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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 Committee from
suggestions given by heads of leading plasma research groups in Europe
and elsewhere. A last minute arrangement during the Conference permitted
the presentation of an extended lecture by Dr. I.R. Gekker, as well as
an invited lecture by Dr. F.A. Nikolaev. The texts of these lectures are
included in this volume. To keep the same arrangement as in the first
volume the invited papers are printed in a logical order, regrouping
those pertaining to a same subject, rather than in their order of pre-

sentation.

Please note that the post—deadline papers have been given numbers
(underlined) which are different from the page numbers, to avoid

confusion in referencing with papers of the first volume.

Except for retyping of manuscripts not conforming to the format and
minor editing corrections, the texts are photographic reproductions
of the original papers, which means that the authors must bear respon-

sibility for the content of their papers.

The Organizing Committee
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BEHAVIOUR OF DISCHARGES AND INTERNAL DISRUPTIONS IN T.F.R.
T.F.R. Group presented by D.Launois

ASSOCIATION EURATOM-CEA SUR L4 FUSION
Département de Physique du Plasma et de la Fusion Controlée
Centre d Etudes Nucléaires

92260 FONTENAY-AUX-ROSES (FRANCE)

Boite Postale n° 6.

Abstract : In TFR discharges the current concentrates around the magnetic

axis, forcing the safety factor to become less than unity in this region ,where

a turbulent process arises. For high current discharges, above 200 kA, the

energy confinement time levels at about 25 ms. The electron energy balance

may be explained either by this turbulence or by dissipative trapped elec-

tron instability. The ion behaviour is consistent with the neoclassical

transport theory.

|- Introduction

At the time of the Tokyo conference we reported /Ref 1/ that

TFR had been successfully operated at the maximum current and maximum

toroidal field ( Ip = 400 kA ; B_,I_= 60 kG ). Experiments carried out for

T (ms)
T T T
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H, g o V¢ Ne = N;j
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]
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roughly similar values of the safety fac-
tor at the plasma edge ( q(a)n 4) ,yiel-
ded the dependences of the main plasma
parameters ( ng, Te, Ti, Zeff ) on the
plasma current. Steady state regimes
were achieved of lp =200 kA for about
0.5 s. An important feature appeared
to be the "levelling-off" of the ener-
gy confinement time ‘C-E at a value
around 15 ms, for large plasma current
(Ip>200 kA). This is shown again on
fig.1, with T_ defined by g=%+1_%
UJ is the steady state loop voltage.
Attempts were made to determine

the plasma power balance. The ion ba-




lance could be explained by neoclassical diffusion, using the plateau regime
coefficient , As to the electrons, which were responsible for most of the los~
ses, we had to use anomalous transport coefficients, Our numerical simulation
code could reproduce the actual experimental results ( time evolutiun, radial
profiles, energy balances ) using, for the thermal conduction coefficient Kg,
a pseudo classical type dependence ( ), ? ) which did give rise to a shrin=
king of the current channel around the axis and to a related decrease in q .
After q reached the value 1 on axis, we had to multiply K, by a numerical
factor over the region where q{1. However we could not get to a conclu-
sion, as to what was the mechanism responsible for the enhanced losses ( im-
purity radiation in the plasma core or anomalous thermal conduction coeffi=-
cient).

Following this line, more experiments have been designed in
order to

-follow the space time evolution of the impurities

-investigate the shrinking of the current channel and the enhan-

ced internal heat transport

-bring out evidence of mechanisms that may govern the power

balance .

To help in these experiments, the centering of the plasma column
was improved with the installation of a new feed-back circuitry. The neu-
tral gas injection can now be controlled during the course of a discharge
enabling us to increase somewhat the plasma density.

The values of q(a) ranged from 2,7 to 15 for the various condi-
tions we investigated.
1= Impurities

For the impurities the main conclusions reached by the vacuum UV
spectroscopic study and given in /Ref 2/ are :

-The light impurity ions and heavy impurity of moderate charge

12+ 15+ g ) s ;
(Mo , Fe 2 , ..) have their maximum concentration at radii where T, is
equal or slightly smaller than their ionization potential.
30+ 31+

-The highly charged ions ( Mo~ ,Mo~ ,..) are concentrated
inside a diameter of about 10 cm.

-Inward diffusion velocities of the order of 2.103cm.s-] are cal=-




culated for rmm 16 cm,

The power radiated by measured light impurity lines is about 35% of
30+_M°3]+

is roughly constant

the input power but only a few per cent is due to Mo . The molyb=
nmaﬂ“'

Ne

11 -3
denum central density ism10 cm , the ratio

during the plateau current,

[11- Shrinkage of the current channel and its consequence : internal disrup-

tions for q1 .

————— s
[11-1, Experimental results .

I-1-1. Narrowing of Te profiles as q(a) increases

The Thomson scattering profiles of T,, measured under various
current(lp) and various toroidal field ( BT) conditions are shown on Fig.2.
The half maximum width of the profiles
is an increasing function oF../_\.@.) (see

insert). In the central region (rg 5c¢m)

the profile flattens out (for high current

we may even observe a small dip on the

axis) indicating a larger heat conduc~

tion,

[11-1- 2, Internal disruptions

We have measured the soft X-rays

emission from the hot plasma core, in

T,= 140KA
o R " relation with the enhanced internal heat
v33 kG g . .
025kG = transport. Qur experiments are similar
I = —
5 - % = = to the ones that have already been car
Fig:2 ried out on S.T./Ref 3/
. sm:ﬂ Qur experimental set up is sketched
Si diode — E-- on Fig.S.
Lead collimator ——_2% 0,5 mm Be foil

The soft X-ray signal obtained un-
der typical conditions is sketched on
Fig.4 .

The signal amplitude A roughly

follows the plasma current amplitude. A
Spatiol resolution = 2 cm

Radial exploration=* 14cm . _ ST i
Bty rgesac bl superimposed saw-tooth type oscillation

AA ) appears when T_ _ reaches its
Fig3: Soft X roys detector ( ) FP eo




maximum, at about 50 ms,

The saw-tooth oscillation exhibits a m=o, n =0 mode struc-

ture with a period varying from 1 ms to 3 ms, at higher densities.

INTERNAL DISRUPTIVE

Alorbitrory units)

MODES

(sell .xray signals)

FIG 4

Fig.5 shows that, further away from the axis, the soft X-ray si-
gnal emitted is inverted, i.e. a decrease of the signal in the inner part of the
plasma corresponds to an increase in the outer part. The start up time of the
relaxation is fairly identical at any radius ( the spread is less than 10 ps Ya

but the rise time is longer at larger radius.

. . nE1013cm'] Te keV
Quite generally asine wave
~S Ip=140kG, B, =25kG
oscillation (AA) with an m=1,n=1 2 I s o ToT50ms
"
.. . 5 F ® gl
mode structure is in turn superimposed frm = N\
AT // ~ /nE
to the saw~tooth mode. It appears du- e =~
3 P /7 N
/ 05| N

ring the slow rise of the saw=-tooth and, , | ,

quite often,survives its fast fall off, !

o

3
The rise time is of the order of y 3A04?

/
|/
/ \
0
AE
The frequency is close to 10 kHz but !:_/
1
0

generally weaker after the fall off of

301 Fast Mode
SN 20 /'\/\(Wlitﬂb\ﬂ]
o
/ }:\10—/ b

_ ~p

A% Sawtooth Mode
the saw-tooth. s

Fig.6 shows that the radius
A
at which A = o and the radius at

Out In

NA
which QA is maximum are close of : 1
-20 210 0 10 20 r (cm)

the radius v, where g=1. Hereafter
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500 |-

80D

Taav a (o) (10 e

AA

lues rather than the actual chord averaged signal would yield a slightly

we will identify M with the point where =0 .( Considering local va-

larger rl).
The functional dependences of the saw-tooth mode on |p and B+
have been searched for. The results are summarized on fig.7. We observed the

radius M ( as defined above ) to vary

A

M . 2 %

(A'Eel o experimental results GpprOXImee]y CIS (I /.BT3 . The In=
ternal saw-tooth mode vanishes out when-

il R sl Seion ever q(a)as 12 (For these low current con-

/
/° / ditions q(o) could not go below 1 even

though the current channel become very

narrow ) .

| | | T The question now is what to

100 200 300 400

 Eaa - attribute the variation of the soft X-ray

flux to ? The X-ray emission depends

onn_, Te and Ze . Concerning Z .., our first attempts to search for fluctua-

ff eff
tions have not yet produced reliable information. However the Thomson dif-
fusion measurements yielded informa-

tions on Te and n, during the saw-tooth

Cantrol Elsctron Temparglure Centrol Electron Density

T N oy period as shown on fig.8. In spite of a

Internal Disngtion Internal Disruption
— X (0t) signat — x{ag)
Br25k0 By = 7546

| Ll large inaccuracy, the measurements sup-
port the conclusion that a temperature

fluctuation is mostly influencing the soft

st

X-ray emission ( ATe 0)15%) . The density

e
fluctuation is in the range of only a few

DENSITY FLUCTUATIONS

percent as evidenced also from Z mm
o E e microwave interferometry. Consistently,
the rise in Te related to the saw-tooth

rise can be explained on the basic of oh-

mic heating only (including Zeff in the

calculation), if it is assumed that the los-

ses are negligible meanwhile. This implies

i that the losses would essentially occur




during the rapid fall off of the saw-tooth in the region where q {1, leading to
a steady state on a time scale longer than the saw-tooth period. Tentative
mechanisms responsible of the turbulent loss process will be considered and
discussed later.

Since for this process, q(o) is always close to unity we are in a
position to estimate a few physical quantities.

i) In particular, the knowledge of g(o) permits to determine j{o)

and, taking the electric field calculated from the loop voltage, the steady

: - 102 99 Uuolts) —E}fﬂ)
state Ze”(o). This reads ZeFF(O) B (Wamd). T — 0.9%

Knowing Te'U’BT we then get an upper bound of ZeFF(O) by taking q(o)=1.

ii) Conductivity measurements /Ref 4/ performed by inducing RF
currents yield the conductivity profile ¢=(r) in the outer region. The range of
theoretical curves that may reasonably be fitted to the data can be greatly

reduced if we constrain q(o) to be close to unity. s/

Tetn
te Zeft M + A
~C "~ as r varies (for ré]Ocm). Typical values obtained for Zeff

iii) If the central current profile is such that j(r) ~v one

gets ZeFF
using q(o)~s 1, are of order 5 to 7, for discharges with the large limiter ( 40

cm |.D.). With the smaller limiter ( 34cm 1.D.) ZeFF decreases to 2 to 3 .

I11-2. Interpretation of the data.

I11-2-2. Shrinking of the current chanrel.

According to the observations described above we inter-
pret this phenomenon as a thermal instability arising as a consequence of
the ohmic heating process.

In order to study it analytically we write the thermal conduction
coefficient as KeN nez(r) T: (r) (.—§9- )chd solve for the electron tempera-
ture profiles choosing the density profile as n= n, exp.-_xz_ r2 with o ,P and
Xas parameters, As shown of Fig.?9, for some values of the parameters ot,@
no steady state equilibrium is reached. The current channel keeps skrinking
down, whereas the maximum value goes up. However a steady state equili-
brium is obtained over a parameter region which stretches out as the density

profile gets narrower ( increusingxon fig.9)

If we compare with the numerical simulation where the functional
: 2 2 "
dependence |5N1é.‘E (’\ +c1) we always expect - for not too sharp density pro-

file, at least = that the shrinking of the current causes q to become less




than unity on the axis. This results in an internal turbulence phenomenon.
Here is the Larmor radius in the total magnetic field. We note from

T
Fig.9 that for very sharp density profiles even point A is in the equilibrium

region. For these conditions q(o) is still greater than unity.

This situation is to be compared to the experiments with q(a)ns 12,
for which the density profile was very sharp (BN4) ; q(o) was larger than 1
and no internal disruption appeared. A more detailed investigation of this

model is given in Ref.5.

In the interpretation above, it
Ke ~ ne? Te® (Ei_@)B

with = vy ep_ L2 has not been necessary to modify the

ond:s =1 (1-2a ) Zeff(r) in the resistivity term to account
e=1-p

Note that: K ~Vei p2(1497)
gives :

_pseudoclassical simulation

pseudoctassical | 12 111-2-3 Internal disruptions.

non
equilibrium

for the Te profiles,

(Ve P2 q2) |-a diffusion ~ Vei p.2 when

- i) The m=1, n=1 sinewave mo-

de, f=10kHz. This shrinking of the cur-

rent channel causes q(o) to become less
than 1 which in turn may give rise to
various instabilities, The m=1,n=1 struc-

equilibrium g diffusion
~Yei pT

ture of the sinewave mode shows that

this mode is of MHD origin ( =m_ =1),

/774 % n

v

1 1 1
V3 vz 23 1
Among the linear theory predictions we
Fig: 9
may choose as candidates the internal

kink mode and growing magnetic islands.

The internal kink mode theory in toroidal geometry /Ref.6/
shows that the stability of this mode depends on the q profile and on a

R—.H(O)T(m . For a given pro-

parameter including the kinetic pressure term
file, the weaker the parameter, the lower the crificc11'| value of q(o) below
which the instability would appear. This is indeed qualitatively observed as
shown on Fig.10. However the critical value of q(o) seems to be larger than
the one predicted by the theory. It has to be emphasized that the theory did
not include a few non-basic phenomena which would however increase the
critical value ( magnetic shear, coupling with m=2 tearing mode). On the
other hand experimental errors are introduced by some arbitrariness in the

choice of the T profile and by uncertainties in the determination of n(o)
e




and Te(o).
However the similarity of
the soft X-ray signals emitted near

. qlo) [alo) is colculated from the
the q=1 surface with the signal emitted most peaked fit of T, profie]

-in the case of negative voltage spikes
1L

/Ref.7/ near the g=2 surface-where ol
the internal kink mode cannot occur,
speaks in favor of magnetic islands .
/ref.8/. So far the study of the m=2 s

mode with the aid of soft X-ray de- %

tector has not been performed.Mea-
surements vﬁfh magnetic probes indi-

cate that _-_gs—ru]%’for the m=2 mode

e i noTe

in normal regimes. However before RIPBT
¢ p - 1 2 wih

a complete disruption of the plasma e 10%em?
~n Te eneV

channel this mode would grow (_B.QN3Z) ke
‘BB Fig: 10 Bosi

and a coupling between the m=1 and
m=2 modes would occur /Ref.?/.

ii) The m=o, n=o saw-tooth mode fa,300 - 1000Hz . The theoreti-
cal calculations that might provide an explanation for those modes are still in
progress, and three different lines are being investigated:

- non linear evolution of internal kink modes /Ref.10/

- magnetic island instabilities /ref.8/

- non linear convexion cell /fref.11/

a detailed comparison between the non linear theories predictions and the ex~-

perimental results is presently under way.

IV~ Energy balance .

IV-1. Experimental results.

A detailed study of energy balances as a function of q(a) has been
carried out /ref.12/. We varied Ip from 100 to 400 kA and B from 25 to
+ » and for a given BT,fhe
energy lifetime is a function of Ny 'p and U i.e. of Zeff' ( So as to compared

60 kG. Te(o) appears to be mainly a function of B

with our former results published in Tokyo we have assumed n, = n, ).




Fig.11 shows the evolution of 'Z.'E at 50 kG as a function of cur-

rent. The lifetime is lower at lower BL . Compared to our earlier results

'CEincreused by 60%, that is roughly 9 ms. This is due on one hand to the

increase in wn, resulting from the improved controlled injection of neutral

gas, and on the other hand to the decrease in ZeFF likely resulting from the

improved plasma positioning system. Here again we note a levelling off of

TE: F(Ip)' This is partly due to the difficulty of increasing the density

without destroying the plasma.

T(ms)
[ ]
° L ]
200 °
A
e
1oL
e B, =50kG
a  =33kG
o =25kG
‘ . ) | Lika)
0 100 200 300 400
FIG 11
T T T
[*Eelms) Tp =140 kA
':TEE
+=_A At
AA
20 .
° 2
0k % i
o
b
i 1 1
20 30 ] 50 B kG
Fig:12

If the energy loss of the elec-
trons near the center is indeed governed
by the saw-tooth induced turbulence,
the energy lifetime is T, . At ~ A

B AT /me T RA
A
where At is the saw-tooth peeriofi : IR

Fig.12 shows the comparison between
'(TE; and Tl-fe =E—j\:%£%.a as a function
of BTfor ]P= 140 kA. Here Ei (0 is the
power going over from the electrons in-
to the ions. The two quantities vary quite
similarly. The good agreement between
the absolute values is fortuitous since

the soft X-ray flux is not merely pro-
portional to the plasma pressure noTo

At fixed B too , the dependences of

T’
both quantities on Ip are in good agree-
ment. This would suggest that, at least
in the central region where q {1, the

electrons energy lifetime is determined

by the internal disruption phenomenon.

IV-2. Experimental thermal

conduction coefficient for the

electrons.
An experimental heat
conduction coefficient Ke can be derived

from the steady state heat transport




equation. It takes on the form

K _ J; (€T ~Wei = Winp) rdr
encT |- gl - 3 flan]

where Wei is the power transferred from the electrons to the ions and Wi

mp
is the power radiated by the impurities. The calculation performed by a

computer code in which the data on N $e) 5 Te (r) ’Ti (r) and ZeFF is in-
troduced, is obviously very sensitive to the gradients and we had to smooth

|
|
1
out the data. Flatter smoothed profiles of Te(r), increase Ke(r) in the cen- ‘
tral region, The shape of Ke(r) resulting from different values of Q= %
which is a parameter describing the shrinkage of the current channel, is
given on fig.13. We note that K(r) is fairly constant up to %— =0.7. The

rise of Ke(r) near the edge indicates los-

Ke * experimental

a- ":“’) ses induced by impurity radiation. The
qle
Ke ( normalised on the axis) result above is obtained assuming that
Z is a constant as r varies, but
eff
the assumption that FCE— (r) is a constant
e
as r varies leads to a very similar re~
sult. Since we have evidence that in=

ternal disruption is responsible for the

energy loss, we are forced to conclude,

from the constancy of "G'Ee(r) , that the
influence of the internal disruption car-

ries over into the outer region where

al~

¢ o ! q) 1. However, the experimental
FIG 13

proof for such an interpretation has not
yet entirely been obtained.
An analytical expression for Ke(r) that would fit to the various
experimental Ke, calculated from the steady state data gathered over many

discharges, can be expressed as /ref.5/.

