA

A. Buffa, S, Costa, R, De Angelis , G,F, Nalesso, S, Ortolani and G, Malesani
Centro di Studio sui Gas Ionizzati
del Consiglio Nazionale delle Ricerche e dell'Universita di Padova
( Associazione Euratom -CNR)- Padova (Italy)

New measurements with the 10 - pjseconds current risetime arrang=
ment, varying the filling pressure from § to 80 mtorr, have been dome to
study the behaviour of the energy input and losses l_lj. Due to the unsta-
ble behaviour of the discharges, local measurements of temperature and den—
sii:y were not reliable.

The average electron temperature has been deduced from the current
decay time, assuming a Spitzer resistivity; a decrease from about 6 to 3 eV
is found varying the pressure from B0 to 50 mTorr.

These values are supported by measurements of the relative intensi
ty of O IT and O IIT lines, which give an average electron temperature of
about 4 eV.

Assuming a density corresponding to the filling pressure the avera
ge 30 decreases from ~0,2 at 80 mTorr to ~ 0,03 at 5 mtorr.and in all the
cases the plasma energy is much smaller than the magnetic field energy.

In figure 1 the quantity ('i.npnt- Hfidd}ﬁinput
gies ( W) are time averaged in the plateau region of the primary current)
which is approximately W. is plotted as function of the filling

lmmeu/‘i input
pressure, Impurity radiation losses could account for the observed beha=

(where the ener—

viour only if the impurity content was increased by more thana factor ten
from the 80 to the 5 mtorr case and even if, as pointed out previously, no
quantitative accurate impurity measurement were possible this seems higly
unlikely to occur.

The losses associated with the magnetic field fluctuations during
the setting-up have been estimated, using a semiempiric expression [-2_7. Due
to the low current and temperature, they can account only for a fraction of

the observed losses, An estimate of the ratio wr}:'/vs shows a variation from

0,5 to 5 decreasing the filling pressure, so that an enhanced anomalous re-
sistivity due to microinstability which can arise in the low pressure condi
tions can qualitatively explain the energy losses behaviour, A further indi
cation of the anomalously high resistance at low pressure is given by the ra-
tio between the volt seconds produced and the azimuthal flux inside the va

cuum vessel as shown in figure 2,

““]-\,“-‘_
[ -“L " :
%
_____ st cp
. e et
fig, 1 fig, 2

1Buffa,A, et al.,3rd Int.Meet, Heating Toroidal Plasmas, Grenoble(1976) v.2,ps359.

2Robinson,D,C, , 3rd Top, Conf, on Pulsed High Beta Plasmas, Culham (1975) B1.7.
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STUDY OF MAGNETIC SHAPING IN A SHELL-LESS HYBRID TOKAMAK WITH OCTOPOLE
T. Okuda, ¥. Tanaka*, K. Sakurai, K. Nakamura, M. Hata and T. Kuzushima

Department of Electronics, Nagoya University, Nagoya 464 JAPAN

The observed radial profile of the impurity line intensity is explained
by a model based on the neoclassical transport. The MHD stability
properties are improved by the shaping field. A square cross section with
high rectangularity is more stable against vertical displacement than

elliptical one.

(d) Impurity Transport

Pig.5. Spectral intensity profiles for

C IT 4647 A at t=0.5 msec. The symbols
e, 0 and A denote the measured, the

calculated with and without impurity

Seeciral Intensity
8
H

transport, respectively. The amount of
the influx is assumed to be 4*1020 h-zl-l

(at 1 eV). The electron density distri-

LI | 7

LI B | bution is given by nanellﬂlglln h.'/a?al .

; th
The observed radial profile of the spectral intensity of carbon impurity
line {is compared with that predicted by a numerical simulation. The code
is based on the rate equation, in which the terms of diffusion and influx
of the impurity are included. The Pfirsch-Schlliter diffusion coefficient
is used. In Fig.5, the observed and calculated radial profiles of C II
line intensity are shown. Consistency between them is satisfactory.
(e) MHD Instabilities

Hybrid tokamak has a distinctive feature that the safety factor at the

plasma boundary is increased by the shaping field. Therefore the onset of

MHD instabilities arising from resonant helical perturbations at plasma

surface will be suppressed.

14F T T T T L. Fig.6. Plots of qa/qm and IP/IW
':uf“up, |l (cawcnation) 4 versus a=Iy/I,. q,: the safety factor
1
b/ = > | at the plasma boundary, I, the
octopole current, I_: the plasma
16/1p 1 P
{ ) current, The subcript O denotes the
10 i RN 1
4 6
o 03 o o o value for a=0.

The plasma current at which the m=3 mode change into the m=4 mode is
observed as a function of the shaping field. Such critical value of the
plasma current Ip is increased by increasing the shaping field. Pig.6
shows that this result is understood on the basis of the safety factor at
the plasma boundary.

() Elongation and Rectangularity

The positional stability against vertical =4
dispalcement is analyzed for vertically d=025 3 d=02
02
2

elongated square plasma by using the same

procedure as Lackner and HacKath(ﬂ 1

01
00

In Fig.7, the rectangularity d and the

elongation ratio £ are schematically shown.

The computed maximum elongation ratio for ?1= f‘ —d,-f‘CUS 48
fa

d=0, 0.1 and 0.2 are 1.3, 1.7 and 3.3,

Fig.7. Elongation and
respectively.

rectangularity
Thus, elongated square cross section is

more favorable than elliptical one from the point of view of positional
stability.
* Present address : Japan Atomic Energy Research Institute.

(6) K. Lackner and A. B. MacMahon, Nuclear Fusion 14 (1974) 575.
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ON SAWTOOTH OSCILLATIONS AND MHD-MODES IN THE W VII-A STELLARATOR

W VII-A Team, presented by A. Weller
Max-Planck-Institut filir Plasmaphysik, EURATOM Ass.
D-B046 Garching, Federal Republic of Germany

Abstract: In our supplement to Vol I, No 127 we present same results of

sawteeth and modes in the W VII-A Stellarator, vs. peak density ngg and ex-
temal rotational transform {o. H -filtered light signals cbtained side-on
in the W VII-A limiter plane are correlated with sawteeth and modes.

Parameter Study: In W VII-A sawtooth osc¢illations and modes appear
to be mainly depending on the peak density ngo and the external
rotational transform t,. For low values of £y = 0.027 and 0.055
Fig. 1 shows (from top to bottom) the relative amplitudes of saw-
teeth (4), m=2 modes (A.), and so-

B freem)

called predisruptiocns (y), resp., vs. ‘:.-ms -
N, Above n_ = 4-10 cm ¥ the m=2 bt ) A
activity increases further and the QEH )W ‘L\H
sawteeth are reduced. Predisruptions e i I
are observed as internal disruptions A l
occuring at the gq=2 surface which +Y
initiate an internal disruption at Fig.1
the g=1 surface. They are believed to g
be important for the major current
disruption which is present in !
tokamaks at low g values and high
density. Close to the tokamak den- |1
sity limit, they cause (soft) current e 1\1,
disruptions at £ = 0,027, iy

o for g
For ‘f-'o- 0.23 the mode activity WM- A
{mainly m=3, n=2) is small, presu- o *Hv
mably because of a stabilizing effect
of the helical field. A roughly linear
increase of AR /A is seen with density, g 0Pent)

current disruptions are not seen up to o 1

T 3 ] T
o - Sawieeth, ms2 - and predenglions
neo—a-m‘ em 7, b ko f s vl by
At an average {o" 0.11, Fig. 2 0. B=35T
shows radial profiles of the rela- _ﬂ\m

tive sawtooth and MHD amplitudes, 04
along with the ranges of the m=1

and m=2 modes; n=1 for both. They 02 +
couple at the radial outside.

For large t, energy losses for
electrons due to sawteeth are
important; forf;< 0.1 the m=2

modes are large and cause me=linst
additional transport. ma2, el -me2.nel -
!‘“L” v( couping port
Light signals obtained side-on o
in the W VII-A limiter plane have B E] '!R'bml 2 [] 0
been seen to correlate with the X-Ray Profiies of MMWW
=12:n=

sawteeth and the modes. This is
also the case if a Hu—ﬂltar

(half width 170 R! is inserted
in front of the camera lens. An m T

Fig.2

example is given in Fig. 3 for Fig.3 [NEE
To= 0.23, ngg= 6+10"em3, b aim
detector positions shown in the )'_t _:_“n
left of the figure. The light & canem

modulation is a few percent. The
waveforms are complicated, but
clearly correlate with the J

otentisl
nght

sawteeth. -
ofl Xeray

g

Sawteslh a1 €102 corglaled with imiter signals
Tes® 025 KoV, neew %07 e’




148

FINITE FREQUENCY DENSITY MODIFICATIONS BY LOWER-HYBRID cones™®

P.K. Shukla®, M.Y. Yu® , and K.H. Spatschek™
*Institut flr Theoretische Physik, Ruhr-Universitit Bochum,
4630 Bochum, F.R. Germany
*prachbereich Physik, Univ. Essen, 4300 Essen, F.R. Germany
If nonlinear effects associated with the cold plasma

lower-hybrid waves near the outer edge of the plasma column
are unimportant, the cold plasma wave will reach the lower-
hybrid resonanance layer. Large amplitude hot plasma waves will
then appear due to linear mode conversion. We study in this
supplement the nonlinear behavior of the mode-converted lower

hybrid waves with respect to parametric instabilities.