-1/2
Kanalif.N Zeff ( N Ai a) Te—3/4 '

10




IV-3. Tentative comparison of the experimental K_ with various

diffusion regimes.

If we want to simulate the discharge behaviour (profiles,
particle and energy balances ) with aid of a pseudoclassical Ke (Ve ?9 )
using the measured values of Zeff’ we have a good agreement between the
experimental Z’Eeand the pseudoclassical FC'Eeup to 200 kA. Beyond that
point the disagreement becomes very important (fig.14).

We then consider two possibilities to account for the discharges

One possibility would be to consider that the heat conduction is
governed by the trapped electron instability, the conditions for which-
including shear criteria /Ref.13/ - are fulfilled in our case. Taking into ac-
count the experimental profiles, the energy balance is calculated at r =10cm

where 3/ - for the theoretical predicted Ke. Fig.15 shows

eff <AJl'u::unctsa -
the values predicted for Te as a function of Ip' using this thermal conduction
coefficient. Moreover such a coefficient accounts for the evolution of ’C'E

as a function of the parameters BT’ lp’ne . It should be noted however that
the drift oscillations that should be responsible for the thermal losses have
not yet been identified.

The other possibility would

be to call for the observed internal
Tg,(ms)

I I I
Energy confinement time of electrons

disruptions. Unfortunately at the present

5 on time no thermal coefficient related to
Pseudoclassical diffusion

this loss mechanism has been derived.

x, However, we mentioned earlier the
: : points arguing in favor of this turbulen-
A
. M ce ( variation of ?;Ee with the plasma

parameters, constancy of Z’Eeover r),

making it a likely candidate.
® I,=100+140kA
x T,=200kA These attempts to account for
A I,=300+330kA

the balances show the present difficulty

1272 to choose among various mechanisms ex-
nezeﬂ - - .
' l l plaining the electron thermal conduction
1 2 3
Fig: 14 law .,

11




The same applies to the ion thermal conduction the average values
/Ref 14 / can be explained either by the neoclassical Ki’ either by a Ki ha-
ving the functional depen-

Telev) dence of the trapped electron

- instability K .
1500 e

T
L

. V-Conclusion |
B |

1000

In spite of uncertain-

* Doguaie. gt ties in the interpretation of
o — Curve calculated with Ke for the
500 — trapped electrons instability and —

that have been reached in

ol ! N ! l J TFR at the present time are

2= b our results, the conclusions
Fig: 15 the following.

- the ion behaviour may always be interpreted using the neoclassi-
cal diffusion coefficients,

- the impurity radiation at the center does not affect significantly
the electron balance.

- the electrons behave anomalously., The internal turbulence as-

sociated with q < 1 could presently play the main role in the transport me-

chanism. However this anomalcus transport as well as the ion transport can
alternately be explained by the dissipative trapped electron instability,

using the transport coefficient theoretically derived for this instability.

12
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Abstract: Two main plasma regimes are identified in Alcator, depending on

the value of the streaming parameter, & = <y, /v >, where u, and v are
- IV the I

e
the electron drift and thermal velocities. For high £ 0.4 in H2) t&o—compo~
nent electron distribution functions are obtained, rf emission at frequencies
greater than and equal to the ion plasma frequency, and strong ion heating
up to temperatures of 1 keV occurs. For low values of £ (generally obtained
by pulsed gas injection), the distribution function is Maxwellian; nearly
classical resistivity and rates of bremsstrahlung emission are observed. The

energy replacement time T_, is found to increase roughly in proportion to the

E
density. In the extremes of the two regimes Ti = Te, Preliminary results of

ion heating by rf injection near the lower hybrid frequency are reported.

[1]

Introduction: In this paper, we report on results obtained in Alcator , @

tokamak device with major radius R = 54 cm, limiter radius a = 9.5 cm, and
maximum toroidal field of 100 kG. The results reported here were obtained
with toroidal fields in the range of 35 kG to 55 kG, with the bulk of the
measurements taken at 40 kG. The corresponding plasma current range was 50
to 150 kA, with discharge duration from 70 to 400 msec. The base pressure
was between 3x1079 and 1x1078 Torr. Vigorous discharge cleaning, accomplished
by audio-frequency excitation of the ohmic system, preceded each run. The
majority of the measurements were performed in hydrogen or deuterium. Addi-
tional measurements were performed in He and other gases or with a controlled
dose of contaminants. Normal filling pressure was about 1x10”™* Torr; initial
plasma density corresponds closely to this pressure. For clean machine condi-
tions, the density always decreases with time, with the predominant decrease
occurring in the first 5 msec of the discharge. In order to vary the plasma
density, and therefore the electron flow velocity, additional gas is injected
after toroidal equilibrium is established. In this way plasmas with average

densities in the range of 51012 em™3 to 2x10'% cm™3 have been investigated.




Two main regimes of operation are encountered by varying the value of
the streaming parameter, & = <u“/vthe> where uﬂ(vthe) is the local flow
(thermal) velocity of the electrons; the average is over the minor toroidal
cross section. In one, the classical or "Coulomb" regime which occurs for
relatively high density and low values of £, the electron distribution func-
tion is nearly Maxwellian as measured by both laser and soft x-ray techniques.
In the other, the anomalous or "slide-away" regime, characterized by rela-
tively low density and high values of &, the electron distribution function
inferred from these measurements is not Maxwellian. This regime is also char-
acterized by strong heating of ions (up to Ti " 1.2 keV) accompanied by emis-
sion of rf radiation near wpi, lack of hard x-ray production (< 1 mR per
shot near limiter), extremely low level of MHD instability and long stable
discharges (up to 400 msec has been obtained). We believe that this is a new

regime of tokamak operation.

Resistivity measurements: Examples of spectra obtained from pulse-height

analysis of bremsstrahlung in the range 1-10 keV are shown in Fig. 1. We
find the presence of an energetic tail in the slide-away regime, whereas we
obtain a Maxwellian spectrum in the case of the Coulomb regime. An indica-
tion of similar effects is also obtained using laser scattering, and the re-

[2,3]

ature Te(O) determined from the soft x-ray measurement is systematically

sults are documented elsewhere In the Coulomb regime, the peak temper-

about 207 higher than that found from the laser, which may reflect a differ-
ence between transverse and longitudinal temperature. In the following we
use the laser (transverse) temperature for evaluation of the classical re-

sistivity.

/ YN 2

E = (1)
Wppe! _7

We define a_ 3 (r) e (ro—%
[ [ e
T T

en(r) m
cy e

where J“(r), n(r), and Te(r) are the current density, particle density, and
electron temperature, and a, is the effective radius of the current channel.
We evaluate Eq. (1) by using the following radial proflles T = T (0) %

[ (r/a )32:[, n = n(O)D - (r/a)? :] and Jn (r) = T/2(r) w1th 8, = 8 cm.
These profiles are consistent with measurements made by the 1aser at 4 cm
off centre. Using these profiles, we evaluate <n/nc1> , Where n = E“/J“,

N1 is the Spitzer-Harm resistivity for hydrogenic plasma and E” is the
electric field (assumed to be constant over the cross section). In terms of

the peak electron temperature %eo (in units of keV)
~3
/NN 08 Y0%2 g (2)
\nC / 1 eo
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where V is the loop voltage, T is the loop current in units of 100 kA, and

S is a profile shape factor given by

3
1 T ()] 2
S5 = 2 dr r |—= (3)
a1 T
0 eo
(al is the limiter radius).

Typical values of S found for
other tokamaks range between
0.2 and 0.4. For the tempera-
ture profile used her 5=0.23.
Hence, the uncertainty in our
temperature profile could lead
to an underestimate of <n/ncl>

by a factor of 2.

Count per Channel

Results for a variety of
plasma densities, currents and
filling gases are shown in
Fig. 2. For each gas, a cross-
hatched region is indicated
which marks the transition re-
gion between Maxwellian and
non-Maxwellian spectra. The
data obtained for He was ob-

tained by pulsed-gas injection

Count per Channel

into an initially hydrogenic

Energy (keV)

discharge, with density about
5%1012 cm™3. Since the density

for the points obtained in Fig. 1. Soft x-ray spectra obtained in slide-
away (top) and Coulomb (bottom)

Fig. 2c is greater than 2.5% :
regime.

1013 cm™3, we believe that the

majority of ions in these discharges are helium. We call attention to the
fact that <n/ncl> is never significantly greater than unity in H2 and D2,
and approaches the classical value of 1.8 in He. There is also a systematic

> for £ > EC for all gases.

decrease in <n/nc1
We also report experiments concerned with effects of impurities on the
resistivity measurements. Beginning with a well-conditioned machine, O2 was
injected into a hydrogenic discharge, and the partial pressure of 0, was
varied between 1 and 30x107® T. As a result, <n/ncl> increased to about 2

and the electron temperature increased from 0.7 keV to 1 keV. The results

16
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Fig. 2. Resistivity measurements in H (a), D (b), and He (c)

as a function of the streamlng parame%e

are summarized in shots numbered 1-15 shown in Fig. 3. Then, normal tokamak

9 for about 30

> increased to
el

as shown in shots

operation ceased and the machine was discharge-cleaned in O
min. Immediately, upon recommencing tokamak operation, <n/m
values of 3-5 and the electron temperature nearly doubled,

20=30 in Fig. 3 and electron

In addition to having higher voltage "anomaly"

temperature, these discharges differed in having an increasing rather than
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the usual decreasing density with time, a much higher level of hard x-ray

activity (100 mR/shot) and strong MHD instabilities{é]. Discharge cleaning in

H2 tended to reverse the process, but the normal duration of about 1 hr was
not sufficient to reproduce the normal behaviour. Similar results were ob-
tained by using N, rather than 0, as the contaminating gas. We also note

that values of &, obtainable for the contaminated machine, were generally in
the range of 0.05-0.1. These results which show <n/nc1> increasing to levels
more typical of conventional tokamak operation give support to the credibili-

ty to results obtained under clean conditions.

n/ng 4 .
5_
a- —
8 * * e ¥ .o ®
2 * o . ® e o °
b °
b ! ! | 1 | A L
10 20 30 40 50 0 10 20
# SHOT # SHOT
Te (05 1-30%10° piscHarge  Ha FLOW (08 x 107 DISCHARGE Hp, FLOW
i) (Ho Ix 10  CLEANING DISCHARGE CLEANING DISCHARGE CLEANING
0, + Hp FLOW  IN O CLEANING IN Hy IN Hp INNp  IN Hp
20 2 2
S S T T A R
°
L]
e ] ®
e ° L .
. ®
|.0- ° - . . =
® L ]
®
| | | | | | L | |
5 10 20 30 40 50 0 10 20
# SHOT # SHOT

Fig. 3. Resistivity and temperature measurements in clean and contaminated
conditions.
Below we will use a parameter o defined as o = <&> <n/nc1>. In contami-
nated discharges the value of <n/nc1> is increased, so that a higher value
of o can be taken as an indication for a higher contamination level at the

same value of £ in different discharges.

Slide—away regime: Since plasmas with high £ are known to be unstable in

linear geometry (for example to ion-acoustic modes in the case Te > Ti) we
have been led to search for evidence of similar instabilities in the Alcator

device. Additional motivation for this work was provided by the observation

of high ion temperatures (Ti’¥ T, ® 1 keV) even though the electron—ion equi-




libration time is much longer than the ion energy containment time. Here, we
report the discovery of a band of strong rf emission in the vicinity of the
ion plasma frequency wpi, extending from wpi to 5<10 mpi. The higher frequen-
cies tend to occur first in time and correlate with the onset of hard x-ray
emission (total dose v 1 mR) and intense synchrotron radiation. The emission
in the vicinity of w ; always occurs a few milliseconds later and correlates
with the appearance of energetic ions (See Fig. 4). Thus, we identify the

wpi radiation as being connected with the anomalous ion heating.

¥
,ﬁN\ “?-"“' v

d ‘W‘*" L

L.

Fig. 4. Example of slide-away phenomena
a.loop voltage 1 V/div; b. electron density 1.2x10'% em™3/div; c. total rf-

emission (arbitrary units); d. charge exchange neutrals: energy v 2.5 keV;
e. discharge current 65 kA/div; f. x-ray emission energy > 200 keV.
Sweep speed: 1. 50 msec/div; 2. 10 msec/div.

Measurements of the emission spectrum were taken with a small molybde-
num-tipped probe, 0.6 mm in diameter. The probe is movable and can be posi-
tioned at any point within the 2.5 cm shadow of the limiter. Two spectrum
analyzers were used to obtain the spectra in the ranges 300-2000 MHz and 1-
20 GHz. The spectra were recorded by either repeated, fast (10 msec) sweep-
ing of the analyzer, or by shot-to-shot scanning of the passband frequency.

In Fig. 5, we present the spectra obtained at three moments in time
during the discharge. A strong peak at the lower end of the spectrum is found
at frequencies corresponding to fpi = 210/5;7K, where A is the ion mass num-—
ber, This dependence is displayed in Fig. 6, where we have plotted the densi-

ty calculated by assuming the peak of the spectrum to correspond with fpi Vs
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Fig. 5. Spectral emission from a slide-away discharge in hydrogen; shot-to-

shot measurements were taken at B¢

= 40 kG, I

| <ng>LASER
I <ne>MICROWAVES

100 kA.

HYDROGEN DEUTERUM
L] X
o

the actual average density as
measured by either 4 mm or 2 mm
interferometers or by calibrat-
ed Thomson scattering. A 30 dB
4 drop in the intensity is ob-

7 served just below fpi’ and
when the average density de-

creases during a discharge

pulse, this cut-off moves

The electron density
ne(w :) calculated

pi
when the measured
peak frequency is in-
& terpreted as w,i Vs
the measured eYectron
density B

Fig. 6.

12
x lI0cm 3

<Ng>
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: I ] accordingly. The spectrum ex-

dB DEUTEmuy e HYDROGEN | tends to several GHz where the
B agR *2=02 | emission level becomes compa-
z; i | rable to the sensitivity of
o the analyzer (v 45 dB).
%40" ~] The relative power P(mpi) of
o the emitted radiation at fpi
g I b as a function of & is found to
Ezo__ _| have a distinct threshold at
C values of 0.45 for hydrogen
i 71 and 0.2 for deuterium dischar-
| | | ges as shown in Fig. 7. There
0 0.5 1.0 .5

& are also indications that the

presence of impurities leads
Fig. 7. Relative power level P(w i) of the

radiation emitted at wpi'

to a decrease of the emitted
power. Discharges with higher
impurity content (a = 0.3 to 0.4) have P(wpi) decreases by 15 to 20 dB.

The fact that the emission is cut off below wpi tends to rule out tur-

bulence associated with classical current-driven ion-acoustic waves. In this

regime of operation wge >> mie and the lower hybrid resonance frequency

R

lower hybrid modes which propagate for w >

wpi' This suggests the excitation of

w_., whose mechanism has been investigat-—

edtB].

Coulomb regime: After formation of a dis-

charge at normal filling pressure of

1X10™"% T, gas is injected by means of a
pulsed gas valve. In this way, discharges
with <n > up to 2x10* em™3 have been stu-
died. Typical traces of voltage, current,
and density for this mode of operation are
shown in Fig. 8. In this mode, the electron

and ion distribution functions are nearly

Fig. 8. Example of a discharge in the
Coulomb regime: a loop voltage 2 V/div;
b. discharge current 65 kA/div;

c. 0V emission at A = 1032 R, 6.8x1015
photons/sec/cm?.sterad/div; d. electron
density 4.6x1013 cm3/div.

Sweep speed: 20 msec/div.
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Maxwellian (c.f. Fig. 1.b), and the resistivity appears to be close to clas-
sical as evidenced by data presented in Fig. 2 for & << Ec. Both soft x-ray
and visible bremsstrahlung measurements show that the effective Z (defined
here as the ratio of measured to computed free—-free hydrogenic bremsstrah-
lung decreases from 5-10 at low density (v 1x1013 em™3) to near unity at
high density (1x101% e¢m™3). This implies that the relative impurity concen-
tration in the centre of the plasma decreases as the density is increased,

a conclusion which is also supported by the density dependence of the UV-
lines of light impurities, for example, OVI as shown in Fig. 8.

Poloidal beta BB =
<nk(Te+Ti)>/Bé(a1)/2po and -
gross energy replacement time ///
Ty = §<nk(T +T.)>Volume/I.V.

e 1 10— /TE

E 2
’ H
have been measured (see Fig.9). % g
( g ) o D, //

are used. The data points re- y o,

Here the profiles quoted above

present Tp, neglecting the K / w O 8

ion energy content, and the 5l e 8 O

dashed line indicates the ef- = oo X

O«

fect of including the ions. - o0
(EDOSX X0

The energy replacement time 0O % @

is roughly proportional to - % xﬁi

XXX

n, and has weak (if any) de- : é

The np (10" cm™)

pendence on I and B¢.
poloidal beta, consistent Fig. 9. Energy replacement time vs density.

with the measurement of Tgs
scales as Be o« ne/Ip, where p ® |, We also find the maximum density is pro-—

portional to the maximum value of I, which suggests a limiting value of BG'

R.F. heating: Ion heating by rf injection near lower hybrid frequency w

LH
has also been studied[ﬁ]. A pulse of rf power, frequency 2.45 GHz, peak

power 70 kW and width variable up to 100 msec have been applied by means of

an S-band waveguide flush-mounted in the vacuum chamber wall and oriented so
that E | B. The total absorption efficiency is high with 70-80% of the for-

ward power absorbed. No deleterious effects (such as density rise or impuri-
ty increase) on the discharge are found. Typical ion temperature rise is on

the order of 100 eV (see Fig. 10). Strong tail-heating is also observed; the
effect is nonlinear in the applied power. For ion heating to occur, it is

not necessary to satisfy w = Wy anywhere in the plasma.
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Fig. 10. Development of the ion temperature with rf heating applied.
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CONFINEMENT AND NEUTRAL INJECTION EXPERIMENTS IN ORMAK®

The ORMAK Group
Presented by J. F. Lyon

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

Abstract: The ORMAK operating regime has been extended to higher toroidal
fields, discharge currents, and neutral injection power. Confinement studies
have concentrated on anomalous electron energy transport (through scaling
studies at constant q), and the effects of MHD instabilities (through scft
x-ray fluctuations) and impurities (through Zeff(r) measurements). lon
heating increases linearly with coinjection power, and counterinjection
heating efficiency increases with discharge current.

Machine Operation Improvements: Previous studies of confinement [1] and

neutral beam injection [2] in ORMAK were conducted at toroidal fields B S
18 kG, discharge curvents I € 130 kA, and 25 kV neutral injection power

Pinj < 45 kW per injection direction. Typical plasma parameters at I = 95KkA
were Te(r=0] ~ 700 eV and Ti(r=0) ~ 220 eV for ﬁé (central chord average) ~
2 x 1013 em™ 2, and T, (t=0) ~ 275 eV for coinjection. Since the Tokyo IAEA
conference, confinement and neutral injection studies have used improved
machine parameters (BT = 25 kG, I = 200 kA, Pinj < 180 per injection direc-
tion at 30 kV) with feedback control of the vertical field and with oxygen
rather than hydrogen discharge cleaning. Typical plasma parameters at

160 kA are now T_(0) ~ 1200 eV and T, (0) ~ 360 eV for He ~ 2 x 1013 cm” 3,

and Ti(O) ~ 500 eV with injection.

Confinement Studies Review: Transport properties have previously been dis-

cussed [1] with some emphasis on the differences in the discharge character-
istics in the high density (large amplitude m=2 MHD oscillations in poloidal

field B,, peaked (high) Te(r) type A discharge) and low density (small

e.’

amplitude m=3 oscillations, broad (low) Te(r) type B discharge) regimes.

The electron energy transport was found to be anomalous, although the gross




energy confinement time T Was in reasonable agreement with pseudoclas-

sical [3] scaling.

Possible reasons for the electron anomaly are (1) im-

purities and (2) instabilities (especially MHD instabilities and dissipative

trapped electron modes).

The main theme of the confinement study was

therefore to evaluate these effects through (1) scaling experiments (I

varied) at a constant q(ag), the
safety factor at the limiter (ag =
23 cm), and fixed filling pressure,
(2) studies of spatially resolved
soft x-ray fluctuations, and

(3) estimates of Zeff(r) and

(r) from different meas-

P ..
radiation

urements.

Constant q(agj Experiments: The

central framework for the confinement
study was chosen to be the variation
of the discharge characteristics with
I at constant q(aﬁ). This allowed
variation of the ohmic heating power
from 120 kW to 550 kW without changing
the gross magnetic configuration, and
hence gross MHD stability. In this
sequence of experiments q(ak) was
held constant (q = 5) along with the
hydrogen filling pressure (4.5 x

10°% torr), and the ohmic heating

current I was varied from 30 kA

\ T | T T
300 + _
— n‘e(‘IO“cm'S) -
200 L
100 -
vio vy
oL | | | | |
0 <0 40 60 80 100
/ (ms)
.2 ,
B 7.(0) 1
= [ {5 ol
2 b & .
: i B
=~ 0.4 | /D'.’_.____..___. —
,° 7 (0)
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0 [ | | [ |
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= T w I I
= oy <Zeft) o -
g L i W |
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4 ‘//Jjj .
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Fig. 1. Time behavior of typical

120 kA discharge in constant q(ag)
sequence.
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to 155 kA, corresponding to a toroidal field variation from 4.5 kG to

22.5 kG.
Figure 1 shows the time evolution of the principal parameters for a

typical discharge (I = 120 kA, B = 19.0 kG) in this series. Here (Te) is

T

a particle average and (Zeff) a volume average, with (Zeff) estimated from

5}(RG)
O S {0 15 20 25

— 1 & I § &
%(0),<{%>,7i(0) /
{ °
= = 7(0) =
2 ®
== ® Se
kﬂ)
(o} }/(ﬁ/.a-"‘g
I
::;:’|,a | 7; (O)
) O 50 100 150
riem 7 (kA)
Fig. 2. Variation of electron Fig. 3. Variation of plasma
temperature profiles with discharge temperatures with I in constant
current in the constant q(a,) q(ag) sequence at 45 ms.

sequence at 46 ms.
the plasma resistance. Figure 2 shows the variation of Te(r), and Fig. 3
shows the variation of Ti(O), Te(O), and (Te) with discharge current at t =
45 ms. The central core temperature increases linearly with current, while
there is little change in the outer (or edge) electron temperature. This is
reflected in the slower increase (~ 12/3) of the average electron temperature
(Te> up to 0.65 keV. At low current (I = 100 kA) the Te(r) profile is simi-
lar to the type B profile of the Tokyo paper [1]; while at high current the
Te(r) profile is peaked, similar to a type A case.

There is no significant change in the electron density profile with

: 2 -
increasing plasma current, with ne(r) ~[1 - (r/al)z] . Both ne(O) and n,




increase linearly with current, with ﬁé = 1.6 x 101! I(kA) cm 3 and n (0) =
1.6 ﬁé. The calculated ﬁp is roughly constant (= 0.3) as suggested by the
previously observed scaling Bp ~'ne/I while the plasma resistance decreases
inversely with increasing I. Therefore the gross energy confinement time

7. is roughly linear with current

E

(GMS scaling [4]), as shown in Fig. 4.
ORNL-DWG 75-11206

8
Pseudoclassical scaling [3] agrees - EXPE;MENT |
© PSEUDO-CLASSICAL
reasonably well with the experimental & | ? -
e o
% . . - ®
energy confinement times, but fails 2 c *
4 — g. —
to predict the experimental depend- .
© o
ence of the energy confinement time 2 — =
e
. o
on electron density (fT. ~n_ , @ = 1)
E e o I | I
s : 0
for other conditions fixed. Also, %0 ;ﬁ&) e o

Ty scaling expected for dissipative
_ _ Fig. 4. Vartation of measured
trapped electron modes is higher and calculated energy confinement
time with current for constant
than the experimental scaling by a q(ag) at 45 ms.

factor of 2 to 5.

The ion energy confinement still appears to be approximately neoclas-
sical [1,5] in ORMAK. From Fig. 3 Ti(O) is seen to increase almost linearly
with I, except at the highest current. This linear dependence agrees with
the Artsimovich plateau scaling [6], T, n«(neIBT)1/3//K;'~ I for the constant
q(ag) study. A more exact calculation including all the terms in the ion
energy balance in a 1-D dynamic transport code and using Hinton-Hazeltine [5]
values for ion thermal conductivity gives essentially the same answer,
assuming Z_ce = 10. Charge-exchange measurements indicate that Ti(r) is
flatter than ne(r), T, w1 % (r/al)B where B & 2.5-3, although Ti(r)/Ti(O) ~

ne(r)/ne(O) is assumed for plasma energy estimation.
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Internal MHD Oscillations: Fluctuations in the soft x-ray emission from

ORMAK were studied with an array of nine planar silicon (PIN) diode detectors
collimated to view radial chords across a minor cross section. The chord
minimum tangency points extended from -2 cm (inside) to +14 cm (outside) in
2-cm intervals, and the x-ray signals were assumed to be approximately repre-
sentative of these points. This arrangement of detectors permitted dis-
tinguishing between odd and even poloidal mode numbers (m) only near the
center of the plasma, and the investigations were confined to a single
toroidal location. Fluctuations in the soft x-ray intensity studied during
the sequence of constant q(ag) experiments show features similar to those

obtained on the ST [7] and TFR [8] tokamaks.

—| |+~—10 msec
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Fig. 6. Radial dependence of
8 (a) safety factor q, (b) sawtooth

amplitude, and (e¢) m=1 oscillation
amplitude for 80 kA, g(a )=5 type B
discharges.

— ~—0.5 m sec

Fig. 5. Sawtooth waveforms from
collimated soft x-ray diagnostic
for type B discharges at 80 kA and
q(ag) = §.




For the low current, type B discharges, fluctuations were dominated by

"sawtooth'" oscillations (shown in Fig. 5), with m odd (assumed 0) and a

period of ~ 0.5 ms, and with the rapidly changing portion associated with a

growing oscillation (m even, assumed 1) at the B6 frequency. Figure 6 is
for one type of such discharge in the constant q(ak) sequence and compares
the radial dependence of the fluctuation with q(r) calculated from the laser

Te(r) measurement assuming j(r) ~ Tes/2 (E fully penetrated, Zeff constant).

Figure 7 shows a similar com- T | T T | T
.2 | Ta L)
parison for a higher current, type A s o,
discharge. In the interior the //// ~
2 S 08 [, ne(r)\ 149
[ e
fluctuations are dominated by m=1 = 06 T e g 43 E
~ W RN )
oscillations at the By frequency. 0.4 |- \\\ il 2?;
L 8 J =
These oscillations are more continu- R \\ih ' &
0 ! J | | | Re_ g
=10 0 10 20

ous than for type B, and themselves
are dominant compared with the sawtooth.
The m number of the x-ray oscillations

at larger radii (~ 10-14 cm), though

not measured, is believed to be m = 2
A\ !‘
by comparison with [7]. A phase rever- '\ / \ 5%
sal is noted between the last two points, Ny 0® |
: L ! | b [
and we assume q = 2 1s nearby. -0 ) 20
10
The locations of q = 2 resulting RADIUS (cm)
Fig. 7. Radial dependence of (a)

from j ~ Te3/2 modeling are generally

in reasonable agreement with locations

electron temperature and density
profiles, (b) safety factor q, and

(¢) m-ray oscillation amplitude for

Such 120 KA, q(ag) = 5 type A discharges.

derived from the soft x-rays.
agreement is sometimes found for the location of q = 1, but frequently q(0)
from the Te(r) profile is higher than 1 for cases where sawtooth oscillations

were consistently observed. This latter circumstance includes cases in which
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the readjustment of Te(r) required to yield q(0) = 1 is outside the limits
permitted by possible error in measuring Te' We believe that these results
indicate a nonuniform Zeff(r), and thus inaccuracies in the j ~ Te3/2 model.

Estimates of Zeff(r): Three different methods are used to estimate the

effective ionic charge Zeff(r) in evaluating the effect of impurities on the
radial electron power flow: (1) enhancement of hydrogenic bremsstrahlung

from measurement of central, spatially collimated soft x-ray energy spectra;
(2) charge-exchange measurement along two radial chords of 90° pitch-angle

scattering of injected fast ions [2,9]; and (3) plasma resistance and Te(r) ;
profiles. The present model used to calculate Zeff(r) from resistance i
assumed j(r) to have the form jO[l - (r/a)a]B where the parameters jO’ o By

are determined from the total plasma
g(r) FITTED TO m=1 AND 2
3/5

current, and the calculated positions ek SOOI I0D
————— Fe IMPURITY MODEL (7,/7=CONST.)
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density (E; ~ 1.4 x 1013 ecm™3). Although the uncertainties of each measure-
ment are too large to determine Zeff(r), the best consistency is obtained by
discarding the Zeff(r) central peaking arising from the previous impurity
model (Zn). The Zeff(r) obtained from the calculated q(r) profile does not
require any assumptions about impurity species. If we assume the dominant
impurity is iron (the Fe XV and Fe XVI lines are now stronger than the car-
bon lines and second to the oxygen lines in intensity), then nz/ni is as
shown in Fig. 8. A significant peaking occurs near the plasma edge which
becomes more exaggerated if a low Z impurity (such as oxygen) plays a
significant role.

Electron Radial Power Flow: The results from the previous two sections can

be combined to give a qualitative picture of the radial power flow in a
typical discharge. First, near the axis the power flow due to internal dis-
ruptions is significant, but the energy involved is small. For example,

this energy transport is estimated to be ~30% of the total power contained
within the g=1 surface (but only ~2% of the total ohmic heating power) for
the type B case shown in Fig. 6 and only ~10% for the higher density type A
case shown in Fig. 7. The energy flow associated with internal m=1 disrup-
tions (~ 3/2 nATe/T) is calculated from the soft x-ray sawtooth amplitude
(giving ATe), period T, and plasma density. Second, in the outer part of

the plasma the radiation loss is dominant. Measurements of the radiated
power with a pyroelectric detector indicate that an essentially constant
fraction (~70%) of the ohmic heating power is lost via radiation over most
of the discharge duration and for the entire current range of the constant
q(ag) sequence of experiments. This fraction is in rough agreement with
results from radially movable point limiter experiments and with measurements
made using an array of liner thermocouples. Measurements obtained by varying

the radial position of the pyroelectric radiometer indicate that the
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radiation comes mainly from the outer part of the plasma, rather than from a
central core. The biggest unknown with respect to the radial power flow
mechanism is in the important middle region where the m=2 mode rational sur-
face is located. This middle region controls the bulk of the radial power
flow, and its mechanism is not well understood.

Neutral Beam Injection Studies: Injection experiments since the Tokyo IAEA

conference have principally addressed two main themes: (1) ion temperature
scaling with increasing injection power and (2) improvement of counterinjec-
tion heating efficiency and reduction of plasma deterioration with increasing
toroidal current. Here coinjection indicates injection parallel to the dis-
charge current and counterinjection antiparallel to I. Calorimetric meas-
urements in ORMAK and test stand operation of ORMAK injectors have shown that
the measured neutral power injected into ORMAK is a factor of 2 less (at

25 kV) than previously estimated, requiring an upward revision in the ion

heating efficiency. 800 ' n : .
Figure 9 shows the variation of
4754 +
central ion temperature with coinjec-
tion neutral beam power. Over the 450 1
range the ion temperature increases g - H® COINJECTION !
L s H* PLASMA
linearly with injected power. A simi- -
460+ Ng® 1760 em ]
lar linear scaling of ion temperature I= 120 kA, By ~18kG
with injection power is also obtained 378 ' ; ; :
0 20 40 60 80 100
at other plasma densities and discharge Piny (W)

[ R :
well as for D injection 4 2 5 . "
EETE, AR 1 Fig. 9. ILinear ion heating with HO

4 _ e ’
into an H plasma. In these experiments B S, POED

the possibility of beam perturbation of the normally dominant electron-ion
heat transfer (Pei n-neni/ff;) was minimized by adjusting the filling pressure

and the fedback vertical field to keep the plasma density, plasma shift, and




discharge current approximately constant while the number of injectors used
was changed. The net ion heating rate (~ 1 eV/kW) at low currents (£ 100 kA)
can be made to agree with that obtained from a perturbation calculatior for
a reasonable set of plasma parameters (principally Zeff)' In this calcu-
lation [9] the beam power input to the ions is calculated from a Fokkear-
Planck treatment of the fast (injected) ion distribution, including the
effect of scattering into the '"loss region.'" However, at higher plasma cur-
rents (~ 160 kA) the experimental ion heating rate is approximately unchanged
whereas the calculated value [10] doubles because of the correspondingly
higher Te and consequently greater fraction of injected power transferred to
the ions. At the higher current the loss region is not important (and hence
the role of Zeff is reduced) and there is also less uncertainty in the larger
ion temperature increase obtained. Since the perturbation calculation [9]
gives a net ion heating rate ATi/Pbeam which varies (approximately as
Ti3/2 E& /nez(n+/ne], where Ei is the volume density-averaged fraction of
beam power going to the ions, the largest remaining uncertainty in the
apparent disagreement is the relatively uncertein proton deficiency n+/ne.
Figure 10 shows the effect of increasing coinjected power on the
electron temperature profile. For 35 kW

DO injection the central Te rises, but

or A -J\ —X---=X- NO

—a~——a-  CO(2)

the volume average Te remains at 410 eV.
(~35 kW)

Te (keV)
o ©
)] @
) T
-
\\\1\
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hoc 2
,yﬁii

0 .. . . -e——e- CO(2+3)
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tribution broadens, and the volume o2} 'Q&
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Fig. 10. Effect of increasing DY

electron heating that is typically ~ coinjection power on To(r) for HT
plasma. Here I = 110 kA, ng = 1.9 &
100 eV out of 800 eV for Te(O), in 1013 om™3, and Bp = 18 kG.

rough agreement with the perturbation calculation values.
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Counterinjection Improvement with Toroidal Current: At low discharge

currents (€ 100 kA) counterinjection leads to little net ion heating in
ORMAK. The relatively poor ion heating efficiency seems to be due primarily
to the fact that counterinjected fast ions can pitch-angle scatter into the
""loss region'" [11] in phase space produced by the large radial excursions
(to the limiter or wall) of the unconfined fast-ion "banana' drift orbits
(for particular pitch angles) before they give up a significant part of

their energy to plasma ions [9]. Direct evidence for the higher loss of

counterinjected fast ion can be seen
in Fig. 11 which shows the perpendicu-
lar fast ion energy distribution ob- 2 |

tained for coinjection and for counter-

injection at low discharge current

Jw%g (ARBITRARY UNITS)

=

(90 kA) with a hydrogen beam and

plasma. The two perpendicular energy o 4 - . ]
TLECTIN ™ 0 1

distributions are similar, although y %
considerably fewer (by about a factor : N #

of 5) counterinjected beam ions scatter

-+

through 90°. 1In addition, counterin- w — ' ; : ,
6 8 10 2 14 16
: % i )]

jection at low discharge currents

Fig. 11. Increase loss (relative

(£ 100 kA) is accompanied by delete- to coingjection) for counter-
injected fast ions scattered ~ 90°
rious effects on the discharge: from the injeeted direction.

decreased plasma stability, poor discharge reproducibility, lowered central
electron temperature, and a tendency toward a decrease in density.

For higher currents, differences between coinjection and counterinjection
due to loss region effects should decrease since the effect of the loss
region scales as the ion gyroradius in the poloidal field, that is, the

energy at which a fast ion orbit (characterized by an initial radius and

=



pitch angle) first hits the wall scales as 12, Measurements on 155-kA dis-
charges confirm the reduced singificance of the loss region at high currents
in three ways. First, the perpendicular fast ion energy distributions ob-
tained are similar to those shown in Fig. 11, but the counterinjection data
now falls only a factor of 2 below the coinjected points. Second, counter-
injection produces 45% to 60% as much ion heating as coinjection for similar
discharges at 155 kA, as contrasted with a negligible amount at 95 kA. By
comparison, Fokker-Planck calculations for the fast ion slowing down and
pitch angle scattering give counterinjection/coinjection ratios for ion
heating efficiency and fast ion containment of ~ 50% (due primarily to the
electric field effect with the loss regions nearly negligible) at 155 kA and
~ 15% at 95 kA. Third, the deleterious effects of counterinjection are much
weaker, when observed at all, than those obtained at lower plasma currents.