A mode converted lower-hybrid wave (mn, Eb) can couple with
finite freguency density perturbations (w, k) to produce a
daughter wave (w,, k,) near the conversion layer. The equations
governing this three-wave process (w_=w,tw, k = k, + k)
can readily be obtained by standard methods. Thus for the pump
wave we have

A (4, +€ (4 ) ey = 1) (ve,) +

O XXXX 10 TO XX L ¥ AﬂhJ¢

(¢,)

x oxxlxx EID o zz

= -(4re/wy) V .« (n  u,), . , (n
where - -[c/BOJ(YLoij) . Y=R3/ax+¢ 3/3y, 3= 0,1, B,=B %,

2 § 2 O 2 2
Mm%sammn:n%+3m“%)m%.ms%-u%g%

2
% /w_. The other notations are stan-

o 2 a
l'}1)1""“"0 ¥ B R -”pa o

dard. Replacing the subscripts O by 1, and u,~+u., ne5+né; » We

obtain the evolution equation for the daughter wave.
The terms involving v= £,
to the self-interaction nonlinearity. On the other hand, the

2
5 O -1)f¢j| /167n xTA  arise due

terms containing Ej appear because of the important E x Eo

- 2 =
e Lcu2u¢°¢1f4venuw°, where y = k' P, P =

drift, In fact, n
Xo (14X / U4xg*xy) e @y = (kg % k) - 2, and x (uw,k) is the 1i-
near dielectric susceptibility. Defining ot=6¢°‘1/(16wnunw)y&.
5= (50 /Ag) 7, meux, € = (a/B)z, a=(e,~1) 6/2¢, (B=-c, /26, &,
2

ximation, we find from (1) a coupled set of nonlinear Schridin-

c = 32n'ec’a anTjuu/E;u;ushoﬁ, and using the usual WKB appro-—

ger equations

10,0, + (0,0, + lo,1%0, + clo|"e, =0, (2)
2 2

ile), + (@) + lé_1"6_ + clé, | "¢_ =o0. (3)

Following Hanakov,t1], Egs. (2) and (3) can be shown to ad-
mit localized soluticns. For typical T-20 parameters, the r.f.
threshold power for overlapping filaments to occur is roughly
0.6 MW, whereas presently the power being attained is about 0.3
MW. Therefore at the latter power level wave breaking would not
occur at the resonance layer, and consequently absorption of

the wave energy inside the plasma can be expected.

+ Supported by SFB "Plasmaphysik BOchum/Jilich".

[1] s.v. Manakov, Sov.Phys. JETP 38, 248 (1974)
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PRELIMINARY CONSIDERATIONS REGARDING THE EFFECT OF u-PhRTICLBé
ON A REFUELLING PELLET
C.T. Chang

Association Euratom-Risg National Laboratory

Slowing down of a 3 MeV a-particle in the ablated cloud

surrounding the pellet: The further slowing down of a 3 MeV

a-particle in the ablated cloud around the pellet clearly depends
on the plasma parameters, ITB)' and I“e)i of the cloud. Although
the exact values of these parameters depend on the interaction
mechanism of the 3 MeV. a-particle with the D-T pellet, an esti-
mation of its range in the cloud, however, can be made based on
some reasonable guess of these parameters.

As the electron temperature (Tg)y is not likely to exceed
100 eV, it can be shown that the stopping power formula.of the
3 MeV a=~particle reduces to the conventional one for a cold

medium, i.e.

dE m .,n
% = -1enRR 2 an () ,

e
m_ 2 kT
where r = 3%731 (EE) (-ﬁ-—gj
P e

KT,
or r=o0.925x0%(—2) -

3

[(kTB)' in ev, (neli in em "]

correspondingly, one may write the range as,
R=2 2 (TE) 1% [ 2)
= E n(rE?)
{ETeil m, -]

By taking E, = 3 MeV, and assigning some reasonable values of
(T), and (nB)1 to be expected for the ablated cold plasma, the

expected range, R, is shown in the following table

ng en”? kT, =1ev kT, = 5 ev kT, = 10 ev
1022 0.0386 cm 0.0305 cm 0.0280 cm
102t 0.2799 0.2349 0.2197

1020 2.197 1.910 1.808

10t? 18.08 16.09 15.36

1018 153,6 139.0 » 133.5

As the electron number density (ne)1 of the ablated cloud

19

most probably will not exceed 107", the above result indicates

that the cold plasma blanket surrounding the pellet will not be

an effective medium for the further slowing down of the a=

particles.
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PARAMETRIC INSTABILITIES IN CURRENT CARRYING PLASMAS quency ion sound wave is heavily damped by ion collisions. We
expect the ion quasi-modes and the ion cyclotron wave to be the
S.5.Pe3ié most unstable in high-temperature plasmas [3]
Atomic Physics Laboratory, Boris KidriZ Institute-Vin&a, We have solved numerically the complete dispersion equation
P.0.Box 522, 11001 Beograd, Yugoslavia. (1) to obtain growth rates and coupling coefficients for the

considered low-frequency instabilities. The parameters chosen
are relevant to the LE heating of toroidal deuterium plasma and
in particular, to the low-density plasma region of torcidal dis-
charges (f,=8x10°Hz, B =2.2T, T,=100eV, T;=10-100eV). In the

The effects of the particle drift motion upon the development
of low-frequency parametric instabilities in magnetized plasma

are studied.
following discussion we shall concentrate mainly on analysing
the effects of the particle drift motion upon the nonresonant
The parametric interaction of intense electromagnetic fields decay into fluld-like and kinetic quasi-modes. The particle
with magnetized plasmas has attracted recently a great deal of drift motion has a negligible effect upon the growth rate and

attention as an efficlient means to transfer the electromagnetic frequency of the decay waves for ucv,, and L=u/k,v, >l. However,

energy into plasmas [1,2]. The object of the present paper was at fixed k, value the coupling coefficient a, decreases as

to examine the effects of the particle drift motion upon the u/vt approaches . The further increase of u leads to the ex-
e

development of low-frequency parametric instabilities in mag- citation of ordinary current instabilities [!or'iﬁ-d(wo)f- To
netically confined plasma. demonstrate the role of the particle drift motion in Fig.l. we

The dispersion equation governing the parametric coupling (in have represented the variation of a, as a function of u/v_, for
its linear stage) of a low-frequency electrostatic wave at (w,k) various y/uw,, values. The considered decay waves propagate in
and two high-freguency sidebands at (u:ua,ij propagating in dense plasma (n=2x10'%cn™?) at an angle g=arcecos (Ym_/m;) to the
two-component hot homogeneous magnetized plasma in which the magnetic field. Therefrom @D6f§ Wy e When k, is kept fixed a,
electrons have an average velocity u with respect to the plasma is increasing for increasing the growth rate or the wave fre-
ions reads, quency. The variation of 2y with the angle of propagation @ for

u=v, is shown in Fig.3. The density of wave propagation de-

t(w;) . aéxi(mg)EO(NI,[E(UL-MGJ-1+€tml+mn:_l}fg = i cra;:es (from n’-'2x1Dg3cm—3 to nﬂlolgcm_s in t:e :e:resented ]
where w =wtiy,y is the growth rate of oscillations,e(w,+mug) = range) while a, increases for decreasing the angle 8. When
-1+x.(m£—Eﬁ+mun.i)+x1(u1+muu,i) is the linear permittivity. For T, >> T, similar variation of a with 8 is observed (Fig.4.).
a Maxwellian equilibrium distribution function the linear sus- We note that at large angle of propagation the decay into short
ceptibility for the a-th species of particles is given by, wavelength waves is characterized by relatively low thresholds.

w2 - 14z YO,z ) The general conclusion to be drawn from the presented results
0 K) pa O a’“na y @ - is that at Lsu/vte the particle drift motion has a profound
o k’véu 1+ 1vu?tlu,znu)/k#vtn effect on low-frequency parametric instabilities.
- .
where mﬂ,znu)nng_w:nuu)e'*ﬂ Bz ) A kv /20l 2z o= (' - " {1 . Yo"
b -