For example, the central electron

temperature is no longer lowered, and e.or
no appreciable adverse effect on sl QPEA &
X~ X
—_— =X
plasma stability is observed. Fig- o v “"-;_h_:j-ﬁ_‘
; 2 -l_____:‘_-_ﬁ.,_‘:
. . < 1.0 X =
ure 12 shows the improvement with " ¢
toroidal current of the ratios 0.5
(counterinjection)/(no injection)
0 __)J i L 1 1 1 .
for several parameters (discharge o e e LU
I (xA)
I 1i y : E
veltage ¥, Te(O)’ Bug & LLL Line Fig. 12. Relative improvement (HO

counterinjection/no injection) of
various plasma parameters with toroidal
current.

intensity).

Conclusions: Confinement studies
with q(a,) = 5 and filling pressure held constant show that n_(0), Eé, T (0),
and Ti(O) vary linearly with I from 30 kA to 155 kA. The energy confinement

time varies linearly with I and is in reasonable agreement with gross pseudo-

classical scaling. Fluctuations on soft x-ray signals indicate that the
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energy transport due to internal disruptions is small and that the g=1 and
q=2 positions can be estimated. Comparisons between different estimates for
Zeff(r) indicate that Zeff(r) is not peaked on the axis and that nZ/ni
appears to be peaked near the outside. Radially movable radiometer measure-
ments indicate that the bulk of the radiated power comes from the outer part
of the plasma. Neutral beam injection studies indicate that the actual
power injected is ~ 1/2 that previously estimated. The ion temperature
scales linearly with injection power, but at high I the heating rate is
apparently less than that calculated. Counterinjection is more effective at
high I. At 155 kA, the AT, and fast ion fraction scattered through 90° are
about half that obtained for coinjection, due primarily to the electric
field effect, in agreement with Fokker-Planck calculations, and deleterious
effects on the plasma behavior are absent.
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INVESTIGATIONS ON THE SOVIET TOKAMAKS

K.A.Razumova

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

In recent years, the experimentalists working on the tokamak
devices faced the problems which must be solved before starting
the construction of the next tokamsk generation.

The first problem is to find the scaling law for the confine_
ment time and the mechanisms of the particle and energy losses.

The second one is to estimate the minimum permissible value of q
8munT
Hy
future devices are connected very essentially with the amount

and the maximum value of p:: . Further, the prospests for

of impurities. The source of impurities and the main process of
their desorption from the surrounding surfaces are not yet clear.
The behaviour of the impurities inside the plasma is also unknown:
do they concetrate inside the plasma column according to the
Bragingkii effect or they are gtopped on its periphery? Finally,
there are many problems relating to the additional heating, its
possibilities and the processes in the plssma column attributed
to 1t.

The experiments on the Soviet tokamaks were performed to an_
gwer these questions and I shall try to outline the present status

of the experiments.
I

I shall begin with a discussion of the disruptive instability.
After a get of experiments on T-6, the disruption may now be self-

consigtently explained as follows. Initially there are some surface




MHD-mode bursts, for exemple with m=2 or 3. The expression "sur_
face" is, however, rather conditional because the mode m=2 appe_
ars to deform the whole column and fluctuations of the mean ele_
ctron density are often observed. The disturbance then propagates
to the neighbouring resonant surfaces ( for instance with m=3
and 1 for the mode m=2 ). This disturbance seems to serve as a
trigger for the neighbouring mode and may be a trigger for the
higher ones. The original mode damps as a rule, but the energy

ig transfered to other modes. The distorted regions with the
increased current density can overlap themselves and lead to bro_
adening of the current é%nnel , 1.e. to the inductance decrease
and to the other effects observed during the disruption., Undoub_
tedly, this description is hypotetical at this time. What is

the reason for the the surface mode eé&tation? And why is the mi_
nimum permissible safety factor different in different experi_
ments? One possible explanation is some local contact of the pla_
sma with the limiter which leads to inhomogenity of the plasma
parameters along the resonant toroidal surface and to the reso_
nant oscillations. Indeed, if a rod is placed in the plasma co_
lumn periphery, then the instability appears with the mode corre_
sponding to the resonant surface touching the rod. The experi_
ments on Tuman-2 show clearly that the plasma column is more sta_
ble when removed from the limiter by adiabatic coﬂ%ession

whilst the q value is not changed during the compression. As the
electron temperature increeses more than predicted by the adia_
batic compression law one can conclude that the interruption of
the plesma -limiter contact leads to better plasma conteinment.
The energy confinement time of the compressed plasma is signifi_
cantly greater than for the usual toroidal plesma with the same

parameters. So far it is difficult to say what is the reason for
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additional insulation: the redistribution of density and tempera_
ture, the MHD-mode stabilization or the decrease of plasma con_
tamination. The improvement of plasma confinement ie, however ,
very pleasant.

The internal mode with m=1 is now under study on T=4 in the

joint Soviet-American experiment.
I1

Another instability discovered some years ago caused many
troubles on the TFR and seems to be observed on the Alcator
at low density. This instability is connected with the existence
of a congiderable beam of runaway electrons. It has a fixed
threshold which depends on the electron density and the averaged
current density ( Fig.1 ). Its appearance is accompanied by the
appearance of saw-teeth on the longitudinal magnetic flux deriva_
tive oscillograms  which correspond to the increase of the plas
ma transverse energy ( Fig. 2 ). The investigation of plasma
HF-rediation at frequencies equal to or lower than the electron
cyclotron frequency ( Fig. 3 ) has shown that electrons of
50-150 keV are decelerated and their longitudinal velocity is
transformed into transverse velocity. In this process a short
burst of oscillations is generated in the wide range of frequen_
cies from several hundred kHz to 2000 MHz. As a result of this
instability a considerable number of electrons of high transverse
energy appears. These electrons move vertically in the toroidal
drift direction, perhaps due to trapping in the field ripples.
The fagt ions also appear with equivalent temperatures up to
450 eV, which is a factor of 10 greater than under Ohmic heating.

These ions drift in the toroidal drift direction too. The mecha_

nism of runaway electron velocity transformation has been sugges_




ted by B.B. Kadomtsev and 0.P. Pogutse and was examined in more
detail by 0.P. Pogutse and V.V. Parail. When the velocity distri_
bution function of eleetrons is considerably elongated in the H”
direction, an intensive interaction of fast electrons with Lang_

muir oscillations occurs in the plasma at meen longitudinal velo_

wu - w]. é 1
wll

tion results in the transformation of electron velocity due to

city of the electrons more than UV, ( ). This interac_
the anomalous Doppler effect ( a’*a%f:kqmn ). The amplitude of
oscillations increases. Under usual conditions Langmuir oscilla_
tions damp on the bulk electrons (&)ﬂ’kqu). However, when the
Langmuir oscillation amplitude increases significantly due to

the interaction with fast electrons, a plateau is formed on the
electron distribution function and the oscillation decrement va_
nishes. Then a wide range of oscillations becomes unstable (Qﬁ&:
.ghﬁcvi) and practically the whole tail of the distribution bg%o_
ggs isotropic. The process will continue until the beam energy Wl
becomes of order of W“ . Then oscillatf%s damp on the nonresonant
electrons, The plateau disappears and the tail forms again. The
theory describes the relaxation process well and agrees quantita_
tively with the experiment but it does not explain the appearance
of a large number of locally trapped electrons, i.e. electrons
with W“/Wl}v 1-2 % ( a mirror ratio for ripples ). And it is this
aspect of the problem which is the most interesting in practice

because it can lead, as experience shows, to the chamber destruc_

tion.
111

The recent experiments have shown that the existence of an ano_

malous resistivity in the tokamak plasma becomes less and less
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possible, liarlier a significant discrepancy was observed et low
density between the conductivity calculated according to Spitzer
for hydrogen plasmas with the temperature measured by diamagnetic
loops and that obtained from current - voltagépharacteristics.

The first one was a factor of 50 - 100 greater than the latter.

On TM-3 the measurements of bulk electron temperature by Thomson
scattering and a transverse temperature of the fast electrons
with energies more than 15 keV were carried out in the plasma of
a low density. In Fig. 4 one can see that the electron temperatu_
re averaged over the cross section , as measured by diamagnetic
loop is in some cases higher than that measured in the center by
the scattering. In such a regime there is also a considerable
fraction of runaway electrons with transverse energy about 20 -

30 keV,.
IV

As is well known, in usual tokemake it is impossible in prin_
ciple to investigate the energy confinement time as a function
of separate parameters, such as the electron temperature and the
poloidal magnetic field. So far, we have obtained a rough but
adequate estimate of this dependence by using additional HF-hea_

ting. It was shown that Tp grows with T_.
v

The experiments on the finger-ring tokamak T-9 were perfor_

med to prove the theoretical expresgion for the safety factor
_cHuo? (+k* (1)
9 2JR 2

where K= b/a is the elongation of the plasma column crosg-secti_

on, The q value was calculated from the poloidal probe measure_

ments of the current distribution along the plasma radius.




This dependence is shown in Fig. 5 where are shown also the K-va_
lues measured by different techniiques. In these experiments the
magnetic probes registered also the mode of disturbance by com_
paring it with the model disturbance. The discharge current vari_
ation during the transition from one mode to other was also mea_
sured

Ilmfﬂm_fAf]m:;g% (2 )
Thue one can say that the MHD-modes develop in the finger-ring
tokamak in good agreement with the theory of V.D. Shafranov and

L.E. Zacharov.
VI

The contamination of the plasma was investigated by mesure_
ment both of spectral line intensity and of the X-ray intensity.
In the latter case the continuum spectra and the line radiation
were measured, It is easy to show that the spectral line intensi_
ty of slightly ionized impurity ions is proportional to the in_
flux of neutral atoms of these impurities in a unit plasma volume.

0
For the case of a statPhary influx, if one neglects the loss of

ions, one can write:
[
j\o 5 Ne ¥ & (3)

n, S olle = nis n, + I,

where S; is the rate coefficient of ionization. Then j\ =My S e
and since the line intensity J RKSexﬂe 5 A J 5 /Sex
( the ratio S /5 is in principle a function of T, only ).

It was shown experimentally that the intensity of many lines
of elements under investigation depends on n, as ghown in Figs.
6 and 7. One can see the linear increase of I, with n, ( regime
A 3. When the runaway electrons cause an anomalous outward shift
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of the plasme column, there. 1is no dependence of Ik on n, ( regi_
me B ).Finally, the line intensity increases when MHD-activity
appears. Such a dependence takes place if n, is varied either by
the initial pressure variation or by the plasma current variatinn.
The Figs. show that the line intensity jxrjxnfi:ZSidoes not depend
on Te’ since the latter was significan%;ﬁifferent in both cases.
Since a given ion should concentrate for the most part in the re_
gion where T, i1s of order of the ionization potential, the ratio
//5 for a given ion should change rather slightly with dis_

charge parameters. Thus the j\ -value appears to be a weak func_

0
tion of T, The line of neutral iron was detected in spite of the
large distance between the diagnostic port and the limiter.Thus
one can say that at least this element goes from the wall rather
than from the limiter.
The results of spectral measurements on the TM-3 under condi_
tions: I =4@ kA, q () = 4.5, @i, = 1.8°10'7 cn™?, ie= 350 eV,
win = 150 kW , are as follows :
the radiation power measured by the bolometer - 25 kW;
the electron confinement time - 3.6 msec;
the same including impurity influx - 2,7 msec;
the absolute influx of neutral carbon —j\o (C)= 1014 1/cm?sec;
the same of neutral oxygen - j\o (0) =1 + 2, 10'4 1/cm3.sec;
the carbon concentration provided that the ion lifetime is
equal to that of electrons - (C) = 1.5 %;
the same for oxygen - ? (0) =1.5+3%.
To find out the dependence of the lJow - Z impurity influx on

wall contamination, an experiment was performed which added metha_




ne to hydrogen. It was found that the ratio of C IV iomn line in_
tensity to the electron density is proportional to the initial
pressure of methane. The influx of carbon in methane discharge is
a factor 5 more than the same in hydrogen one of the same density,
The ne-value does not change under these conditions during the
staté%ary phase of the discharge, Thus it is possible to evaluate
the lifetime of carbon ions in the TM-3 plasma : "C’6 (C) £ 5 msec.
Earlier, it was found that in the hydrogen discharge where the
impurity concentration is about 1 - 2 % the impurity concentrates
at the axis, whereas at significant contamination of the plasma

( in the methane discharge, for example, the carbon concentration
was about 10 % ) the lifetime of the impurity is of the order

of the proton lifetime and the impurity does not accumulate. Thus
the chamber wall seems to be the main source of impurities in the
present-day tokamaks, and the impurity flux at low density is

proportional to n_. What is the mechanism of desorption ?

e
Possible mechanisms are :

1+ The desorption due to irradiation.
2 .The desorption due to neutral charge exchange atoms either
from the center of the plasma, i.e. hot atoms, or from the peri_
phery, i.e. cold ones.

3. The desorption due to charged particles.

1. The absence of any dependence of the impurity influx on Te
shows the insignificant role of the radiation losses in the ener_
gy range of 400 - 700 eV. The same is shown by the absence of un_
usual influx behaviour during the first milliseconds of the sta_

tionary phase of the discharge when an intensive irradiation of

highly ionized impurity ions appears




At fixed impurity influx, the line intensity of slightly io_
nized ions does not change perceptibly when discharge parameters
are varied and thus cannot lead to the influx variation due to
photodesorption. Hence, the lines intensity variation of these
ions cannot change the impurity influx and serves only as an in_
dicator of its change.

2. In Fig. 8 are shown the fast charge exchange neutral atoms
outfluxes as a function of ng for two cases : the density is va_
ried by the initial pressure variatf% and by the current variati_
on. The fluxes differ eignificantly for these two cases and
thug appear not to cause the observed impurity influx,

3. Two other mechanisms can be demonstrated as reasons for the
impurity influx : the bombard,ment of the wall by the cold neu_
tral atoms and by the discharged particles. In the latter case
the size of the limiter shadow should influence strongly the im_
purity influx. For the present we have no data on this problem.

The analysis of X-ray spectra showed the appearance of ele_
ments of the stainless steel wall and of the limiter. As the

ThM-3 experiments show the value of 2lr1.Z. is up to 2, 1014 -3
and metal ions® concentration is about 1—3 % at an electron den_

12 w3, Unfortunately, these evaluatis are

gity of about 2-5,10
go far too rough because both the continuum and the characteri_
stic radiation are cgused mainly by runaway electrons in the
discharges under study. The accuracy of the absolute estimations
depends stronglz&n the accuracy of the runaway electron fraction,

The contamination level plays the important role in impurity

confinement under the very dirty conditions of present-day toka_

maks., The low-2Z impurity level rapidly reaches the stationary
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state. This means that contradictory results on the impurity
confinement may be obtained on machines with different pulse

duration.
VII

During the recent year two methods of the additional heating
were investigated on the Soviet tokamaks : ECRH and adiabatic
compression, ECRH seems to have a very good outlook from the
the physical point of view. It allows heating the plasma region
or electron component, whichever one likes. Further, this method
opens wide prospects for the plasma properties study, in parti-
cular the local transport coefficients measurements. On TM-3
the electron temperature distributions along the radius were
stiidied by Thomson scattering before and after the ECRH-pulse.
The results show the classical mechanism of heating.

The adiabatic compression follows the classical law, as ex_
periments on Tuman-~2 show, ‘I‘e increases more rapidly than by this
law as mentioned above. The reason appears to be the improvement

of plasma stability.
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Investigation on the Disruptive

Instability in Pulsator

0. Kliber

Max-Planck-Institut fir Plasmaphysik, Garching,

Euratom-Association, Federal Republic of Germany.

It is well known that the economic efficiency of a fusion
reactor depends on 8 = 2 poﬁ/B2 where P is the average

pressure and B the magnetic field. In the case of a tokamak
reactor the maximum attainable value of 8 is limited by
equilibrium and stability conditions. Equilibrium exists only
for BP = 2po§/Ba2<'R/a, where Ba is the poloidal magnetic

field at the plasma surface and R and a are the major and minor
plasma radius respectively. Stability requires g(a) = aBg/RBa>'l.
Thus 8 is limited by the condition ﬂi(aAqZR.

Since a/R.is typically 0,2 to 0,4, B is sufficiently large if
g(a) is close to 1. This value, however, cannot be approached
in actual tokamak devices because the so=-called disruptive
instability limits g to larger values. The nature of this
instability is not understood as yet, but its phenomenology is
well known: the disruptive instability manifests itself in a
negative voltage spike, a sudden decrease in the major radius
of the plasma column, loss of plasma energy and particles and
a decrease of the current. This decrease may amount only to
some percent, but it may also happen that the total discharge
terminates within some ms. The instability is always preceeded
by the occurrence of strong MHD modes in the outer regions of
the plasma column, mostly of the typen =1, m= 2, 3... where
n and m are the toroidal and poloidal mode numbers. In general,
the mode with m = g(a) predominates if g(a) is close to an
integral number. Disruptions may happen at any integral g but
they occur more frequently for smaller g values., Most tokamak
discharges are operated with gq> 3 or even q> 4 and almost all
favourable results, e.g. large temperatures and confinement

times have been achieved in this regime. Stable discharges

with g values between 2 and 3 have also been produced; however




it has not been possible to enter the region g< 2 except in
the case of the T6 tokamak. This device differs from all other
tokamaks in having a copper shell very close to the plasma
column,.