— -1
-nwy ) /k, v .w  and w, - are the plasma and cyclotron fre- === [wp=10 /,—’

pa ba

-
2| ~—— wfup =2, Kslem! \ -
[~ oy 5225 os?Oamgim; e s
| adjwpi=07!  Testisi0® o

quencies Via is the thermal velocity,uu is the collision fre- o
quency, In(M is the modified Bessel function of the first
kind and Z(z) is the plasma dispersion function. Here the col-

k=lem=!
cos? B=mg/mi to=Bx10%c/s

By =0"  Bg=2.27 o — n
lisional effects are accounted for by using the Krook model of I & | TesTi=10" eV Bo=2.2T
the kinetic equation. For a RF electric field of the form E = IG-l-——-—-——A—-r-------—-.é;_ x 11 I | l
- Il i L1 L1 11T™1 -3
Eouinuot the coupling coefficient a, is given by abﬂ(kxEB) e o R 07 7 o
= [ekEjmems)zf(ﬂli:Olr where
1 Fig.l. Coupling coefficient a, Fig.2. Coupling coefficient a,
w? (w4, w )
£(8,6,0) = {cosbcost + sinfsinfcosd— 0 b bl + versus-u/vy, versus w/uy, .
(wgwgg) (wgup,)
3
© W,
+ lsin&aint:lnt - g fe P = } (3) a *
(wf _~w?) (wl -w?) — i LR
be “0’ "Whi 0 s e
+ i T B \\\
=4 E,ﬁa. E=9 E,ﬁo and ¢ is the anle between the planes (k,ﬂo) - ‘\‘\\\ ‘\\
and tﬁo,ﬁul. In deriving equation (1) it is assumed that the - B
wavelength of the excited waves is short in comparison with o' Ly
[ whagEls
the scale length of the pump field variation and consequently, | fhggeir? ——teom? s [
the spatial Xariutlon of the pump field and the confining mag- hﬂug“__"h,mj i S IO
netic field Bo is neglected (dipole approximation). Further- [TUVie ——kalom? wypa225 [~ FHe=mew \
us= hY
more, it is assumed that the electric field strength is suffi- e | | [ ol il R A A A 1Y
12 [E] 3 15 pjod) 12 3 [ 15 3 lred)

ciently weak (ab<1] to consider only the lowest-order coupling
(m=1) to the sideband modes.

Fig.3. Coupling coefficient a Fig.4. Coupling coefficient
In the present analysis we shall be primarily interested in 4 i b d : g *5

versus the angle of pro- versus the angle of pro-
resonant and nonresonant decay processes of a RF pump wave of
pagation 6. pagation 8.
frequency u, near and above the lower hybrid (LH) frequency.
This frequency regime is of particular interest from the point
of view of RF heating of fusion plasmas. For mucfimnp the fol- REFERENCES

lowing deca rocesse f the pump wave ar ible: resonant
o Y, EROEeRmes: o pamp Lo Pagan ) R 1. Aliev Yu.M., Silin V.P. and Watson C., Zh. Fksp. Teor. Fiz.

50 (1966) 943 (Sov. Phys. JETP 28 (1966) 626).
2. Porkolab M., Nucl. Fusion 12 (1972) 329.
3. Berger R.L. and Perkins F.W., Phys. Fluids 19 (1976) 406.

decay into low-frequency ion sound wave (u‘<<u;i), backward
ion cyclotron wave (:0e=(“_tﬁ)/vtekf<oand ion Bernstein wave
(zoebl} and nonresonant decay into ion quasi-modes and purely
growing modes. In addition to the foregoing decay processes
the forward ion cyclotron wave can be resonantly excited when
”D’fihnﬂ' We recall that the high-frequency ion sound wave
which is defined by Ti<<Te converts into an ion cyclotron wave
in presence of finite ion Larmor radius effects. The low-fre-
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RECENT RESULTS ON ION HEATING BY T.T.M.P. ON PETULA
R. BARDET, M. BERNARD, G. BRIFFOD, M. CLEMENT, A. GAUTHIER, M. GREGOIRE,
P. GRELOT, M. HESSE, F. PARLANGE, D. PINET, E. PORROT,
G. REY, B. TAQUET, J. WETSSE

ASSOCIATION EURATOM-CEA
Département de Physique du Plasma et de la Fusion Conirdlée
Service IGn - Centre d'Ftudes Nucléaives
85 X - 38041 GRENOBLE CEDEX

ABSTRACT : Transit Time Magnetic Pumping has been applied on the Petula
Tokamak without pumpout and any undesirable effects. A 20-30% subsequent
ion temperature increase wase observed according to theory.

INTRODUCTION : Additionnal heating by compressional Transit Time Magnetic
Pumping can be applied on the Petula experiment by modulating the toroidal
magnetic field at a radio-frequency. For this purpose six R.F. coils,
equally spaced around the torus, are connected to a 100~200 Khz generator,
the phase of each coil being such as to produce a standing wave with three
wavelength along the toroidal direction. This configuration is equivaleat
to two oppositely travelling waves the phase velocity of which is in the
range of the ion thermal velocity. The R.F. coils are located outside the
alumina vacuum chamber /1/ in order to avoid effects such as breakdown or
impurity release.

HEATING RESULTS : In the experiments reported here a I|0ms, 150Khz, 16=17 KV

R.F. pulse is hppliad to the coils which produce a 1.4-1.5X% modulation of
the toroidal magnetic field.

The characteristics of the plasma into which this RF power was
injected /2/ as well as the ion temperature increase due to TTMP heating
are summarized in table I.

Table |
Hz, IP = 55-60 kA, BT = 1.6 Tesla, R=72cm, a= l14.5 cm
-y - L ? :
T,, (eV) ng(m'!m 3 PIiD(no RF) | T, (with RF) B.IRF-m:d;htmn
600 2.2 210 260 1.5
870 2,5 240 280 1.4
902 3.0 280 330 1.4
#® from charge exchange neutrals

Fig. | and 2 show the ion temperature increase deduced from fas neutrals
analysis and Doppler broadening effect on Dv‘.l:I line. Both these diagnos—
tics measure the perpendicular temperature thus showing that the energy
which is given in the parallel direction by TTMP heating is distributed.
The fast neutrals energy distribution shown in fig.3 is true Maxwellian
from .6 to 2.3 KeV with no non—thermal tail observed up to 5 KeV. These
considerations enable to conclude that there is effective thermalization
of the absorbed energy. . E

From the other hand, when the RF pulse is applied, the plasma
current, loop voltage, HB' CIV’ OVI
bit any perturbation or significant change. The time evolution of electron

and O, . line intensities do not exhi-

density, the measurement of which is perturbed during RF, is similar to
that typical of a reference shot without R.F. Therefore it can be pointed
out that neither pumpout /3/ nor impurity release and ionization took place
during heating.

These experimental situations could be simulated by a one dimen-
sion, time independant numerical code /4/ which solves the energy balance
equation for the iun.n. This code takes into account impurities, charge
exchange, particle diffusion, neo-classical heat conduction and absorbed
R.F. power as given by theory for the so-called linear and non linear
regimes /5/ :

i JIZb Zc

EL- ny T,

T "2i T;]fzbl'flq Yo PL :
L% PL"PHL
where b is the RF modulation ratio of the toroidal magnetic field and C,Q
depends on Ta”i and Vphf Vﬁ. the ratio of the wave velocity to the ion
thermal veloeity.
A typical case is represented in table 2 where EEK is the power

given to the ions by electron collisions and T Ty the ion energy and

total energy confinement times. The ( ) values refer to the experimen—
tal datas.
Table 2
Teo [P |Zete |Tio [PEr™ |Prne®P|: ms) | 1 (ue)
No R-F 620 |2.2 2,3 207 29 5.4 5.1
(610) | (2.3)|(2.9) | (208) (4.8)
With R-F | 620 |2.2 2.3 268 20 18 5.2 4.7
(258)
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‘rhn.e—fnlding time of the ion temperature after R.F. is turned off
is in this case significant of the ion energy confinement time. The 4.5ms
experimental value is in agreement with the computed T The calculated
characteristic heating time is about 10 ms justifying the fact that during
R.F. T:i. increases without saturation effect. (fig.1). The total amount of
R.F. power absorbed by the ions is roughly 60X of the power coming from
electrons at the beginning of TTMP heati

To conclude, these experiments hn\:n shown that the ion temperatu=
re increase is consistent with theory snd that no pumpout or undesirable
side effects were observed. The modulation ratio needed to to heat bigger
machines should not exceed the value experienced on Petula so that TTHP
can be considered as a heating method which would not affect the confine=

ment properties of Tokamaks.
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TURBULENT DIFPUSION CAUSED BY A THERMONUCLEAR
ALFVEN INSTABILITY
V.S.Belikov, Ya.I.Kolesnichenko
Nuclear Research Institute
of Ukrainian SSR Academy of Sciences,

Kiev, Union of Soviet Socialist Republics
Abstract: The general expressions for the turbulent particle
fluxes, taking into consideration the process of the induced
wave scattering by particles are obtained. Provided the ther-
monuclear Alfven instability is excited these expressions are

applied for the investigation of the turbulent diffusion.