Obviously, it is essential for the development of the tokamak
towards a fusion reactor to decrease the g value for which
safe operation is possible. It should be pointed out that even
an occasional occurrence of the disruptive instability
constitutes a serious danger for large tokamak devicesbecause
the sudden termination of the discharge current leads to large
currents and forces in the vacuum vessel and the external
circuits. For these reasons, the investigations on the dis-
ruptive instability are of particular importance in the field
of tokamak research,

In the following, mainly the work done on the Pulsator device
will be referred. Pulsator is a conventional tokamak of moderate
size (R= 70 cm, a = 12 cm, B§= 28 kG maximum, I = 95 kA for

g = 3 and Bﬁ’= 28 kG) having a copper shell and an iron core
transformer, It has, however, two features which turn out to

be very suitable for investigations on the disruptive
instability, namely a vertical field winding and a £ = 2,

n = 1 helical winding, both of which are located inside the
copper shell and are fed with programable currents. Due to

these windings, the ratio b/a between the inner radius b of the
copper shell and the plasma radius a is unusually large; at the
maximum attainable plasma radius a = 12 cm, b/a = 1,63, Hence,
the plasmas produced in the Pulsator device are especially
susceptible to the disruptive instability if the plasma column
is not well centered. Nevertheless, it was possible to attain

a minimum value g(a) = 2.2 by careful centering under very
different conditions, i.e, at high and low currents and
corresponding magnetic fields, and for electron densities

13 and 1014 3
small g(a) is shown in fig. 1. In this discharge the electron

between 10 cm ~. An example for a discharge having

density was increased by pulsed gas input during the shot, thus

allowing a maximum of 1,05 ° 1014 cm—3 to be attained at

t = 100 ms.
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The optimum current program leading to a well-centered plasma
column could be found by trial and error. The difficulty to
meet this requirement grew markedly with decreasing g(a). In

the case of a disruption due to misprogramming it was quite
easy to decide how the program must be changed since it turned
out that the temporal evolution of the plasma current after the
disruption was different for the cases of the plasma column
displaced either too much outwards or inwards. When the plasma
was displaced inwards before the onset of the instability, the
disruption was hard, i.e. it resulted in a total termination
of the discharge. In contrast, when the plasma was displaced
outwards, the current increased again. The same behaviour has
also been found for discharges operated in a d.c. vertical
magnetic field and in cases when the programmed vertical field
was used to trigger a disruption arbitrarily thereby de-
centering the plasma column. /1/ In fig, 2 a sequence of shots
is shown which differ in the time dependence of the vertical
field Bz. Shot No. 1884 is a well centered, stable discharge.
The decrease of Bz in shot No., 1886 and the accompanying out-
ward displacement of the plasma causes a small decrease of the
current, but no instability, whereas the stronger decrease in
shot No., 1888 leads to a "soft" disruption: the current
increases again, The inward displacement due to the increase
of B, in shot No, 1891 causes a "hard" disruption, i.e. it
leads to current termination.

The observed difference between "hard" and "soft" disruptions
can be ascribed to an enhanced interaction between the

plasma and the limiter caused by the instability. The
instability leads to an inward displacement (reduction of major
radius) of the plasma column and to a decrease of the discharge
current and hence to an increase of the inward directed force
proportional to Bz/Io Therefore, if the plasma was displaced

outwards before the onset of the disruption, the centering of
the plasma column is improved by the occurrence of the
instability; thus the interaction with the limiter is reduced
and the current is able to recover. If, on the other hand,
the plasma column was already displaced inwards before



disruption, the enhanced interaction is further increased and
this leads to current termination. The interaction with the
limiter manifest itself in an enhanced release of impurities.
On Pulsator, the time dependence of the emission of various
impurity lines, e.g. OIII, OVI, MoXIII has been observed
during disruptions. The emission of all these lines increased
rapidly, this increase starting with the appearance of the
negative voltage spike.

The phenomena pointed out above refer to the more or less
violent consequences oF'a disruption that has occurred, but
not to the conditions leading to the onset of this instability.
It is, however, conceivable, that some kind of enhanced
interaction of the plasma with the limiter may be a starting
mechanism for disruptions. This is suggested by the
experimentally found sensitivity of a tokamak plasma to
displacement, This view is reinforced by the results of the
experiments using helical windings. /2/

The influence of a superimposed £ = 2, n = 1 helical field
on the stability behaviour of the Pulsator tokamak plasma is
clearly not due to the change of the rotational transform,
This follows from the experimental finding that helical
currents corresponding to a vacuum rotational transform¢ 21T
of the order 10'_5 to l()-4 are sufficient to produce effects
and that these effects only occur if the helicities of the
tokamak magnetic field and of the superimposed helical field
are in the same sense, In this case, for given plasma
parameters a certain well reproducible level I;el of the
current in the helical windings lead to a disruptive instability
which exhibits all features characteristic of spontaneous
disruptions such as negative voltage spike, decrease of
current, losses etc. For helicities of opposite sense, even
> 30 I} . does not influence the

hel hel
stability. The effect is based upon geometric resonance of

a helical current I
the tokamak magnetic field at the magnetic surface q = 2 and

the superimposed P = 2, n =1 helical field., This resonance
leads to the formation of islands, as was shown by H. Wobig /2/.
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Fig. 3 shows the island structure produced by superposition

of the tokamak and the helical magnetic fields. The islands
originate on the g = 2 surface; their width is proportional
to\(f;;I7§§:. This linear superposition does not take into
account the change of the tokamak plasma due to the presence

of islands, but the experiments have shown that macroscopic
plasma parameters change only slightly in the presence of
superimposed helical fields. This has been observed in cases
when the helical current was smaller than but very close to the
critical value I;el'

In order to explain this in more detail the time dependence

of the relationship between\ilﬁel/Bg and g(a) must first be
discussed., It was found that there is a characteristic time

of about 1 ms. If the helical current or the plasma current
and hence g(a) change on a time scale large compared to 1 ms,
the critical value I;el is independent of details of the
temporal evolution., This means that the same value of Ihel
leads to disruption whether Iy el is increased at constant g(a),
or I, 4 is held constant with decreasing g(a) due to increase
of the plasma current,

A different behaviour is observed for time scales of the order
of 1 ms, The quasi-steady state (d.c.) value I;el can be
exceeded without disruption using a current pulse having a
duration of about 1 ms. Furthermore, stable a.c. operation
above the d.c. value of I;el is possible at frequencies of the
order of 1 kc, This behaviour is clearly due to penetration
effects, since 1 ms is roughly the skin time of the plasma.

In the cases of slowly increasing I e1 OF slowly decreasing
g(a) it was observed that the disruption is preceeded by a

period of reduced MHD mode activity. An example is shown in
fig. 4. In this case, I;el was reached by a relatively fast

increase of 1 . The period of reduced mode amplitude can be

hel
extended by slower a increase of Ihel and for constant I, ; by
an accordingly slower decrease of g(a). The period length
corresponds to Ihefk’(o.ﬁ - 0,95) Igel‘ This effect is not a

transient phenomenon. If I is held below I. , the period
hel hel




of reduced mode amplitude can be extended arbitrarily. The
decrease of the mode signal can either be due to a damping of
the mode amplitude or to a sudden stopping of its rotational
velocity. The experiments indicate that both phenomena occur.
The stability of the plasma is improved by the superposition
of resonant helical fields below the critical value. This
means that a disruption which occurs reproducibly for given
plasma parameters can be avoided by the superposition of a
helical field, thus leading to an appreciable extension of the
plasma current duration,

The nature of this stabilization is not yet clear, but very
probably the rotation of the MHD modes and the growth of their
amplitude are hindered by a fixed helical structure. In this
connection it should be mentioned that the MHD modes themselves
create islands, as has been shown by Chrisman et, al. /3/.

It is most noteworthy that the field perturbations created

by the modes are typically of the order of 157* B, . Currents

in the helical winding leading to disruptions cause field
perturbations of the same order of magnitude. From this one
may infer that magnetic islands of sufficient size are a
necessary condition for the onset of the disruptive instability
independent of whether one has rotating islands due to the

MHD modes or fixed islands created by the superimposed

resonant helical field.

The improvement of stability is the more pronounced the closer
Ihel is to the critical value I;el’ Thus this effect cannot
be used to extend the stable regime markedly. It provides,
however, the possibility to investigate the influence of
islands of appreciable size on a tokamak plasma. It has been
seen that the change of the plasma parametergc due to a
stabilizing resonant helical field is surprisingly small. The
most prominent effect that was observed is a decrease of the
resistance of typically 15 %. An according increase of 10 %
of the peak electron temperature was observed, but this
increase is not clearly beyond the error bars as given by the

shot-to-shot reproducibility. Thus, it can be stated that the
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macroscopic plasma parameters are only slightly changed by
the helical field., Since the effect of helical currents below
the critical value is a suppression of the MHD modes, it can
be statet that rotating islands have roughly the same influence
on the plasma parameters as fixed islands, It is conceiveable,
therefore, to determine the size of the islands created by
the helical windings from the properties of the undisturbed
plasma. The most important property is the shear in the
region of the resonant surface which obviously determines the
island width, The shear is given by the current density
profile. For a given current density profile one can expect
the real island size to be proportional to'ilhel/Bg . The
most interesting guestion is, of course, how the critiecal
island size i.e. iiI;el/Bg’ depends on the plasma parameters.
In order to investigate this, the toroidal magnetic field

has been varied from 10 to 30 kG and the plasma currents

from 10 to 120 kA, thus covering the range 2<g(a)< 9 under
very different conditions. The result is plotted in fig. 5.

It is clearly demonstrated that I;elﬂBg is a monotonically
increasing function of g(a). The solid curve plotted in fig., 5
represents an attempt to explain the experimentally found
dependence of QI;el/Bg on g(a). in accordance with the

experimental results obtained using programmed vertical fields
+

hel
such that the islands originating on the q = 2 surface touch

the hypothesis was made that disruption occurs if I is
the limiter, This means that for increasing g(a) the resonant
q = 2 surface moves inward; thus the island size has to be
increased in order to geto into contact with the limiter,
The solid curve in fig, 5 was calculated using a current
density profile representative for typical Pulsator plasmas
and on the assumption that the island width is

Jr = C '\iI;el/BS’ where the constant C was determined by
adaption to the experimental points, Obviously, the variety
of plasmas contributing to the experimental points of fig., 5
is not really represented by one current density profile.
This appears to be the primary reason for the divergence

of the points, since the current density profile governs the




distance from the g = 2 surface to the limiter and the shear.
It is seen from fig. 5 that the points best fit one curve

for g values close to 2. In this case in a approximation the
total current is flowing within the g = 2 surface., Therefore,
the distance of this surface to the plasma edge and the shear
in the region between these surfaces are almost independent
on the details of the current density distribution,

A change of direction of the current in the helical winding
leads to a rotation of the islands by 90°. The critical value
I;el is not altered by such change if the limiter has a
circular shape., If, in contrast, the limiter is non-circular
I;el is different for both current directions. This result
has been obtained using a racetrack-like limiter, consisting
of two half-circles having a radius of 8 cm and straight parts
of 8 cm length, located such that the "major axis" is
horizontal. If the current direction is such that the islands
are located at the inside and the outside (i.e. the same
position as is shown in fig. 3), I;el is a factor 1.7 larger
than in the case of islands located at the top and bottom.
This result supports strongly the view that the contact
between the islands and the limiter is the deciding factor
for the onset of the disruptive instability.

Thus, all experiments carried out on Pulsator demonstrate that
the creation of magnetic islands is an essential feature

for the onset of the disruptive instability. Moreover, all
results are consistent with the assumption that the

disruption occurs when the islands come into contact with

the limiter,
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Figure captions:
Fig. 1 Pulsator discharge at low g.

Fig. 2 "Hard" and "soft" disruption due to inward and
outward displacement of the plasma column,

Fig. 3 Island structure due to the superposition of a
resonant helical field.

Fig. 4 Decrease of mode amplitude due to helical currents

below the critical value.

Fig. 5 Dependence on the critical island size ngelﬂag,
on the safety factor g(a).
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IMPURITY EVOLUTION IN T.F.R. PLASMAS
T.F.R. Group presented by C. De Michelis

ASSOCIATION EURATOM-CEA SUR LA FUSION

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

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

Abstract : Space and time resolved profiles of impurities have been obtained
in TFR plasmas by a shot to shot scan. Light impurities are present at the

very beginning of the discharge, resulting in Zef £ 4 already at a time of

7 msec. On the current plateau, light impurity iois and heavy impurity ions
of moderate charge are concentrated at radii where the electron temperature
is equal or slightly smaller than their ionization potential, and radiate
about 35 % of the imput power. Inwards diffusion velocities of ~ 2 x 103

¢y sec are deduced for a radius of ~ 16 cm. Highly ionized molybdenum ions

(Mo3o+, M031+) are concentrated inside a radius of ~ 10 cm, with a density

of n;1011 cm—3.

In this paper we shall mainly describe a study of the visible and
ultraviolet radiation in TFR deuterium discharges with a plasma current
Ip = 140 kA and a toroidal magnetic field BT = 26 kG (diaphragm diameter
40 cm). We shall not discuss here the coronal model used in the interpreta-
tion of the results ; details on this model can be found in /1/.
I- EXPERIMENTAL SET-UP

The diagnostics used are : a)Ja v.u.v. grazing incidence duochroma-
g g g

tor placed at ¢ = 45° (starting from the diaphragm and following the plasma
current direction) equipped with a grazing incidence gold-coated mirror in
order to obtain radial profiles(spatial resolution 8mm) ; b) two light guide
multichannel systems, equipped with interference rilters, at = 0° and

{p = 180°, in order to spatially resolve the visible emission ; c) a normal
incidence v.u.v. monochromator at ¢ = 225° ; d) a Thomson scattering system
at\P = 180° for space and time resolved electron density and temperature
measurements ; e) a soft x-ray detector at P = 135° ; f) two bolometers, at
\p = 270° and (P = 315°, and several thermocouples inbedded into the limiter.
The two v.u.v. spectrometers are calibrated by means of the branching ratio

method /2/ by using two visible monochromators placed in the same sections

and viewing along the same chord ; the experimental errors on the measured

absolute radiances are about a factor of two, and probably somewhat less




o
above 1000 A.
II- RESULTS WITH 140 KA, 26 KG DISCHARGES

II-1. Time evolution. Figure 1 shows the time evolution of several
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plasma parameters for the considered
discharges : plasma current Ip' loop
voltage V, average electron density

MOXXXII

;% (as measured by a multichannel mi-
(129R)

crowave interferometer placed at

\p = 0°), central electron density

B » central electron temperature Te

and central ion temperature Ti (as Figure 1.

measured by charge exchange neutrals). It will be noted that, whereas the
electron density grows continuously until the current decrease, the elec-
tron and ion temperatures have approximately constant values during the

current plateau. Figure 1 also shows typical signals from the v.u.v. duo-

chromator ; in order to show the signal due to highly ionized molybdenum
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these signals refer to a discharge with the same current but higher magne-
tic field and a longer plateau (see section III). The radiance due to low
ionization ions (representEd here by the OVI 1032 K line) is characterized
by an initial peak, followed by a second, less marked, peak corresponding
to the firing of the second capacitor bank (at t = 30 msec), and then the
signals are roughly proportional to the electron density. Highly ionized
ions are characterized by a different behaviour ; the MOXXXII 129 K line
shown in figure 1 does not appear up to approximately 50 msec (since the
background, due to light diffused in the monochromator, has to be subtrac-
ted from the signal shown), reaches a maximum at about 150 msec, and then
remains constant until the current decrease.

II1-2. Radial profiles : beginning of the discharge. The iritial

peaks clearly show that impurities appear early at the beginning of the

discharge. Figure 2 shows the radial profiles of a few lines, at the time
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rium plasma, coronal model has been us2d in order to deduce the amount of
impurities initially present in the plasma. Taking the experimental average
electron density Ee(t), the initial amount ng of neutral oxygen and the
average electron temperature ?e (t) have been adjusted in such a way that
the peak times for the different lines and the intensity of the OVI peak
coincide in the experimental and numerical case. The result of one of these
calculations is shown on the upper half of figure 3, where on amount of

5 x 1011 cm"3 neutral oxygen initially present has been taken, there is no
neutral oxygen flux, and the impurity confinement time-rb has been taken
equal to 5 msec.

Proceeding in this way for all the observed ions we were able to
obtain the plasma "chemical" composition at a time of approximately 7 msec,
when the average electron density is 0.8 x 1013 cm'3. The results of this
calculation are shown in Table I. Taking a limit ionization state correspon-
ding to Te£-100 eV, these impurity values show that, already at this early
time Z_.. % 4.

However, since the electron density grows

continuously, these impurity values are not

Element AtOms/cm3 sufficient to explain the independently cal-
culated Zeff value at the current plateau
(Zeff ¥ 6). Indeed, these values would then
5 % ‘IO11 correspond only to Zeff 2 2.5 (taking into
‘IO11 account the increased electron temperature),
4 x 1010 This means that impurities must enter into
Fe - 10"° the discharge after the initial phase, pro-
Mo & 1010 bably during the current increase due to the

firing of the second capacitor bank, when a

TABLE I. second peak appears on the impurity signals.,
"CHEMICAL" COMPOSITION
OF THE PLASMA AT 7 MSEC
(;e =8 x 10'2 cm"3)

II-3. Radial profiles : current plateau. Figure 4 shows the space

resolved profiles of electron density and temperature at the current plateau
(150 msec), obtained by Thomson scattering. These data refer to a vertical
scan of the lower half of the plasma. It must be noted that the plasma

outer region has a very low electron temperature, reaching 100 eV only at a
radius of r £ 15 cm. Figure 5 shows the experimental radiance B of the

Da
Dp line as a function of the chord height h, and the space resolved profile
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of neutral deuterium density m (1),
obtained by Abel inversion. These
data have been taken at \p o= 180° at
a time of 150 msec. For r 2 15 cm we
have performed two calculations cor-
responding to two different fits of
the electron temperature. The central
neutral deuterium density has a va-

lue of 4 x 10 cm_3, increasing to ~

10" em™3 at r = 19 cm. However,the
central value must be taken as an
order of magnitude indication, due
to the difficulty of performing the
Abel inversion procedure when the
experimental, not inverted profile
has a deep depression in the center.
At p = 0° (the diaphragm section)
the shape of n (r) is approximately

the same, but the absolute values are

about one order of magnitude larger

due to the plasma limiter interaction.




Figure 6 shows the radial (Abel inverted) profiles of the radiance
of several oxygen ion lines at the current plateau. From these profiles one
arrives to the conclusion that the maximum densities of the different oxy-
gen ions are approximately the same, but the higher the ionization degree,
the more the considered ion is inside the discharge. Moreover, experiments
performed at two different locations have shown that the impurity distribu-
tion along the torus is, within the experimental errors, constant. The con-
tribution of these oxygen ions to the electron density is (at r = 16 cm) of
the order of 60 %.

ITI-4., Interpretation. Radial inwards diffusion. It is evident from

the data presented above that the neutrals coming from the walls are ioni-
zed in a peripheral shell ; the observed signals are therefore interpreted
in terms of an impurity flux. This flux is calculated starting from the

equation describing the rate of growth of the density'nj of the ion j times
ionized %’_:_L - ..Sé_i(“{;:) ”n,z‘h,:r- S.,{(T MMy + x&*‘“-‘ 53 “ﬂm&ft
- “&fTe)""'e'“'j. * = '-"- ? (r-\‘}&')

Here ﬁ% and Oﬁ'are the ionization and recombinatlon rate coefficients, and
‘qi(r) is the local flux (cm'2 sec"1) of the considered ion. All parameters
are functions of the radius. However, experimentally it is found that
'DﬁL&/tH:= 0 at the current plateau, and it can be easily shown that for the
ions considered, at the electron temperature existing in the shell where
they are produced, the two recombination terms can be neglected. Therefore,
the knowledge of T (r) ( P ﬂm}(r), and;ijq1 (r) is sufficient to

calculate the flux term
(r) i.f’ r! [E; - é;;THEWWS]ldJJ

Figure 7 shows the quantity to be integrated, as a function of ra-

-1 e ¥-4

dius, for the couple of ions O4+ and 03+. This quantity is calculated star-
ting from the experimental data ; since they show that the ion O4+ is not
present below a radius of 13.5 cm and the ion 03+ is not present above a
radius of 17 cm, the two areas in the figure must be equal. Within the
experimental errors this is indeed the case . One has therefore, for the

_ 16 -1 -1 . _
ion O (r‘\k) = 2,5 x 10 sec , from which \*hax = 1.6 x 10

-2 s g g ;
cm sec 1. ertlng down the flux definition, 1.e.,‘q§=‘njlﬁ , one finds

15

that the diffusion velocity of the ion ot is ~m2 x ‘IO3 cm/sec at a radius

5+, 03+, and N4+. If one

of ~15 cm. Similar values are found for the ions O
calculates the flux due to the friction between different ions /3,4/, assu-

ming that the impurities are in the Pfirsch-Schlilter regime and neglecting
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3 temperature gradients, the value

found for the inwards flux of O4+
. ; -2
(at the same radius) is n;1015 cm
2 sec , in good agreement with the va-

lue given above. In performing this

calculation we have considered the
4+

/ effect on 0'' of the ions D' (which
////// contribute about 50 % to the flux),

// rfCImJ/_ G sl

-
I

Y g
rCSg. Mg Nga- —Spu.Ng N 1107 e sec

07/ : : = ; — '
12 13 14 B 16 17 18 20 §
f;j;/ From the values on axis (chord
height h = 0) of the experimental
A radiance we have calculated the atom
£lux W for all the observed ions (in
(F ) o =24x10C crri” sec? this case = enpsésé/ra Q,
2 tpm=16x1')15 cm? sec” rs , )
> s, where is the branching ratio for
%b=ﬁ—&2xtﬁuh sec’ _
o the observed line, p the radius at
which the observed ion is produced,
-3

0 the excitation rate coefficient,

. and B. the experimental radiance).
Figure 7. ¥

The fluxes obtained in this way are

i ; G ; 2
given in Table II (note that, within the experimental errors, O +, 03+, O4+’

and 05+ give the same atom flux).

TABLE II - ATOM FLUXES AT t = 150 MSEC

Observed B (cm_gsec—1sr—1) 5
" =1
Ion " ﬁq/ (cm © sec ')
line (A) on axis =
D 4860 3 x 102 3% 1012
17 15
ovI 1032 15 % 18 3 x 10
16 14
NV 1238 3% 10 5 x 10
CIII 977 1.5 x 1016 3 x 1014
14 12
FEXV 294 1.5 x 10 2 x 10
MOXIV 374 5: 3% 1014 5 x 1012

The problem is now to know how deep into the discharge these impu-

rities go. Calculations of tha power necessary to ionize the incoming flux

up to a limit ionization state determined by the electron temperature and




of the power necessary to heat the produced electrons to the measured elec-—
tron temperature have shown that these impurities cannot all enter into the
central hot plasma core and must, therefore, mainly recycle in a peripheral
shell with a recycling time that can be estimated to be of the order of

1C msec. For example, oxygen (which is the deminant impurity) enters into
the discharge and is progressively ionized up to the ion O6+ (for which we
do not have a radial profile), and at this point should go mainly out to the
walls, probably without recombining (at least for r £ 18 cm). The mechanism
responsible for this is, at this time, not clear.

We must stress out at this point that the radiation power loss in
this peripheral shell (obtained by adding the contribution of all the obser-
ved lines) is quite important and corresponds to »~ 35 % of the input ohmic
power. In this context, bolometric measurements have shown that most of the
power goes to the walls (30 to 70 % depending on the location of the bolome-
ter), vhereas only ~ 4 % cf the input ohmic power is found on the limiter.
Although these measurements fail to account for the entire energy balance,
their indication is in agreement with the fact that a large part of the in-
put power is lost by radiation.

On the basis of what we have discussed up to now, the plasma should
be composed of two well separated regions : a hot central plasma, with pro-
perties which can be varied by changing Ip and BT' and a peripheral shell,
interacting strongly with the walls and limiter, characterized by a large
flux of impurities mainly recycling to the walls.

IIT- RESULTS WITH OTHER DISCHARGES.

Up to now nothing has been said about the central hot plasma. A

search for the 117 E line of MoXXXI (ionization potential ~ 1800 eV), and
the 129 K, 178 K doublet of MoXXXII (ionization potential ~ 1870 eV) /5/
did not reveal any line emission in the 140 kA, 26 kG discharges. However,
in a series of experiments the magnetic field was increased to 50 kG in se-
veral steps, at constant current, resulting in an increase of the central
electron temperature /Q/. The mentioned lines appeared when the central elec-
tron temperature reached a value of 1.5 keV, thus confirming the fact that
they belong to highly ionized ions present in the central hot plasma. Figu-
re 8 shows their time evolution, obtained in a series of experiments in
whic? BT = 40 kG, along with the plasma current IP and the radiance of the
374 A line of MoXIV. The intensity of the highly ionized molybdenum lines
arrives to a maximum at approximately 170 msec and then remains constant

until the current decrease. A coronal steady state mcdel has been used in
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order to deduce, from the lines emis-
sion, the quantity of molybdenum pre-
sent in the center at the current
plateau /1/. The result is 10" em™3.
A comparison with Table I shows that
molybdenum must enter into the dis-
charge after the initial period. Mo-
reover, in order to account for the
temporal behaviour shown in figure

8, the incoming flux of molybdenum
must last of the order of 100 msec,
starting from the firing of the se-
cond capacito bank. The power loss
due to the radiation of these two
lines represents only a few % of

the input ohmic power. Finally, sin-
for these dis-

££
charges is ~ 6, the contribution of

ce the value of Ze

eff is of

the order of 25 %. Figure 9 shows

the molybdenum ions to Z

oF value is obtained star-

ting from the absolute measurement

how the Z
e

of the soft x-ray power emitted by
the plasma. For a given electron
temperature a set of curves is cal=
culated, corresponding to the x-ray

power emitted using different as-

sumptions on the nature of the impurity ions. The experimental value is then

used in order to obtain from this set of curves a range of values for Z

eff.

In the example of figure 9 corresponding to a 200 kA, 40 kG discharge, one

finds in this way 7 & Zeff

ty of molybdenum between 4 X 1011 and 1.7 x 10

4 10 at the current plateau which gives a quanti-

W 3 (the first value is

obtained considering that the only impurity present is molybdenum, the se-

cond one considering molybdenum plus completely stripped oxygen). Note that

the lower of these two values is in good agreement with the value obtained

from the u.v. measurements ( Al1011

cm-s), expecially since in this calcu-

lation we have neglected the presence of highly ionized iron. The value of

Z,pp in the center, calculated starting from the q (r = 0) = 1 assumption,




is in this case 8, well within the
x-ray evalution, thus showing that
the resistivity enhancement is due
mainly to the presence of impurities
and not to turbulence.

Figure 10 shows the radial
(Abel-inverted) profiles of the den-
sity of Ho30+, obtained with 300 kA,
50 kG discharges. This series of
shocks had a longer duration, and

in particular.the electron density

increased up to 350 msec, in such

0 | 1 j/_.

o 5 0 reml B /2 a way that (between 100 and 300 msec)
Figure 10 the ratioré ilﬁo30+ remained cons-

tant. The results of figure 10 can be used, if the coronal steady state is

30+

rapidly attained, to calculate the flux of the ion Mo , using the equation

- el
Uhmeer . 42 (£ V300 Lo
In this way we obtain ’Whoao+(r =5cm) =3x 10 cm _ sec . With the
usual flux definition, and assuming that the impurity confinement time is
of the order or larger than 100 msec, one deduces an inwards diffusion velo-
city of the order of 10 cn/sec.
IV-CONCLUSIONS

The main conclusions of this paper are the following :
- Impurities appear very early at the beginning of the discharge and have a
uniform distribution during the ionization phase. The main impurity is oxy-
gen ( A+ 5 % as compared to the electron density), and the value of Z pp 18
~ 4 already at this early stage.
- During the current plateau an approximatly stationary state is reached ;
the impurity ions are radially distributed following their ionization poten-

3= AF S+ 4

tial. The ions O 0", 0 , and N * have an inwards diffusion velocity of

the order of 2 x 103 cm/sec at a radius of 15-16 cm in good agreement with

15 cm_2 SEC“'1 .

the theoretical value. The total flux of oxygen is 3 x 10
- Energy and particle balance considerations show that only a small portion
of the incident impurities can reach the central hot plasma.

- The plasma is composed of two separated regions : a central hot plasma
with properties depending on Ip and BT' and a peripheral shell (width 5=7
cm) interacting strongly with the walls and limiter, characterized by a

large flux of impurities mainly recycling to the walls.
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- An important fraction of the input ohmic power is lost as line radiation
in this external shell ( ~ 35 % in the discharge considered) ; on the con-
trary, radiation from the two observed lines due to highly ionized molybde-
num ions present in the center contributes only a few % to the losses.

— The values of Ze obtained from absolute measurements of the soft x-ray

£
emission are in agreement with the walues obtained from the conductivity.

g g : 11 - .
~ Highly ionized molybdenum ions ( ~ 10 cm 3) are present in the central
hot region and contribute about 25 % to Zeff‘ The inwards diffusion veloci-

ty of the ions Mo <t is ~ 10 cm/sec at r = 5 cm.
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X-RAY MEASUREMENTS ON THE ST TOKAMAK

S. von Goeler
Plasma Physics Laboratory, Princeton University,
Princeton, New Jersey 08540, USA

With rising electron temperature, the x-ray emission has become an in-
creasingly prominent feature of tokamak plasmas. The exact origin of the
observed radiation is still a matter of debate. In the first part of the
paper we try to summarize our present thinking on this topic with special
emphasis on the role played by dielectronic recombination. This question
is of relevance for the interpretation of impurity data. In the second
part, we review the main results of our investigation of the fluctuations
in the x-ray emission and their relation to the MHD-stability of the
tokamak. We discuss the observation of m=1 oscillations accompanied by
internal disruptions, and the observation of magnetic islands for the m=2

instability.

Ts The X-Ray Spectrum

A typical x-ray spectrum from the tokamak (Fig. la) consists of a con-
tinuum and several impurity lines [l]. A comparison with a hypothetical
bremsstrahlung spectrum calculated for a hydrogen plasma from the laser tem-
perature and density profile shows that, although the slopes of the two
spectra are in good agreement, the intensity of the measured spectrum is
usually by a factor 5 to 100 larger than calculated for hydrogen brems-
strahlung (Fig. 1lb). Obviously the main contribution to the spectrum comes
from impurities.

If low-Z impurities like oxygen are dominant the analysis is relatively
uncomplicated, because the low-Z atoms are completely stripped in the hot
regions of the discharge. The continuum then consists of recombination ra-
diation (Ifb) and bremsstrahlung (Iff), the intensity ratio depending on
temperature (e.g., for oxygen I_/I__=4.3 at Té’=1 kevV and I_ /I

b ££ fb' T ff

= 1.5 at 2 keV). The impurity concentration or Zeff can be determined
very accurately in this case. Unfortunately, the fact that discharges occur

in which Ze is larger than 8 (Fig. 1lc), shows that also high-Z impuri-

££
ties like iron or molybdenum have to be taken into consideration.

The presence of high-Z impurities complicates the analysis considera-
bly, because we have to cope with several elements, and because the recom-
bination radiation depends sensitively on the charge state of the ion, which
in turn depends on an interplay of dielectronic recombination, radiative

recombination, and confinement. Only recently are accurate predictions for
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Fig. 1. (a) Comparison of measured x-ray spectrum with hydrogen spec-
trum computed from laser data. Central laser temperature is Tg =1450 evV.
(b) Enhancement factor ¢ vs central electron density ng. (c¢) Zeff de-
termined from continuum x-ray intensity and plasma resistivity vs nc.
(PPPL 753692)
the dielectronic recombination for tokamak plasmas [2] emerging. Figure 2
shows the radiative power loss calculated by Merts et al. [2] for iron
impurities in corona equilibrium. At low electron temperatures (Te % 1.5
keV), for which iron is not ionized to the helium-like state, dielectronic
recombination is the dominant recombination process; for high electron tem-
peratures (Te 2 1.5 keV), for which iron is in the helium-like state, di-

electronic recombination is of lesser importance. The effects of finite

confinement, i.e., the transport of ions between cold and hot regions, lead
to deviations from local corona equilibrium. These effects are difficult

to predict, since the transport of the high-Z impurities is not well under-
stood. If this transport is comparable to the energy transport, its effect
is small at low temperatures where dielectronic recombination is large, but

should be an important factor at high temperatures.
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impurities calculated by Merts, et al.

[2]; for ne==101L*cm'3 and npg =101%cm™ 3,
(PPPL 753684)

reflect the effect of a deviation from
corona equilibrium due to finite confine-
ment. Characteristically we observed the
largest deviation from Cowan's [2] calcu-
lated curves for Te==2000 eV. These im-
purity lines are of great interest because
they seem to be produced by dielectronic
recombination, as predicted by Gabriel [4],
rather than by direct collisional excita-

tion.

II. X-Ray Fluctuations

Instabilities in the tokamak plasma
have been studied by investigating fluctua-
tions in the continuous, thermal x-ray
emission. This method has revealed:

(a) The existence of m=0, n=0
internal disruptions preceded by m=1,

n=1 oscillations [5]. This feature
was observed at high filling pressures,
near the high pressure instability limit
and at low densities, near the runaway

regime (Fig. 4).

These considerations
were surprisingly well re-
flected in some crude mea-
surements [3] of the Ka—line
of iron which were performed
on the ST Tokamak with a
crystal spectrometer (Fig.
3). The fact that the mea-
sured spectrum fits better
to the theoretical curve [2]
for 1000 eV than for 1200 eV,
the peak temperature measured
by the laser, may perhaps
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Fig. 3. Ku—line structure
of iron: (a) Spectrum measured
on ST at central temperature

= 1200 evV. The calibration is
the Ky-line of neutral iron.
(b) Computations of the Ka—line
by Cowan [2] for T, =1200 and
1000 ev (ng,=10'"cm 3, np,

= 10'%cm=3). For T,= 1000 ev
the contribution of direct col-
lisional excitation is also
shown. (PPPL 753691)
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(b) The existence of small m=2,
n=1 oscillations. These oscillations
—-—i were observed at intermediate filling

pressures (Fig. 4), concurrent with and

phase-locked to simultaneous m=3 sig-

H O ~NDO

nals on the Be-loops.
(c) Evidence of the magnetic island
structure of the large m=2 oscilla-

tions preceding major disruptions with

Ixio~*

negative voltage spikes.

afal=2 Typical measurements for the inter-
RUN — AWAY — REGIME
L 1 nal disruptions and m=1 oscillations
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are shown in Fig. 5. (Similar data have

B
8

been reproduced on the ATC and the TFR
LEGEND: id— m =1 INSTABILITY AND INTERNAL DISRUPTION

£ —~OMRLLma2 NTARILITY tokamaks [6]). When looking through the

2D — LARGE m=2 INSTABILITY AND NEGATIVE
VOLTAGE SPIKES

center (r=0) of the column the x-ray

Fig. 4. Instability regimes
in ST at ohmic heating current intensity SlOle increases by 3 to 30%

Tog =70 kA. Ordinate %S filling  £4r 4 time interval 0.5 to 5 msec, and
pressure (Dp) and abscissa to-

roidal field. Approximate re- than abruptly decreases. This sawtooth
giens In which instab%lities oc= structure is evidence of the internal
cur are shown by shading and

lettering. (PPPL 743297) disruption. A little bit farther out

(r=1.2 cm) the sawtooth amplitude be-
comes smaller; at the same time small sinusoidally growing precursor oscil-
lations appear. These have mode numbers m=1, n=1, as deduced from the
phase relation between signals from different detectors looking at different
radii and locations around the torus. At r=1.6 cm the sawtooth amplitude
becomes zero and the precursor oscillation begins to disappear. At still
larger radii (r =2 cm) the sawtooth appears again but is inverted until it
finally vanishes at 2.8 cm. The node of the sawtooth (in Fig. 5 the point
r=1.6 cm) corresponds to the radius r, where the m=1 oscillations be-
comes abruptly smaller. It probably represents the g=1 surface in the
plasma, since it agrees with the g=1 surface calculated from the laser
temperature profile under the assumption Zeff(r)==constant. This identi-
fication is, however, not absolutely certain. For instance, on ATC the
g=1 surface from the laser data was located at a larger radius than the
node of the sawtooth, due, perhaps, to peaking of the impurities in the
center of the discharge.