As it is known, in a high-temperature plasma the thermo-
nuclear instabillities arising from the thermodynamically non-
equilibrium distribution function of the thermonuclear reac-
tion products (eol-particles) can be excited. The growth rates
( 3 ) of such instabilities are considerably small as compare
with the excited waves frequencies { < ). Therefore one can
expect that the weak-turbulent state leading to the anomalous
transport processes will be established in & plasma.

Let us apsume that the turbulent diffusion arise from
the short-wave Alfven instability [1] :

o Tlob
w=‘ﬂUA>3—H'ede1 K_‘_.Pd'lvi, a)»w,, (1)

where ¥ is the wave vector, V, is the Alfven velocity, Wy i
the drift frequency, r‘l.‘i " w&j and .P& are the density, the
cyclotron frequency and the gyro-radius of the particles of

species j respectively.

The instability under consideration is weakly sensitive
to the magnetic field configuration [2] and has sufficiently
small threshold density (n':'f). so it is one of the most pro-
bable instabilities in the thermonuclear reactor.

We shall consider the anomalous particle diffusion in the
eatablinhéd turbulent state. In this case the turbulent parti-
cle flux mcross the magnetic field (f‘i) is given by the fol-
lowing expression [3]:

2¢ did / v

Q=€§§Sm—m3’¢x(3’q+a’q)~£ i (2D
Here the plasma inhomogeneity and the magnetic field are dire-
cted along the 0Y axis and 0Z axis respectively, NE is the nu=-
mber of V-plasmons; jrq and 3,:"& are the growth rates caused
by induced emission and scattering of waves by particles, i.e.
apsociated with resonances

wu- Ews-h‘-.ﬂ-’" =0 3
{:3)
W= Wi -lwy —(k,—Kk,)U=0,=0,t4,...

Taking into consideration of the induced wave scattering plays
the important role for finding of the ion turbulent flux beca-
use of the ions don't interact with the waves in linear on NE‘
approximation.

Note that the terms caused by non-resonant wave-particle
interaction are absent in equation ( 2 ). As Timofeev shown [4]
such terms are negligibly small in the case of the stationary
turbulence.

To determine the values entering eq.( 2 ) one should sol=-

ve the kinetic wave aquation together with the quasi-linear
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equation for the distribution function.

It At >Tn\'.e (A‘f: is the time after the instability ari-
sed, T o 15 the time of o/-particles slowing-down by electrons)
there is & possibility for the establishment of the quasi-ste—
ady state in which the o/=-particle flux is determined by the

resonant o{-particle balance equation:

Yp= 1, ne _ st
-?—U—o‘-_(?—fow'—-Sr;_at.g (4)

where V and S are the plasma volume and surface; ‘Z'& = 4/neU
{6V characterizes the thermonuclear reaction rate; v, =Waoly
Kax 18 the emallest longltudinal velocity of the resonant
ol =particle, Vo = (E.O/zm,_)"z. € = 3.5 MeV is the energy
of the ol-particles produced (see Fig.1). Eq.(4) takes into
account that provided at > Td.e the particles with longitu=
dinal velocities within the interval (v.l.voj enter the reso=
nance region and hence escape from a plasma. The electron and

ion fluxes are connected with rﬁ* by the relations:
M=-200+13el/3ulB) 0% =2+ dufEidel) TS 5 )
where P = Bﬁne(Te+Ti)/32. v,
One can see that the
stationary state (4) takes
place in case [g (%=0) >

r'd?t. This condition gives i

the restriction for the My Vg ™y o Yy ¥p: Yy
Fig.1. Region of ol=particle produ-

ction (semi-circle vJ_-(vg-—vlf)Vz)

radius of plasma columng
E)

@< (@auTy) o

and resonance regions (v1<|v“|<v2)
When the above inequality is satisfied the time of resonant ol-
particle confinement within the plasma is short compared with
the time of their thermalisation. In the oppbsite case ’;(t::o)(
% and the instability under comsideration during the time
of the order Tygis stabilized by Coulemb collisions.

In conclusion let us discuss the problem of energy spect-
rum of ol-particles escaping from & plasma due to the turbulent
diffusion [5]. Provided ) » (,.)*, the variation of the particle
energy is caused by rearrangement of level curves in the velo-
city space. For Alfven waves such levels are circles centred
at v = 1v,, v,=0. So, both particle slowing-down and accelera-
tion occurs during the quasi-linear relaxation. As a result,
there establishes an energy distribution, different from zero
in the interval £, & €4 % & . where §, = m“vf/E, L —
EO + md_\rA(vz- vq )« As the quasi-linear relaxation is essential
for the instability under consideration, the accelerated par-
ticles are an appreciable part of the escaping from the plasma
ones.
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INSTABILITY DUE TO TRAPPED IONS IN A MAGNETIC MIRROR
K,Saeki, S,Iizuka, N.Sato, and Y.Hatta
Department of Electronic Engineering, Tohoku University
Sendai, 980, Japan

Abstract A new type of drift instability is excited by
controlling the amount of trapped ions in a mirror machine.
The instability rotates in the direction of ion diamagnetic
drift,

Trapped-particle instabilities are of current interest
in conjunction with plasma confinement in nuclear-fusion
devices. A number of theoretical investigations of low-
frequency instabilities’ ("’“"‘éi) due to magnetically-trapped
particles have been intensively carried on from this point of
view. Only a few e:l:ptar::l.mentm2 on these instabilities,
however, have been done because it is difficult to control
the amount of trapped particles in a collisionless plasma
under a mirror configuration of magnetic field. In this

report, we inject ions

PLASMA EMITTER 10N EMITTER
- P
by mounting an ion emit: o / g
‘l'.e::-3 in the center of a ? rh
mirror machine, A part e T F.é R
TOPUMP [ Py =i
of these ions are trapped i o .2
+

in the mirror.
Experimental setup
is shown in Fig. 1.
The magnetic field =

Z lem)
Fig. 1. Experimental setup

strength is in the range

of. 1-2kG at the mirror points with mirror ratio Rm-l-l.'?.
The distance between the mirror points is 50cm. There are
two groups of ions: untrapped ions and trapped ioms. Most
of the untrapped ions are emitted from a plasma emiétar4
[the mixture of barium-oxcide (Ba0) and alminosilicate (Kzo-
.-\1203.25102) coated on a 5-cm—-diam nickel plate] which is
placed outside the mirror and emits a potassium plasma of
temperature 0.15eV and density 107cm 2. The trapped ions
are emitted from the ion emitter which cosists of a Ni-Cr
grid coated with so-called "water glasa" (potassium-silicate
120-5102). The mesh-size (lem) of the grid is larger than
the Debye length and 1s comparable to the ion Larmor diameter.
This emitter is heated directly by feeding half-wave
rectified current of 50Hz through it. All measurements are
done within another half-cycle of no heating. Background
pressure is 5%x1060orr.  Plasma parame-ters and their
fluctuatione are measured by needle probes and an emissive
probe.

The plasma density profile along the axis z depends on
the heating current Ihf. of the ion emitter as shown in Fig. 2.
Here, its bias voltage is set equal to or somewhat higher
than the space potential. LE. ?""‘

At I,,=0, the plasma density =17

B 14006

o, has almost the same shape

as the magnetic field strength.

ne (x107em™)
v T
s
£ A
i
1

As Ihi is increased, n,

o

0 10 20 30 40
Z (cm)

Fig. 2. Axial profile

increases gradually at z=0
because of the ion trapping.

Although -the ion emitter of plasma density

produces also untrapped ions,
but it can be said from this
figure that the density of the
trapped particles is comparable
or larger than that of the
untrapped particles.

When the trapped ions are

injected, we can observe a

WAVE POTENTIAL

low-freguency (0.5 to 3kHz)

instability of large=-amplitude
('n"/non-S to 50%, n: fluctuating
density). The dependence of

TIME (| ms/div.)
Fig. 3. Dependence of the

the instahility on R, is shown instability on mirror
in Fig. 3, where the magnetic ratio
field strength anx at the mirror points is kept at 1.5kG.
However, the phenomena do not depend on its strength if Rm is
fixed, Figure 4 shows the radial profiles of the plasma
density n,, the space potential 4 (determined by the emissive
probe), and the fluctuating potential #. It is found that &
is located in the region ai-ounﬂ the maximum density gradient,
where the radial slope of ¢ is small enough to neglect the
doppler shift frequency due to EXB drift compared with the
observed frequency. The azimuthal phase measurements
indicate that the instability rotates with the mode m=1 in
the direction of ion diamagnetic drift., The phase between
the fluctuations §i and & is almost *he same,

The observed instability is very sensitive to the mirror
ratio and the amount of trapped ions. It cannot be explain-
ed by the flute instability or the normal drift instability.
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ETECTRON BEAM FUSTION TARGET EXPERIMENTS

Sandis Laboratories
Albuquerque, New Mexico B7115 U. S. A.

The interaction of intense relativistic electron beams with fusion
targets has been studied using a variety of diagnostic techniques. Enhanced
electron beam deposition in thin shell targets was cbserved on the Hydra
accelerator. Results of first target experiments on Proto I are presented.

An important aspect of the particle beam fusion program at Sandia Leb-
oratories is the investigation of the physice of imploding systems. Electron
‘beam driven implosion experiments have been performed in both cylindrical and
spherical geometries. From observations of neutron yield from spherical
fusion targets and correlation of these measurements with the simultaneous
determination of pellet temperature, symmetry of irrediation and other macro-
scopic pellet parameters, considersble insight into the dynamics of the
implosion cen be inferred. This information is complemented, by information
galned by studying implosions in eylindrical geometry which permit questions
relating to pusher integrity and stability to be more carefully investigated.
In this paper, recent experiments dealing with the implosion dynamics of
fugion targets in both geometries are described and areas of future invest:-
gation outlined.

Spherical Target Experiments Preliminary target experiments involving
the irradistion and compression of DT gas in & spherical target have been
performed on both the Hydra (1.1 MV, 350 kA, 30 kJ) and Prote I (two beams,
each with 1.8 MV, 230 kA, 10 kJ) accelerators. Exploding pusher targets
were chosen for the initial experiments since their lower mass would permit
higher specific energy deposition.

The first Hydra target experiments used 0.8 mm diam, 10 m wall Ni tar-
gets mounted on a stalk in the center of a graphite anode with a 12.7 cm
dimm tepered hollow cathode, X-ray pihhole photography, optical holography
and time-of-flight (TOF) neutron detectors were employed as diagnostics.

The x-ray pinhole photography indicated that the peak current densities

were less than 1 Mn\/cna on all the shots, with the current density in the
region of the target typically a factor of 2-4 below the peak. Optical holo-
graphy indicated energy deposition corresponding to 5-8 TW/gm or roughly

an order of megnitude sbove that expected from paraxiasl electron flow at the
meagured current densities; however, the enhancement is in good sgreement
with a FIC code calculation of beam flow in a high y/y atode,} The ToF
neutron detectors indicated < ].'.’J6 compressional neutrons. To provide better
coupling to the long pulse of the Hydra accelerator, 3 mm diam exploding
pusher and ablatively driven targets have been designed and target experi-
ments are beginning, Incremses in the Hydra current density of factors of
2-l have also been obtained and the outlook is good for the generation of
compresional neutrons.

The Proto I targets were 1.5 mm diam gold spheres filled with DT gas
having a mass of 30 to 60 mg. The pellets were mounted in the center of a
thin aluminum anode which was positioned on the midplane between 2.5 cm
diam tapered hollow cathodes. The main diagnostics included x-ray pinhole
Photography, optical wavelength emission measurements and TOF neutron detec-
tors. For these experiments, total energy to each cathode was 5-7 kJ, The
pinhole photographs indicated asymmetric target irrediation and radiation
meagurements implied pellet temperatures of a few electron volts. No com-
pressional neutrons were observed. A possible cause of asymmetric target
irrediation is believed to be due to poor grounding of the target. Recent
diode work on Proto I has resulted in an incresse of 50-100% in the total

energy which can be delivered to each cathode and improved means of providing
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irrediation are being developed.

Cylindrical Implosions Considerable at
stability and integrity of the pusher in inertial confinement pellets. Mass

has been f d on the

ejection from shocked surfeces,” shock-driven instabilities® and Rayleigh-
Taylor mtnhiutiesh have been all considered as possible limitations to
achieving significant thermonuclear yields. Although the Rayleigh-Taylor
instability is believed to dominate the pusher stebility near the time of
peak compression, no clear picture of the nonlinear development has been
obtained. A single mode mslysils indicates the pusher will disassemble by
injecting mass into the fuel volume; however, if one assumes a spectrum of
waves is ganauted,s mode coupling might contribute to a turbulent spectrum
causing the instability to saturate at & much reduced level. To loock at
this instebility problem, effects of irrsdiation symetry, and the possible
ejection of material from shock surfaces, implosion experiments were per-
formed in cylindrical geometry to permit exial optical and x-ray diagnostics.
Preliminary measurements of this type show the effects of irradiation
uniformity on the implosion. Figure 1 shows holographic interferograms made
of cylinders imploded by electron deposition on the Hydra mccelerator.
The exposures in both cases were made at . 28 ns intervals using a PIM
ruby laser having & li ns FWHM. Figure la shows the implosion of a thin
plastic cylinder which is uniformly (to sbout 14%) irradiated. In this
case, the implosion proceeds to an almost eircular shell near the axis of
the cylinder, Figure 1b shows for comparison e thick (compared to = CSDA
range) cylinder, which was irrsdiated with a front to back asymetry of
> 10 to 1. A shock wave propagates through the shell and d.r:l.vealthe implo~
sion. Although one might have expected the implosion to form a pancake
sheped core, the converging plasme is observed to form a jet with peak-
fringe velocities of 1.5 - 2 em/jsec, in contrast to the body of the plasma
which is moving at ~ 20% of this velocity. Thus, the final state for the
fuel in & corresponding spherical implosion is & toroidal shaped plasma at
relatively low density and temperature — one which would not be expected

to produce thermonuclear neutrons.

(b) Ablatively Driven (Non-uniform)

FIGURE 1. Cylindrical Implosions
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The Dynamics of Mirror-Confined D-T Plasma*
T. Kammash and D. L. Galbraith
University of Michigan

Ann Arbor, Michigan, U. 5. A.

austract: A time-dependent point model utilizing the particle and
energy balance equations is used to study the dynamics of a mirror-
confined D-T plasma. A modified binary collision theory to repre-
sent the interaction among the various species and an appropriately
constructed loss cone distributions are used to generate the plasma
parameters of interest. The results are then compared with the
more accurate and extensive Fokker-Planck calculations and it is
shown that they compare very favorably. Because of potential ap-
plications to mirrors with partially closed field lines, the
effects of beta, injection angle, and the ambipolar potential on

confinement and power production are examined in detail.

In an effort to enhance the Q (ratio of fusion to injection
powers) value for mirror-confined plasmas several ideas have re-
cently been advanced among which the concept of field reversed
geometry appears to be attracting special attention. 1In this
paper an effort is made to assess the effect of partial clesing of
the field lines with the implicit assumption that such a geometry
would contribute to higher betas (ratio of plasma to magnetic
pressures) and a reduction in the ambipolar potential. The par-
ticle and energy balance equations for all the species of a D-T
plasma are used assuming no spatial dependences and utilizing a
modified binary collision theory(ll to represent the interaction

among the various species. For the electron confinement we use

(2)

the results of Pastukhov while for the ions we follow a

procedure described by carlson 3 but modified to incorporate loss
cone distributions. In order to make use of the Maxwellian fusion
reaction rate(@fV}we employ the procedure described by
Kuo Petravic, Petravic and wataon‘4’ for expanding a function in a
series of Maxwellians and calculate the appropriate averages for
the loss cone distributions. For brevity the detailed mathematical
developments and equations are omitted and only the results are
presented.

A computer code is used to solve the equations in question
and several important plasma parameters are calculated. It is
shown that the above simplified, semi-analytic theory produces

almost identical equilibrium results to those obtained by the

elaborate, expensive and purely numerical Fokker-Planck calculations

as shown in Table I.
Table I

Plasma Mirror Ratio = 10.0
Ion Injection Energy = 100 kev

D-T-e Plasma D-T-e-®¢ Plasma

Present Ref (5) Present RrRef(5)
Quantity Results Results
N -5
gt AL L. . 1.a10x10%?  1.41x1013
Tritons 1.320x10%%  1.32:1013 1.a10x10% 1.41x10%3
Alphas m————————— 7.44 xlﬂ10 3.ﬂ0xlﬂll
Electrons 2.64 x10%3 2.835x10%  2.90x10%?
Ave Escape Enerqgy (kev)
Deuterons 47.05 45.4 54.52 51.8
Tritons 47.05 50.0 54.52 57.4
Alphds = =———- —— 68.89 b oy
Electrons 52.43 55.2 66.00 68.2
Plasma Potential
(kev) 43.03 45.5 53.83 57.0

Q@ and (NT),/10' (zec/ce)

(NT),/10%(sec/ee), 0, and #8/10(kev)
1.50

“.0 15.0 30.0 us.0
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The major ﬂiscrepency'appeara in the alpha particle results
and this stems from our assumption that the slowing down ("supra-
thermal") alphas constitute a negligible addition to the "thermal"
alpha population. Some of the interesting results are shown in
the accompanying figures where figure (1) shows the dependence of
the confinement parameter (NT); the figure of merit, Q; and éhe
ambipolar potential on the injection angle. It is seen that the
Q value is not drastically affected as the injection angle is re-
duced from 93 to about 70°. Figure (2) reveals that no dramatic
changes will occur in Q and (NT) until very large values of beta
are attained at which point the classical confinement commonly
used may become guestionable. K Figure (3) shows also that no sig-
nificant gain is achieved in Q and (MT) as a result of drastically
reducing the ambipolar potential. It must be kept in mind that
the last result bears no implication concerning the reversed

potential of the "Tandem Mirror" concept.
*Work supported in part by U. S. ERDA and in part by EPRI
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MEASUREMENT OF CURRENT DENSITY DISTRIBUTION
IN A MEGAJOULE PLASMA FOCUS DEVICE

€. Gourlan, H. Kroegler, Ch. Maisonnier,
T. Oppenld'rtderf, J.P. Rager
Associazione EURATOM-CNEN sulla Fusione, Centro di Frascati,
C.P. 65 - 00044 Frascati, Rome, Italy.