The exact physical nature of the m=1 oscillations is still not sat-

isfactorily explained. It is unlikely that the oscillations represent the
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Fig. 5. Internal disruptions and m=1 oscil- summarized in Fig. 6.

lations: (A) Typical scope traces of the x-ray in-

tensity varying the distance r from the center of According to the pre-

the discharge to the line of sight. (b) Radial dictions for the in-
profiles of the safety factor q from laser data, )

the sawtooth amplitude AA/A and the amplitude ternal kink mode the
fa/A  of the sinusoidal m=1 oscillation displacement £ is

shortly before the step. (PPPL 753793)
constant for r<rs

and £=0 for r!>rs. The unperturbed x-ray emission profile Eo(r) is
assumed parabolic

e () =€ _(0) (1 -22/b0)
(o] o

Inserting such a profile in Abel's equation, we obtain for the line integral

_4 _ 2.2 8/2
I_(r) =3 € (0)b(1-xr"/p%)

The parameters eo(O) and b are determined by a fit to the measured Io'
An m=1 perturbation to Eo(r) then yields the oscillation amplitude

El(r) in terms of the displacement ¢&
2
= - — = < <
Zsl(r) Eo(r £) Eo(r-+£) 4E0(0) Er/b for 0 ¥ rs

Inserting this into an Abel equation, modified for m-mode symmetry, yields
¥

s
2 2.1/2 -2 2 2.1/2
—] = - b = -
Il(r) 2 J el(ro):rdro/(ro ) 4EO(O)€ r(rO =)
r
The experimental points (+) for I1 in Fig. 6 scatter appreciably, due to

the lack of shot-to-shot reproducibility; it can therefore only be stated
that the shape of the measured curve is not in disagreement with the pre-

dicted one. However, the absolute value of the displacement £ can be
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derived with better accuracy. We find
E/rS = 0.2 which is much larger than
one would expect from the nonlinear
theory of the internal kink mode.
Recently Rutherford [9] has in-

cluded resistivity in the theory, show-

ing that an m=1 tearing mode exists

1 | I L 1 1 L1 with an island structure. Nonlinear
-4 -3 -2 - 0 I 2 3 4
r/cm = calculations of this mode are not avail-

able, and it is therefore unclear whether

2I,(r)
t the large amplitudes can be explained in
e | this way.
+ 1—++¢
j The physical causes behind the in-
+
*+ . ternal disruptions are still unknown.
N
TT?$$ The internal disruptions are, on the
1 1 | ]
=4 =3 =3 - 4 other hand, very important for the

r/em —_
energy transport in the central core of

Fig. 6. Comparison of m=1
with MHD-theory. (a) Measured the plasma. The energy loss due to the

average x-ray intensity I, vs internal disruption can be estimated by
radius. The line is a best fit
for an assumed parabolic profile measuring the decrease in electron tem-

of the unperturbgd x—?ay sour?e. perature during a disruption. The re-
(b) Measured oscillation ampli-
tude vs chord radius. The line sulting loss is of the same magnitude as

is calculated, assuming a con- the energy input due to ohmic heating
tant displacement & =0.46 cm

out to r=r =2.1 cm and £=0 into the plasma volume inside the g=1
for r Ly - (PPPL 753690) snrfaae.,

The small m=2, n=1 oscillations are observed at intermediate pres-
sures. The x-ray traces (Fig. 7) exhibit small (10%) sinusoidal oscilla-
tions, which seem to have reached a nonlinear stationary state. The m-
and n-numbers are again assigned by using phase measurements between various
detectors, sampling at different radii and locations around the torus. Si-
multaneously, m=3 oscillations, occurring presumably around the g=3

surface, are picked up with B,-loops. The frequency of m=3 and m=2

0
oscillations is in the ratio 3:2, i.e., the plasma rotates like a solid
body. Propagation is in the direction of the electron diamagnetic drift
and the frequency is of the order U*, the diamagnetic drift frequency.

A comparison of the radial profiles of the small m=2 oscillations
with predictions for the tearing mode [10] is shown in Fig. 8. Polynomials

are fitted to the unperturbed and to the oscillating x-ray line intensity,

Io(r) and I2(r). These profiles are Abel inverted to obtain local x-ray
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Fig. 7. Typical current, voltage and x-ray
traces for the small m=2 oscillations. The x-
ray signals have a kind of "grassy" appearance,
which is due to small sinusoidal m=2 oscilla-
tions. Bg-loops and the voltage traces exhibit
m=3 oscillations. (PPPL 753794)

emissions Eo(r) and
ez(r). Assuming that
changes in x-ray emis-
sion result only from
a displacement — a
reasonable assumption
if the plasma behaves
like an incompressible
fluid — we obtain the
curve for the measured
displacement £

= e2/2(deo/dr). Also
shown is a theoretical
curve, the displacement

from the linear analysis

of Furth, Rutherford, and Selberg [10], which is also used in the nonlinear

analysis of Rutherford [11]. Linear theory predicts a pole at the singular

surface, which is smoothed out by island formation.

The width of the island,

under the so-called "constant " approximation is indicated in Fig. 8. At

this point the

DISPLACEMENT £ OF SMALL m =2 INSTABILITY

concept of £

I ) (. T 8
based on €alrd r],f_ﬂ arg, To (fo)
. ’c €zlr) = €glr +£) = €glr—£)
linear pertur- [ # [dmre)  EoTao) w29 .5
) (PRISEES m g =)
bation breaks i
down. For - 04 I
FITTED POL |
small m=2, as A W R [
osic CALCULATED=(_d¥o) RUTHERFORD |
= |~ MEASURED Ip(r) 23 / SELLBERG
well as for _o3r CEYS (
= 02}
the m=1 os- & \\\\\\\ﬂ\
|
; ; olf- /1
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: N |y
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structure rem %o» L\
3 y i\
could not be 27" MEASURED £ !
\ 1
. - v
identified be- 0 : L E L
. r/em—s ‘\ !
cause the sig- \i/
1 t 1 | ° 8 “ : I"
nals were too i— il ?
small and too -0z~ e |
FITTED POLYNOMIAL Pg(r) |
close to the -0l ozl I
noise level. Fig. 8. Comparison of the radial profile of the small

m=2 oscillations with tearing mode theory. (PPPL 743890)
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A calculation of the linear growth rate YT [10] of the tearing mode,
based on laser temperature and current profiles for the discharges of Fig.
8, gives T © 6 -103sec_1, to be compared with w* - 8 '104sec—l. The
pure m=2 tearing mode is therefore only very marginally unstable, and
probably the effects of diamagnetic drift, thermal conductivity, viscosity,
etc. have to be incorporated [12]. This objection against an interpreta-
tion as a pure tearing mode is even more valid for the m=3 oscillations,
which according to Furth, Rutherford, and Selberg [10] should be completely
stable, surface is located at large radius.

because the Considerably

g=3
more work has to be done to identify this instability uniquely.
The large m=2 oscillation followed by large scale disruptions has

been studied already with B,-loops [13, 14], the ion-beam probe [1l5] and

0

framing cameras [16]. The x-ray technique has yielded, as new information,

some evidence for the island structure. In Fig. 9a is shown a radial plot
of the maximum and minimum of these oscillations just before the disruption.
Typical oscilloscope traces are inserted at serval radii. The positions of
the crossovers at r=4 and 8.5 cm represent points of phase reversal

relative to a fixed monitor. In the region between r=6 and 8.5 cm the
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Fig. 9. Large m=2 oscillations and disruptions. (a) Measured x-ray
intensity zglradius: Dots (e) represent peak intensity and circles (o) valley
intensity of the oscillation just before disruption; in the range 4 cm
< r < 8.5 cm the phase with respect to a fixed monitor changes and the dots
become minima and the circles maxima. Scope traces exhibit truncation in
the range 6 cm < r < 8.5 cm. (b) Computer simulation of this measurement
based on the tearing mode theory [10]. (PPPL 753795)




oscillations are truncated for part of the oscillation period — the scope |
trace at r=7.3 cm is a good example. The truncation time increases with
radius. The truncation is the feature that seems to be caused by the island

structure, as the computer simulation of Fig. 9b suggests. In the computa-

tion it is assumed that the x-ray emission € is constant on a magnetic
surface Y, i.e., €=€(P). A functional dependence is chosen, so that ¢
decreases steeply with radius and is flat (e =constant) within the island.

y is taken from Furth, Rutherford, and Selberg [10]. Integration along
chords of observation and rotation of the island pattern produces oscil-
lations between the maximum and minimum lines with time shapes at differ-
ent radii as shown. These calculations qualitatively reproduce the features
observed in Fig. 10. The truncation seems to be associated with the fact
that the electron temperature and consequently x-ray emission are relatively
flat across the island.

The oscilloscope traces of Fig. 9 demonstrate also the effect of the
large scale disruption on the x-ray traces. The x-ray intensity decreases
in the central hot region of the plasma and increases in the outer region
of the island: i.e., the large scale disruption exhibits the same sawtocoth-
like feature as ‘the the internal disruption. Figure 10 shows the time
development of the x-ray profiles during the disruption. The profile is
flattened out and there is some indication that the disruption is a process

that begins close to the island and

T T T T T T T T T

propagates on a time scale of a few | X-RAY SIGNAL DURING DISRUPTION

100 pusec toward the inside as well as

toward the outside. The latter con-
clusion is drawn from the observation

that the negative voltage spike ap-

Lol

pears 200 psec after the sudden break

X-RAY SIGNAL /V
T
uo/

T IIIIFI]'.I

in the sawtooth of the x-ray data.
The velocity of propagation is in
agreement with Jacobsen's [16] measure- _m;:ﬂ$ﬁ*4

ments. Practically nothing is known

T rrrrrg

about the physical causes behind the -

T

disruption. © tram

T

In summary it seems that the

stability of the ST tokamak was ‘ I 2z 3 4

fg/cm

governed by the tearing mode or ! ]
Fig. 10. Average x-ray intensity

closely related instabilities. The at different times during the dis-

safety factor g(0) in the center ription. (PREL 753798)
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was always close to one and the g=2 point was located at sufficiently
large radius, so that the m=2 instability was either stable or only
marginally unstable, as discussed in Ref. [10]. If g(0) S 1, we observed
m=1 oscillations and internal disruptions, which were not too harmful be-
cause they involved only a small plasma volume in the center of the dis-
charge. If g(0) Z 1 we observed m=2 oscillations, which were station-
ary and of small amplitude at intermediate densities, while at high densi-
ties they had large amplitudes and led into disruptions. It is unclear at
present whether the small m=2 oscillations are fundamentally different
from the large precursor oscillations of the disruption, or whether at the
lower densities, higher temperature or small changes of the current profile
lead to a nonlinear state without disruption.
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Experimental Results on JAERI Tokamaks

Y. Shimomura
Japan Atomic Energy Research Institute, Tokai, Ibaraki, Japan

This paper describes recent experimental results on
JFT-2a and JFT-2. In JFT-2a, a separatrix magnetic
surface is stably obtained, and heat and particle fluxes
to the divertor are investigated. In JFT-2, plasma
densities in hydrogen and helium discharges are investi-
gated.

1. Introduction

This paper describes recent results on JFT-2a and JFT-2
experiments. Their machine parameters are summarized in Table 1.

Table 1. Machine Parameters of JFT-2a and JFT-2

JFT-2a JFT-2
Major Rarius 0.6 m 0.9 m
Minor Radius Q.1 m 0.25 m
Toroidal Magnetic Field 1:0 7 0.9/1.8 T
Divertor Dynamic ILimiter
Remarks Non Circular Fat Tokamak

JFT-2a shown in Fig. 1 is a Tokamak device with an
axisymmetric magnetic limiter and/or divertor. Detailed
description of the machine and preliminary experimental results
were given in refs. 1) and 2). The following sections describes
the characteristics of a separatrix magnetic surface and the
plasma behavior in the divertor region.

JFT-2 igs a fat Tokamak device. Machine parameters and
experimental results with a toroidal field of 0.9 T were
reported in ref. 3). In a number of tokamak devices a steady
increase in the plasma density during discharges has been
observed4). In JFT-2 tokamak, however, the electron density
in a hydrogen discharge decays with time shortly after the

ionization of the filling gas is completed. In section %, the
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time behavior of densities, their dependencies on the filling

pressure are investigated in the hydrogen and helium discharges.

2. JFT-2a

2.1 Operation Ccnditions and Plasma Parameters

The experimental

results described below

were mainly obtained 1 TURN LOOP COIL
SHELL ]

under the followin / \ Z ., VACUUM '
& MOVABLE SHELL '\(Cm’ CHAMBER /

conditions. The mova-
ble shell is at the

open position, protection

Ti-ALLOY WIRE

MOVABLE
PROTECTION
PLATE

DIVERTOR
PLATE

plates extend 5 mm from

the ghell, and no Dtv%%TPOR
H
titanium is flushed

(Fig.l). The base pressure

is 1X lO_7torr. Hydrogen TOROIDAL COIL /F'ROTECT]ON PLATE
gas of l.BXlOlS atoms is
admitted by four fast

acting valves. Plasma _
i Ipzl5 - Fig.1 Cross section of JFT-2a

divertor hoop current ID::l.lX Ip
Figure 2 shows the time behavior of the plasma enclosed

in a separatrix magnetic surface which will be described in

. a % Fig.2 Time variations of

2 2 1i 1290 plasma parameters.

g 1 Vi 1; (a) plasma current, Ip, and
AL 5 loop voltage, Vy; (b) total
s - number of electron, N, , and
—g ‘Og mean electron density, ﬁe at
|& 4 R=60 cm; and (c) electron
S 0[; temperature, T, at R=62 cm
W sz and Z=-1 cm, and ion temper-
h_l_Q’ ] ;Q, ature, Til\T and TiD’ obtained
=1 o by neutral particle energy

analysis and doppler broaden-—

ing of Hy line, respectively.




more detail in the next subsection. The peak current is 15 kA,
the loop voltage is 4 V at 4 ms and no negative spikes are
observed. The electron temperature near the centre measured
by Thomson scattering is about 200 eV, and the ion temperature
is 50 eV by doppler broadening of H, line and 100 eV from
neutral particle energy analysis. Energy confinement time and
ﬂp are calculated to be 0.7 ms and 0.35, respectively, by
assuming parabolic profiles of the temperature and density.
These parameters are congistent with those expected from a
conventional Tokamak and no adverse effects of a separatrix

magnetic surface are observed.

2.2 Magnetic Configuration with a Separatrix Magnetic Surface

The field configuration with a separatrix magnetic surface
is investigated by measuring the plasma in the scrape-off layer
and by tracing runaway electrons.

Figure 3 shows the time variations of the electron density
and temperature in the divertor region which are about ten times

lower than the values at the centre of the main plasma column.

Density and temperature at

1 mm from the surface of

protection plates @ and (& ":E_) ‘/;:%cg::m .
(Fig.1l) are also measured o) 4.3cm| 50 5
and are similar to those E; 410 @
in the divertor region 00 1020 30 4'

shown in Fig. 3. In the T (ms)

case of ID=:O or LD: ) _ o
. . Fig.3 Time variations
0.45 xI_, ion saturation
P . of electron density and
current in the divertor
. . 3 ) temperature measured by double
region is about 10 or 10
. . probes in the divertor region.
times less than in the case

of ID=:l.l)<Ip (Fig.5).
The plasma observed in the divertor region clearly originates
from the main plasma column.

Figure 4 shows X-ray intensity from a target placed in the
divertor region with various discharge condensions including
ustable discharges where negative spikes preceded by growing

or saturated m= 2 precursor fluctuations of poloidal field
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are observed. X-ray from the E : dzigmm
target increases but X-ray § 3 3r oo Y @ ﬁ
from the protection plate i ; S . 12
decreases as the protection % E 241 :K x o )
plate is extracted. It is é oo ax o
noted that runaway electrons £ 3§ |u S . e,
pass at a distance about 12 % o ile wm @ o 20 e,

mm from the inner surface of x é ;i% :xg X ﬂao $ “OS
the shell and reach the & f@; “x :%DDD 'Q.;-;.n. f'z. "'. . vg
divertor region even in the 5 C il 2'5; % ;' é- .
unstable discharges and the X-RAY INTENSITY F{?OM TSRSFT

Arb. Uni

separatrix magnetic surface
Fig.4 ZX-ray from a target

placed at R=42 cm and the

protection plate (D during
15-20 ms. "d" is shown in

Fig. 1.

is located well inside of the
shell and the protection
plates.

2.3 Plasma Behavior in the Divertor Region

Characteristics of a plasma in the divertor region is
investigated by scanning magnetic probes, double probes,
directional electrostatic probes, thermocouple probes and X-ray
probes at R=40 cm.

In Fig.5, profiles of ion saturation current density iS at
7.5 ms, time integrated heat flux density gy during O - 10 ms
(—e—) and 20 - 40 ms ( ——0——-), and X-ray intensity I, at 16
ms are shown. These profiles are shown to be axisymmetric
within 10 %. Energy conversion efficiency of the thermocouple
probe is assumed 100 %. It is noted that X-ray intensity Ix
from a target (X-ray probe of 4 mm®) is undetectable during
the first 15 ms of the discharge.

It is seen that these profiles, especilally Ix_ and A~
profiles at 20 - 40 ms, are asymmetric with respect to median
plane. Larger peaks of gy and Ix’ and also a smaller peak of
is are located towards the direction of ionVB drift or the
direction along which electrons flow out from the main plasma
along a magnetic surface under the acceleration of the toroidal

electric field. This is confirmed by changing the direction of
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Fig.5 Characteristics of a
plasma in the divertor region
at R=40 cm.

(a) ion saturation current
density, ig; (b) time integrat-
ed heat flux density, Ay 5 and
(¢) X-ray intensity, I, from

a target of 4 mm?

the toroidal magnetic field and the plasma current. The

correlation between the time integrated heat flux density g

and X-ray intensity IX during 15 - 20 ms with various discharge

currentsis shown in Fig. 6.

It is seen that heat flux increases

with X-ray intensity. It 1s clear that runaway electrons causes

this asymmetry during the later phase of the discharge.

e
.E 3+ ®
L » ®

2 ®
- [ ]
o I
T it

OIQ ] L | ]

| 2 3 4q

X-ray From Target

Fig.6 Correlation between
heat flux to the divertor
region and X-ray from a
target in the divertor
region at R=40 cm during
15 - 20 ms.

The particle flux to the
divertor region calculated from
the ilon saturation current at
7.5-20 ms is 0.6-2x 1017
particles/ms which amounts
several times less than the
particle loss flux from the
main plasma column estimated
from the total electron number
in the column and H, intensity.
The total energy to the divertor
is 13- 20 % of total joule input.

Diffusion constant in the
divertor region at R=40 cm is
roughly estimated from the
profiles of ion saturation

current at different major radii
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and is less than leO3 cmz/sec at 7.5 ms which is about 10

times less than the Bohm diffusion coefficient.