Abstract: Magnetic field measurements in a large plasma focus
show that part of the current flows along the insulator. In op-
timized devices, this current derivation alone accounts for the
observed neutron yield. In non-optimized devices, other (unclear)
mechanisms reduce further the neutron yield.

1. Introduction: Among the various electrode geometries realized
for the Frascati 1 MJ plasma focus set-up in order to obtain the
best possible neutron yield, two of them emerged as the best per-
formers so far. They are: (1) a large diameter (370 mm) small
length (350 mm) system, optimized at 250 kJ (20 kV), yielding
regularly more than 10 ! neutrons per shot at this energy level,
and, (2), a small diameter (160 mm) Tong length (560 mm) system,
optimized at 500 kJ (28 kV) and yielding 5 - 10'! neutrons per
shot. These results lay a factor of 4 below the notorious scal-
ing 1eust) ang a factor of 2 below the best results obtained

on other large energy facilities(z,'(a}. It is_shown in the fol-
lowing that the limitations in neutron yield in these optimized
devices are due essentially to a continuous current derivation
along the insulator. On the other hand, it is clear that in most
oathers situations (in particular when the voltage applied to the
two set-up under discussion is increased), the neutron yield is
further 1imited by other phenomena.

2. Magnetic field distribution in a coaxial gun optimized-at low
energy level: Small magnetic probes have been used to get an
accurate mapping (r,z) of the magnetic field in the large diamet
er, short length coaxial plasma gun (Fig. la) operating at the
Tow energy level (250 kd, Uy = 20 kV, 'pg = 1,5 Torr D2) for which
it is optimized. The validity of the probe measurements has been
ascertained carefully, in particular by checking that the catho-
de return current deduced from the Be(r] profile by radial in-
tegration from r = + « is equal to the anode current obtained

from By measured near the anode. It is observed that the genmer
al performances of the gun, as well as the details of the mag-
netic field distribution and correlated current density distri-
bution, show out similarities and discrepancies depending on the
insulator material (Pyrex, alumina 99,7% pur{ty).

A) For both kinds of insulators, the optimized neutron yields
are nearly identical, and the mapping of the magnetic field
shows the existence of a current derivation in the immediate vi-
cinity of the insulator (Fig. 2,3). This current increases mono-
tonically with time up to maximum compression (Fig. 4). It amounts
tn about 650 kA out of the 1.45 MA total current at pinch time.
The remaining 800 kA flowing in the pinch justify very well the
neutron yield of the facility, considering the scaling of the
neutron yield as a function of the pinch current (For instance
the very performant Frascati MIRAPI experiment yielded 101" neu-
trons per shot at 100 kJ for a total pinch current of 900 kA).
The coaxial cavity behind the main current sheath is filled with
a background plasma, as evidenced by the differences in the
shape of the dB/dt signals as a function of z at a given radius.
Up to the time of maximum current this plasma carries no appre-
ciable net current.
B) With a pyrex insulator, the magnetic field distribution is
characterized by the following features:
= Ba is independent of z, up to the time of maximum current (e.g.
Jp = 0 everywhere);
- Bg(r) ~ r=! in the inner half of the channel;
- the current sheath along the insulator is less than 3 mm thick
up to the time of the maximum current, and tends to thicken
during the implosion phase.

C) With an alumina insulator, the characteristic features are:

- a magnetic field distribution identical to that found with
pyrex in the region above the insulator;

- in front of the insulator, the Be(r) distribution corresponds
to that created by the superposition of a distribution identi-
cal to the pyrex one, plus a demagnetizing current loop
(Fig. 1b) of total thickness 2-3 cm. This feature persists
steadily during all the run-down phase. The associated z-cur-
rent, deduced from the Bg(r) profile, is in agreement-with the
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r-current deduced from the BB(Z) profile and amounts to = 300 KA.

3. Discussion: From these measurements, it is possible to evalua
te the actual value of the gun inductance L; if Jshenth designs
the intensity of the return cathode current and U the voltage
drop across the insulator, then L = '%gigffi (neglecting sheath
resistance). At the time at which the current sheath reaches the
end of the gun (easily identifiable on the scope traces), this
inductance agrees well with that determined geometrically

(= 17 nH). Assuming that the same applies in the case of the
small diameter head referred to in the introduction (for which
probe measurements turned out to be practically impossible), from
the geometrical inductance we can infer the value of J_, .. at
the previously defined time. It results that the current derivat-
ed along the insulator has a minimum value of 0,5 MA. Assuming,
as observed on the large diameter head, that this insulator cur-
rent does not decrease during the implosion phase, we find a
maximum possible pinch current of = 1,5 MA which would once more
agree well with the observed neutron yield, assuming an 1* scal-
ing. However, it is to be stressed that this simple mechanism of
current derivation does not account for the neutron yield limita
tion in many other situations. In particular, the impossibility
to establish a shot to shbt correlation between neutron yield
and pinch current demonstrates the importance of other physical
phenomena.
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ENERGY EXCHANGE BETWEEN COHERENT RADIATION AND FAST
ELECTRON BEAM

L.Kugera,J.Kortén
Institute of Radio Engineering and ElectronicsCzechoslovak

Academy of Sciences,Lumumbova 1,180 88 Prague 8,CSSR

Abstract:The computer analysis of the stimulated energy ex-
change between planar wave and about 10OMeV electron beam
has shown the possibility of beam acceleration by coherent
radiation of milimeter wavelength.The amplification of the

passing wave has been found also possible.

1l.Introduction

Early studies of the stimulated photon-electron:scat-
tering have suggested the amplification [1] or frequency
conversion [2},0f coherent light in the direct relativistic
electron beam,

The paper shows some results of computer study of the
energy exchange with the dam;nuting forward scettered mode
without frequency shift.This mode exhibits gain with incre-
asing electron velocity end its stimulation is not limited
by the dispersion in electron velocity.Selective scattering
is achieved in beams having energy of an order MeV or high~
er energy.The mechanism of energy transfer can be explained
by the effect of phase shifts between "the passing wave and
the beam nﬁdulntiun.‘l‘he beam enetgy loss and coherent power

gain calculation needs the detail analysis of system dy=-

neamics.

2.Results of computer analysis

Exciting planar

wave Russing wave

g ! izt)

L Interaction length

Fig.l The model of field-beam interaction

The model shown in Fig.l. has been described by a set of
partial differential equations,which were for the steady=
state transformed into a set of fifteen ordinary nonlinear
differential equations.The boundary conditions were deter=
mined at the incident interaction boundery z=0.We calculated
stationary component,amplitude and phase of electron velocity
and concentration,of the transverse electric and magnetic
field and of the induced longitudinal electric field.Fina=
lly.the spread of electron velocity and the coherent power
gain was deta?mined.

For the computer celculation were taken following beam

and excitation parameters:
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-3

incident beam energy W(0)=2 upto 1OMeV,

incident electron concentration N(o)-ibla upto 10%n

electric field amplitude of

E,(0)=10" upto 10™%va~1,

lag=1,

exciting planar wave
angular frequency wa101? upto 10

In above range of parameters both the beam acceleration

w()
MeV

77

75

0 5 1 15 20 5 28
g zbﬁ%ﬂ

Fig.2 Dependence of the beem energy,W,and of the coherent

power gain,G,on the distance from interaction boundary:

W(0)=7,575 Mev.N(0)=102%n3 E (0)=10%va"1, we=lol2g=d

and radistion amplification was observed.Fig.2 shows the ex=
ample of beam acceleration,from Fig.3 the amplification of

passing wave is evident.

G(2)

28,
22
18
14

100

0 + ’
ﬁJ

Fig.3 Coherent power gain for W(0)=10 Mev,N(0)=10%n"3,

E, (0)=10%n" 1, w=1013e"1

[1] L.kutera,d.Kortén,Proc.of WELC,1977,Moscow .
[2] R.H.Pantell,G.Soncini H.E.Puthoff, IEEE J.Quentum

Electron. vol.4,pp.905-907
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LOCALIZATION OF A HIGH-POWER MICROWAVE ABSORPTION IN

THE CYLINDRICAL PLASMA COLUMN AT &, & &% Wee-

J, Musil, F, Zagek
Institute of Plasma Physics, Czechoslovak Academy of Sciences,

Nademlynskd 600, 180 69 Prague 9, Czechoslovakia

Abstract: This paper describes experiments which make possible
to determine the place of the absorption of elmag waves in cold
(Ta'_' 5-10 eV) not fully ionized plasma column at ’"ce/w = 1 and
Weefyy > 1

Basio assumption of a successful utilization of elmag waves
absorption for the additional heating of a hot magnetoactive pla-
sma is that the energy of elmag waves was absorbed in the whole
volume of plasma, Unfortunately many experiments, see e.g. [l].
show that elmag waves do not penetrate into the whole volume of
plasma because their energy is strongly absorbed already on &
surface of the plasma column, Since such surface absorption can-
not be used for additional plasma heating to temperatures neces-
sary for ignition of the controlled fusion it is very important
to study the localization of elmag waves energy absorption in
the cylindrical plasma ocolumn.
Experiment: In our experiment elmag waves (£=2. 35GHz, Pinn{_" Liew)
were fed into the straight glass discharge tube wint: 72 mm) by
means of a helioal slow-down structure (pitch of the helix s =10
mm) placed outside the discharge tube, At 6%: 1 the plasma was
generated by the eleotron cyclotron absorption of the incident
power (f = 2,35 GHz). At “‘ﬂ/m>l the preionization was used, In
this case the microwave power (f=2,35 GHz) was absorbed in a pri=-

mary plasma generated by the second helical structure working in

C band, The mean electron plasma density was measured by means of
an Bmm mi:ruuave interferometer. The movable probe which enabled
to measure radial distributions of saturated ion current, float-
ing plasma potential and axial component Ez of the electric field
of an incident wave was placed inside the discharge tube, Experi-
ments were carried out in an almost uniform magnetic rieldjﬁo/ﬂo=
0,05, The device operated in a pulsed mode with repetition fre-
guency 50 Hz, The working gas was argon.

The main result of our experiment is given in Fig, 1., This
f:i:gu.z'a shows distributions of saturated iom curremt in the argon
plasma (p=0,7 Pa) at“¢%,= 1 (Fig. la) and bkefy; = 2.2 (Fig. 1b);
the parameter of ourves is the mean electron density., From Fig.1l
it ean be clearly seen that H
1)for both magnetic fields radial distributions of the density

have a minimum on axis and two expressive maxima on the perip-

}Jlry;

Wengy =1 = const

&
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2)the ratio of density in maximum and minimum varies in dependen-
ce on the mean electron density; the maximum ratio is for both
magnetic fields approximately the same and equalu(“"“/N-:.)_."Z

j)there are certain densities (N/No} = U5 at “kefyy = 1 and

(w/n )

© mean

mean
= 60 at ¥%fy = 2.2 when on the axis of the discharge

tube the third maximum occurs and the radial distribution is
alwost homogeneous; this fact is probably comnected with a geo-
metrical resonance of the plasma column;

k)for (N/N_) 4 5 the ratio N___/N

e -
mead max’ min depreases

These experiments clearly shows that both in the regime of
electron cyclotron resunanca""%: 1 and at %> 1 the energy
of elmag waves fed into a plasma density of which N/N°>1 is ab-
sorbed predominantly on a periphery of the plasma oylinder,

Very important information about the place of an absorption
offers also Fig, 2. This figure shows the radial diatr.i.bu'i:iun of
lE:z component of the wave entering the plasma, the floating poten-
tial Uf(r) and the saturated ion current 1+(r)‘ It can be seen
that incident wave is strongly attenuated just at the periphery
of the plasma cylinder and it penetrates to the distance cca 1-2
om from the plasma edge only. This strong damping of the wave is
accompanied by the formation of negative spikes in the distribu-
tion Uf(x‘] and by an intense increase of the plasma density with
expressive maxima on the plasma periphery. Negative spikes, indi-
cating places of the generation of fast electrons, oococur in a re-
gion which is responsible for the strong absorption of the inci-
dent wave. From the linear theory [2] and experimental results[3]
follows that this region lies in the vicinity of the plasma fre-
quency. Therefore it is quite understandable that if the maximum

plasma density increases above (N/No)mx= 1 the place of absor=-

ption will shift from the axis of the plasma column to its peri-
phery. Such shift can be clearly seen in Fig. 3 where distribu-
tions of Uf(r) for three different densities are given.

Argon: pm0.13Pa

“eofiy™2,18, p=0,7 By
Weef, = 2.2 s IN/N:]"_.-‘! IO’

chu": REUEL

0 w o W a0
—= r[mm]

Fig. 2 Fig, 3+

'—- r{mm]

Conclusion: Experimentally was shown that at 4g=d nnd(..lm«wﬁua
the absorption of elmag waves in the cold partially ionized plas-
ma density of which (N/Nn)mem> 1 takes place first of all on
the periphery of the plasma cylinder. Such situation is for an
additional plasma heating obviously inconvenient, The efficient
heating of the plasma column requires to shift the region of ab-
sorption from the periphery to the axis. It can be achieved only
in the case when the maximum plasma density will be (H/Ho)m,é; 1
for the electron cyclotron absorption and (N/Nu)n“':l for the
absorption at &,, <<w < Weg * Only in this casc an efficient he-
ating of the whole volume of the plasma can be expected,

The authors wish to thank L., Bardos for helping with the ex-
periménts.
[1] M. Porkolab et al.: Plasma Physiecs 17 (1975), 405
(2] V.L. Ginzburg: Propag. of elmag waves in P1l., Moscow 1964
[3) V. Kopecky, J, Musil, F, ZA#ek: Phys.Lett, 504 (1974), 309




250

DYNAMICAL STABILIZATION OF THETA AND COMBINED PINCHES
BY A LONGITUDINAL HF CURRENT
G.G. Zukakishvili, I.F, Kvartskhava, E.K. Tikhanov
Sukhumi Institute of Physics and Technology of the State
Committee on Utilization of Atomic Energy, Sukhumi, USSR

It has been shown in Paper /1/ that in & combined pinch
for the longitudinal current exceeding Kruskal-Shafranov 1li-
mit, there arises a MHD instability with m=1 mode and ]( =2L
wavelength, In Paper /2/, the preliminary results on stabili=-
zation of this instability by a longitudinal HF current were
reported, Those results indicated that the HF current does not
completely penetrate into the region of a dense plasma columm,
but partially flows through a rarified wall-side plasma., The
present report gives the results of investigations of the the=
ta=pinch longitudinal magnetic t‘i‘eld influence on the HF cur-
rent radial distribution. The realizability of the dynamical
stabilization of a "rotatory" instability in a theta-pinch
with an inverse trapped wagnetic field is indicated.

The experiments were carried out in a device desoribed
in /1,2/, The diameter of a quartz discharge chamber is 6,5om.
In a coil with the length L=2lcm, the field Hz=65kDa has been
generated, The longitudinal current in a zeta-pinch is Iz=5'
50kA. Zeta and theta pinches were turned on aiqultanenusly in
a plasma preheated up to 3eV and had equal periods T=19 psec.
Plasma mrametars have been determined basically by the theta-
pinch since Hz» HO’ and at the initial deutar:.um pressure
P =8.10 2turr. the parameters were: n, =10t 3, T,=100 eV
and T =400 eV.

The HF current peak-to-peak value Iz was 25kA, its fre-
gquency being Hs=(3,3—[&,7).lﬂssan-l. In order to measure the
longitudinal current distribution along the discharge cham=
ber radius, magnetic probes and two Rogowsky coils have been
used, One of the coils measured the total current In while
another one measured the wall-side current Ium' The wall-side
ocurrent measuring coil was introduced into the chamber by a
quartz {ubing with the diameter of 0,jcm, to the depth of
1,5cm. After the fast compression phase the belt was located

outside the plasma column.

Fig. 1 represents the traces of

the wall-side and total HF currents Eﬂﬁ

for two various instants of HF con- a qu,n S

tour switching with respect to the .

onset of theta pinch (the total HF

current traces are synchronized tpcen
with the current in the theta=-pinch Betldem ° . s
coil). It is obvious that at the ’ oA f\ Ve

end of the first halfcycle of the
HF eunt:mu:', the breakdown occurs in

\\/VW

HF current distribution over the re= Fig. 1. Theta-pinch with
dius depends on the magnetic field a longitudinal HF cur-
amplitude (Hz} and its derivative rent. H = 35 kOe

(EI ). On switching the HF circuit

du.ring the first quarter of H field period (i.e. y when

H )D), af ter the brealdown, the HF current in the wall-side
region is absent till Hz maximum and appears again when Hz
diminishes. With the HF circuit turned on at Bz. maximum or
its fall, the current flows in the wall-side region all the
time, while the wall-side to total current ratio increases
with the time (Fig.1lb). Thus, at ;[z> 0, the HF current dis=-
places towards the axis into the plaswa column region, while
at Hz< 0, it displaces towards the chamber wall. When the
peakto~peak value of E‘z is increased up to 65 kOe the pat-
tern does not undergo any changes (Fig.2), but the HF ocur-
rent value in the wall-side region reduces in accordance
with the results from /3,4/.

a wall-side region. Afterwards, the

In a combined pinch, the quasistationary current flows
in the dense plasma column region while the HF current under-
goes radial oscillations (Fig.j). During those halfcycles
when the direcotion of the HF and gquasistationary currents
coincide, the current displaces towards the axis, while du-
ring opposing halfcycles they displace towards the discharge
chamber wall, As a result, a singular effect of rectifying
is observed during the longitudinal field growth stage J
(l"iz) 0), (see Fig.%a). In the pinch region a pulsing cur-
rent flows (with the peak-to-peak value exceeding Kruskal-

Shafranov limit) which leads to the plasma column destabi-
lization.
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Fig. 2. Theta pinch with the Fig. 3. Combined pinch with

longitudinal HF cur-
rent, H = 65 kOe. i

the longitudinal HF
current. H=35 kOe,
Iz = 7 kAmp.

The experimental data analysis shows that the shell of
a rarified wall-side gas where the HF ourrent flows has an
anomalous high resistance and undergoes radial oscillations
due to the actiom :f the electrodynamical force:

[ [ HoJ,(FyHy) ] et

where 4 and Hyg :re the shell thickness and the quasistatio-
nary longitudinal current field, respectively. The induction
ocurrent (Ja ) arises as a result of i:!'z # 0. Since the plasma
conductance is low, jg ~ H, and -_JO H, force at H >0 is
directed towards the axis, while at H < 0 it is directed to-
wards the chamber, It is easy to observe that the HF ocurrent
displacements coincide with the direction nf-g- JO
These relatively slow displacements of the shell are super=
posed by high-frsquenny radial oscillations caused by the
action of ——J ( p + H ) foroe.

Thus, the HF current flows mainly along the shell of a
rarified wall-side plasma which undergoes radial oscillations

Hz forece.

due to the HF current peak-to-peak value, the longitudinal
magnetic field and its derivative,

0 2 4 't)mx

Fig. 4. Theta=-pinch with an inverse trapped megnetic field.
The instants of the HF current switching are in-

dicated by arrows,

Fig. 4a shows the rotatory instability in the theta-pinch
with an inverse field. The HF current turned on stabilizes the
rotational instability, the effect of stabilization being bet-
ter for the HF circuit turned on immediately after the theta-
pinch discharge ignition (see Figs.lb,c,d). It is rather dif=
ficult to give decisive definitions of the stabilization me=-
chanism at present.
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HEATING OF FOILS BY REB
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I.V.Kurchatov Institute of Atomic Energy, Moscow,USSR

The heating of thin anode foils when Z >>1 by the focused
electron beams allows to produce the compression and the heat-
ing of dense plasma /1/. The anode plasma temperature of 30-80
eV has been reached first at "Triton" by rising the energy
transfer to the material of a target through a high ourrent
beam /2/. At the injection of electrons into plasma produced by
the explosion of an anode foil the magnetic field of beam pene-
trates approximately to the skin-layer depth 5’ C.’-;:‘.. This re-
sults in radial magnetic drift of the beam electrons with a ve-

1oe.-|.tyl/'_-;;";:.;.isc.%.._".(, - beam redius, L.I-’lgr (KA) %

in the increase in electiron ienaityﬂ‘- = 21-‘ L and
2Tred V, = I, Tree

the absorbed energy by a factor of 21/]; in ocomparison with

the omloulations done for the binary collisions. The thickness
of a heated zone depends on the depth of the magnetic field pe-
netration. These estimations are confirmed by an exact solution
for the beam penetration in the range of z<< r. At "Triton" the
measured energy input per atom of gold reaches 3jkeV /2/. Hoth
experiment and caloculations show that a considerable portion of
energy can be transferred from the anode foil to a freely per-
meable shell via the heatoconductivity. The velocity of poly=-
ethylene plasma strongly depends on the initial thickness of
the polyethylene foil /1/ (some 8.10603-1 for the thickness of
10 m) The yield of fusion neutrons up to 3.106 was registered
on the compression and heating of deuterium plasma by a spheri=
cal polyethylene shell with a radius of 2mm in a conical cavity

extrused in lead. The time of flight measurements of the energy

of neutroms give 2,4+ 0,25 MeV at a base equal to 2,2mm /1/. In
the design of a target the pressure of plasma is limited by the
expansion of the cavity walls which is essential only in the
final stage of heating as p~ r-s on adiabatic compression, The
compression ratio of 103 was evaluated from
the residual deformation of the cavity
walls. The influence of their density on
the heating is proved by the decrease in
neutron yield by an order of magnitude us=
ing the conical cavity extrused in paraffin

A loss of energy dependent on the thermal

conductivity of electrons exceeds the power
produced by the shrinking shell at the end
of compression at the expected parameters

aaom°3,x~-0,2wm) and

of plasma (T =slkeV,ne10
it prevents the heating of plasma in the
process of compression. Argon is added to

deuterium to reduce the losses and to satis-

fy the following ratio Zn‘l’:r L4 IomT'V’
corresponding to the minimum heat conducti= Fig. 2
vity and bremsstrahlung losses from plasma. The maximum of neu=
tron yield versus argon concentration (F;Lg. J.) agrees with this
evaluation, By an increase in thermal capacity and in the radi-
ation losses the fall in neutron yield can be explained both at
higher argon concentrations and at higher initial density of
the compressed gas (Fig.2). The yield of neutrons does not ex-
ceed 10% of the optimum yield if the polyethylene shell 100pm
thick is used as well as without amy polyethylene, Thus, the

compression and the heating of plasma by & polyethylene shell

is demonstrated.
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At Angara-I the cathodes with & sharp annular lug with a
diameter of 8mm and & conical cavity 7wm deep at the centre of
the lug have been used. At the voltage 1 MV and at the ocurrent
330 kA the diameter of the fooused beam is equal to 1-2mm the
current density = IO-JDHAum-a,power flux density = .I.Dljh‘um-a,
the energy release in & diode is equal to 17kJ /3/. The current
depends on a shape of the edge and does not depend on a distan-
ce between the planes. No change was observed after increasing
the distance(at the cathode diameter of 1l6om) from 1 to Jom.The
value of current equal to 330kA at the diameter of the channel
equal to 2mm cannot be explained by the vacuum current, it de-
pends on the turbulent resistance of the plasma channel. At the
magnetic confinement of a pinch formed by a gas of relativistic
electrons the development of turbulenoy has no obstacles as a
result of mixing of all the osoillations on a smell scale and
the velocity of ocurrent propegation shouldn’t considerably ex-
ceed cy-velocity of ion sound (I= fa;ﬁ‘z(ﬁ)). When of = -vc'%" 3
the values of the current are in good agreement with the expe=-
riment. The deceleration efficiency of the high-current beam in
thin foils has been evaluated at the
irradiation of a target made of two
hemispheres with different thiokness
with a diameter of 4Ymm fashened to
different sides of an orifice in the

anode. The front foil has been 5 to

450m thiok, the rear foil - 25um

Fig. 3

thick. The image of the foils has
been registered by X-rays in two pinhole cameras under the angle
of 90° to the axis of the beam. The photometric images have

shown that when the front foil is 5um thick its brightness is

comparable with the brightness of the
rear foil (Fig.3). The golden foil xmas_ce_né_
steam divergence dependent on the 3
thickness of foil under the fooused 2
beam has been measured (Fig.4). The

numerical correlation shows that the

temperature of B80eV has been reached 0 5 30 45|1

in the foil of gold. The velocity of

Fig. b

the polyethylene foil 'l5um thick plac-
ed behind the foil of gold has reached
1-1,5.107cms™t (rig. s5).

An expulsion depends on X=-rays,
the first rise of the ourve corres=
ponds to the arrival of the poly=

ethylene steam, the second smooth rise

of the curve corresponds to the arrival
of the steam of gold (the flight dis- Fig. 5

tance - 6om, time markers - 0,2us). The specific power 10 3Wow™
and the velocities of uﬁrgenne mentioned allow to study the
processes in the range of plasme temperatures and densities,

corresponding to the fusion target of final size.
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