2.4 Conclusions

A plasma enclosed in a separatrix magnetic surface and in
the divertor region is investigated. The main results are as
follows: 1) A separatrix magnetic surface is stably located
inside material surfaces. 2) Plasma parameters of a main column
are consistent with those expected from a conventional Tokamak
and no adverse effects of a separatrix magnetic surface are
observed. 3%) Heat and particle fluxes to the divertor are
axisymmetric. 4) These fluxes are several times less than the
total loss fluxes from the main plasms column. 5) Heat flux to
the divertor region is asymmetric with respect to the median
plane, which is due to runaway electrons from the main plasma
column.

The result 4) is due to the small dimension and weak
toroidal magnetic field of JFT-2a. The results of 1), 2) and
3) encourage us to make an attempt to reduce impurity content
in a plasma by an axisymmetric divertor in a future large
Tokamak.

5a _ JET=2%

3.1 Experimental Conditions

The vacuum vessel is stainless steel without an insulating
break, pumped by a turbo molecular pump with a speed of 1000

1 torr. Usually, after open-

1/s to a base pressure of 1-2x10
ing the torus to air, we make about 2000 shots of discharges
for the purpose of cleaning the vacuum wall. Furthermore,
before the start of experiments the discharge cleaning of about
500 shots is made to obtain reproducible discharges.

In the plasma experiments described here, the torus is
filled with steady gas flow. In some experiments we use a
puls®d valve. The intervals between discharges are 1.5-10 min,

which are limited by the cooling of the toroidal coils.

¥This section was prepared by N. Fujisawa et al (JFT-2 group).




%.2 Characteristics of Plasma Densities

The typical time behavior of the plasma densities in
hydrogen and helium discharges is shown in Fig. 7(a). The

maximum plasma current I%aX is 100 kA and the filling pressures
o=2.5x107% torr

in helium one. The mean line-of-sight density is measured with

are Pf:3.5x10‘4 torr in hydrogen discharge and P

a 4 mm microwave interferometer. Figure 7(b) presents the time
behaviors of the plasma current and the electron temperatures

measured from soft X-ray energy spectra.
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Fig.7 Typical time behavior of plasma densities,
current and electron temperature in hydrogen and helium
discharges with IMEX-100 kA, Pf:3.5X10'4 in hydrogen
and P,=2.5x10~4 torr in helium.

The line density reaches its maximum value at about 7 ms
after the start of the discharge. While helium discharges
almost keep their maximum line densities during discharges, 1n
hydrogen discharges the line density decays with a time constant
of 10-25 ms, and after 25-30 ms, reaches a nearly steady value.

The dependences of the line densities on the filling
pressures are shown in Fig.8. The maximum line densities in
helium discharges are in direct proportion to the filling
pressure. Considering that the density profile is nearly flat
at about 7 ms after the start of the discharge, the density in
helium discharges corresponds to the complete ionization of the
filling gas. The total electron number in helium discharges

decreases, because the density profile is peaked with time.
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The maximum density in hydrogen discharges are about 20-25 %

of the electrons in the filling gas, and the steady densities

are less than 10 %.

i (x10%cm™ )
n

T

B (x10™ torr)

Fig.8 Dependencies of
dengities on filling

pressures in hydrogen
(&) and helium ().
Density(4) at initial
stage of discharge
cleaning. Upper value
is one at +IMaX  marked

P
one is steady value.

3.3 Characteristics of Densities beforeé Discharge Cleaning

Figure 9 shows the time behavior of the density at the

initial stage of the discharge cleaning, namely after only 50

shots of discharges after
opening the torus to air.

It should be emphasized that
the maximum density is about
50 % of the filling gas, and
that the density does not
decay with time. The mark
(4) in Fig.8 evidently
indicates the difference
between the densities

before and after the
discharge cleaning. This
may be due to the

reduced adsorption on the

surfaces and/or the influx

of the impurities.

200

0 50 100 T50ms
Fig.9 Time behavior of density
at initial stage of discharge

cleaning with 1%3X=9o kA, P

f:
2.4x10"4

torr in hydrogen.




3.4 Gas Analysis Measurement

The working gas pressures after discharges have been
measured with a mass spectrometer with a response time of 1 s.
Figure 10 shows the time behaviors of the partial pressures

corresponding to the mass 2

? u
and 4, which are hydrogen . i
and helium, respectively. %o e

The torus with no evacuation £.

ig filled via a pulsed gas i

valve at 3 s before the iz

start of the discharge. In gl T 4_,,H~ff///
both hydrogen and helium . ' ? ” ., ”
discharges, it is reasonable §Y et .

that gas pressures drop f‘

shortly after the discharges. i:

The hydrogen and helium >

particles adsorbed on surface 3 i .

are gradually desorbed over | e 7 ”

a long period of time. ) _ )
Fig.10 Time behavior of

partial pressures of hydrogen

and helium.

W e we without discharge
@ awEEEs with discharge
" S back ground

3.5 Conclusions

The density in hydrogen and helium discharges on the JFT-2
tokamak is investigated. The main results are as follows: 1)
The line density in hydrogen discharges decays with time, and
reaches a steady low value less than 10 % of the filling gas.
2) Helium discharges are observed to keep the maximum line
density throughout the duration of discharges. 3) At the
initial stage of the discharge cleaning the line density in
hydrogen discharges does not decay. 4) Hydrogen and helium
particles adsorbed on the wall are gradually desorbed over a
long period of time.
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OBJECTIVES OF THE JET EXPERIMENTS

presented by P. Noll, JET Design Team, Culham Laboratory;

permanent address: KFA, Julich, Germany

L. Introduction

The various national laboratories studying controlled nuclear
fusion within the European Community have recently initiated the
joint prepartion of a large Tokamak experiment. This experiment
is known as Joint European Torus (JET). It is expected to yield
the information required to decide whether or not to proceed to the

experimental reactor stage in the Tokamak system.

The present design proposal has been worked out by the JET
Design Team which has been assembled at the Culham Laboratory since
1973. It includes many contributions from the Commission and from
the Associated Laboratories. Preparatory studies were performed by
the former JET Working Group which recommended the construction of a

3 MA Tokamak.

In the following we outline the objectives, the experimental

programme, the design and the main physics problems of JET.

25 Objectives and areas of work

The essential objective of JET is to obtain and study a plasma
in conditions and dimensions approaching those needed in a thermo-
nuclear reactor. The achievement of temperatures Te~ Tiz 5keV at
densities n » 3-10*% em™® and of P 10*2 em™®s will be attempted
(TE = energy replacement time). These studies will be aimed at
defining the parameters, the size and the operating conditions of

a Tokamak reactor.

A large plasma current, large dimensions, additional heating

and an adequate control of the plasma-wall interaction are required
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to reach these conditions. The plasma current (v4 MA) is within

a factor 3 to 6 of that envisaged in a reactor. 1In the most favour-
able case ignition may be possible in JET. Flexibility is essential
to permit reliable estimates of nTE to be expected for reactor para-
ameters. The proposed project will permit variation of the aspect
ratio, the plasma cross section from circular to D-shaped, the
discharge duration and of the build-up phase (using compression or

moving limiter techniques).
The areas of research on JET may be divided as follows:

(1) Scaling of plasma behaviour

This includes studies of

- transport processes over a wide range of parameters
including the "collisionless regime" appropriate to
a reactor;

- scrit'
netic field pressure, and g i the minimum "safety

the maximum possible ratio of plasma to mag-

factor" value - (P and g ., determine the economics
cr min

it
of a reactor);

- long-time equilibrium, stability and impurity beha-
viour;

- diffusion and injection driven currents.

(2) Plasma-wall interaction, impurities

The plasma-wall interaction may strongly limit the perfor=

mance of JET. Studies are envisaged of

- the choice of limiter and wall materials, in particu-
lar materials of low Z;

- the role of plasma-limiter interaction, possibly using
limiter detachment experiments;

- the control of the outer plasma layer by injection of
gases and by control of the energy deposition;

- the effect of a poloidal field divertor, probably in

a later phase of the experiment.

(3) Additional heating

The following methods will be tested and studied

- fast (adiabatic) major radius compression;
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- injection of fast neutrals (S 80 keV for Ho, S 160keV
for DO):

- high-frequency heating at the low hybrid resonance
(~1 GHz) and in the magneto-acoustic and ion cyclotron

range (5 - loo MHz).

(4) oq-particle effects

Studies of g -particle production, confinement and subsequent
o-heating are foreseen. The a-particles may be produced by
direct reactions from an anergetic beam of p° injected into
a T plasma or by thermonuclear reactions in a D-T plasma.
The activation due to the large neutron flux (up to 10°°/
discharge) will prevent maintenance after a few hundred
discharges so that the total number of D-T discharges will
probably be limited to a few thousand.

Significant fusion yields may also be obtained by injecting
p° into a °He plasma, without complications caused by acti-

vation.

Big Experimental programme

The studies above will best be realised by a programme of

phased exploitation.

Phase I: Exploratory studies

This phase will start 1980 (provided the construction can be
performed as scheduled) and may well last 2 to 3 years in order to
(a) establish a range of operating conditions, (b) perform scaling
studies, (c) work up to the maximum plasma current for the installed
power supplies including the use of D-shaped cross section,

(d) examine additional heating without internal structures, (e) in-
vestigate impurity effects, (f) establish the limits of operation,
(g) decide on future power supplies, and (h) decide whether the

divertor is needed.

Phase II: Improvement of plasma performance

This phase starts 1982 or later. If the results from phase I
are extremely favourable, it will be possible to go directly to
phase III. If the results are less favourable, some of the follow-

ing will be attempted: enhance power supplies, examine heating o3




methods using internal structures, increase heating power, fit

divertor if necessary.

Phase IITI: Fusion studies

The earliest starting date is 1983 (conveivably 1982 if
results from Phase I are extremely favourable). Fusion
experiments will be attempted using non Maxwellian beam-plasma

methods (maybe with compression) and D-T plasmas.

Within this broad outline of Phases I - III, the experi-

mental strategy will also be determined by the developments in

the world-wide field of Tokamak research.

4. The apparatus

The Jet apparatus, shown in fig. 1, consists of 8 modules.
A complete octant can be replaced by remote handling technigues
under active conditions. The all-metal chamber (1) has two walls
and consists of a series of bellows and rigid sections. The
movable limiters (2) are arranged in an axisymmetric fashion.
The 32 D-shaped coils (4) are supported by steel ring reinforced
transformer coils (7) and, against tilting, by the shell struc-
ture (5). During the discharge, the poloidal field coils (6,7)
are essentially switched in parallel. The plasma equilibrium is
controlled by feedback via 4 thyristor bridges. The magnetic
circuit consists of an iron core (normally highly saturated) and
of 8 unsaturated external limbs (8) which reduce stray magnetic
fields in the neutral particle injector regions. 8 horizontal
ports (9) (0.96 x 0.46m), 16 narrower ports (10) and 32 small ports
(11) provide access for guasi-tangential neutral injection, RF-
heating and diagnostics. The toroidal field coils are supplied
by a static system and a flywheel-generator set; the poloidal
field coils are supplied by a flywheel-generator set.

Table I presents several JET parameters. Flexibility of
operation and high performance with respect to different loss
processes at relatively low cost are achieved by the choice of a
tight aspect ratio Ro/a = 2.37 and of an elongated cross section.

With b ® 1.7a it should be possible to obtain an increase of the

current and of the toroidal beta, B = 2pogpds/gB2 ds
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(s = cross section area), by a factor 1.5-2 compared with the
case b = a and the same values of Ro' a, g(o) and
BI - B“SPdS/HOI;. , provided the current does not peak too much

in the centre.

5. Indication of the plasma behaviour in JET

5.1 MHD stability

The MHD stability of the plasma in JET with elongated cross
section has been studied numerically. Flat and peaked current
profiles were investigated. The poloidal field coils were simu-
lated by a perfect metal shell of similar dimensions. Part of
this work is presented in [1].

Results are: (i) Unstable internal modes do not appear if,
essentially, g(o) » 1. (ii) No instability was found for surface
modes if, for the case of interest g(o) = 1, the current density
jTOR decreases strongly enough towards the plasma boundary (for
instance parabolic with jTOR(a) = 0). (iii) The tight aspect
ratio yields an improved stability of surface modes as compared
with cases with large aspect ratio; this may partly be ascribed
to an increase of the g(a)/g(o) - ratio by toridicity effects.

(iv) No instability of axisymmetric modes was found for the
investigated peaked current profile.

The main conclusion is that JET carries a larger stable
current than large aspect ratio Tokamaks with the same values of
g(o) and of the total current in the toroidal field coils and that

stable configurations with average beta‘ET ~ 3% (corresponding

to BTOR(O) ~ 10%) appear to be possible. .
Unstable current profiles are not expected because they should
relax to marginally stable profiles except in the case of large
amplitude disruptive modes which can lead to a current termination.
It is desirable to control the current profile in such a way that
such relaxation processes and the associated enhancement of energy
losses are avoided. This is of particular importance during the
current rise where unstable skin profiles tend to develop. 1In JET

it is foreseen to use an expanding limiter with expansion time

~ 1ls or to increase the minor radius monotonously with the current

95 f,




by control of the vertical magnetic field. Various studies ?W
undertaken for JET indicate that reasonable current profiles can
then be obtained and that the thermal conduction loss to the
limiter can be kept small (of the order of the steady state loss).
It is important to avoid in JET the abrupt current termina-
tion observed occasionally in Tokamaks. This large amplitude
disruptive instability is presumably initiated by a thermal
instability which leads to a slow peaking of the current profile
and subsequently to internal instabilities. In JET, the central
part of the plasma is presumably less affected by the boundary
zone than in smaller tokamaks because the penetration distance of
fast charge exchange neutrals is only a fraction (~ 10%) of the
plasma radius. Moreover, the power deposition profile-is mainly
determined by the additional heating and not by Ohmic heating.
The resulting current profiles may therefore be qualitatively

different and less susceptible to peaking.

5.2 Plasma Parameters in JET

It is not possible to give definitive estimates of the plasma
parameters in JET [2]. New instabilities are expected in the low
collisional regime. Extrapolations from present experiments are :
therefore doubtful. On the other hand theoretical estimates of E
instability loss are unreliable in absence of experimental veri-
fication. The purpose of JET is to remove this uncertainty.

The JET parameters have been estimated in several ways. Some
results are indicated in the fig. 2 together with obse;ved data
from existing experiments. The parameters assumed for JET are

= 37, a = 1.2m.

I_= 3MA, B
P

TOR

(a) Simulation code predictions

The points (1) show the effect of 4 MW of additional heating

on an Ohmic initial state using thermal transport coefficients Ki

given by neo-classical theory and

K _ =k _ = 4 1+ 1.6 g2 2 .
e s 00 ( q*) Pe vezeff !

p_ is the electron gyro radius, vV, i8 the classicdl eleéctron colli-
&

sion frequency for Zeff = 1. These coefficients, taken with

Zeff = 5, were found by Mercier and Soubbaramayer to fit best the

evolution of temperature and density profiles in TFR, and also in

96




sT and T-3 [3]. These extrapolations yield n(o)TE ~ 4-10*%cm g,
?, ~ 3 keV with Ohmic heating alone (~ 1MW) and'@i ~ 10keV with
41MW additional power. When "plateau-like" ion losses are present
also in the low collisional regime (points (2)), even 16 MW are
insufficient to reach”fi ~ 5 keV.

The points (3) and (4) illustrate the effects of sputtering
and (neoclassical) diffusion of wall material (Fe) for the cases
of pseudoclassical loss and of taking Ke = KS. Details of these
calculations are given in [4]. 1In the case (4) cold gas is
admitted. A cold plasma blanket is then maintained which reduces
sputtering and inhibits the penetration of impurities into the
plasma core. This promising method of impurity control has the
disadvantage that the contaminated and relatively dense blanket
imposes restrictions to the heating of the plasma core by neutral
particle injection. The problems of neutral injection are discus-
sed in [5].

(b) Global estimates [6]

The points (5) show the additional power required to reach
break-even (injected power = fusion power) by injecting D-atoms
into a T-plasma in the presence of impurities and additional losses
caused by the collisional trapped ion mode. The density profiles
of ions and impurities are taken as parabolic. A favourable
power deposition profile is assumed. These estimates suggest that
the envisaged power for neutral injection heating may be sufficient
to reach the break-even condition. Modest amounts of impurities
reduce the required power by reducing the trapped-ion loss.

Studies of self consistent density and temperature profiles
indicate that the trapped ion loss may be much reduced for some
profiles and that break-even may be achieved in JET with additional
power S 5 MW.

(c) Major radius compression

Major radius compression may be advantageous in cases when
losses by the trapped-ion mode or by impurities are serious [7].
In JET it is possible to compress the plasma in a time Tc ~ 40 ms.
The compression geometry is indicated in fig. 1 The point (6) of

fig 2 represents the condition achieved by major radius compression
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of an initial state maintained by 10 MW of additional heating
against the trapped-ion mode loss. Even for a pessimistic
assumption for this loss (which yields Tﬁm O.1ls in the final

A
state) it is possible to achieve Ti ~ 6 keV and appreciable a

- power for a short time.

6 Conclusions

Experiments of the size of JET are necessary to define the
operating conditions of a future test reactor. Present estimates
indicate that the achievement of @i > 5keV and n(o)-TE > 10'® om™ ®s
should become possible in JET.

The areas of main concern are: (a) behaviour of impurities,
(b) control of the current density profile, (c¢) uncertainty about
the present electron energy loss and about the transport behaviour
in future low collisional regimes, (d) uncertainty about heating
methods in future Tokamaks.

New information relevant to JET will come from the presently
approved Tokamak programmes within the next 5 years. The flexi-
bility of JET will permit response to this information without
major changes of the design. Some loss of performance will per-

haps have to be accepted.
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Table I JET Parameters

plasma minor radius (max) a m 1.25
plasma half height (max) b m 2.10
plasma mean major radius RO m 2:96
Toroidal field at R = Ro BO T 2.77 (3.45)
Field ripple at R = R, + a % *1.8
Flat top time of B0 TFT s 20 (15)
Plasma current (D-shape) Ip MA 3.85 (4.8)
safety factor at surface / on axis g(a)/q(o) - 6/1
Current rise time TI S ~ 1
Maximum loop voltage Vl v 125
Volt-seconds required for current rise @Rise Vs 18 (23)
VolF—seconds reguiréd during one 3 - 5 (7)
ohmic replacement time at EI = 1 FT

vVolt-seconds available Ad Vs 25 (34)
Mean ion density (typical) n cm” 3 5-10%3
Mean temperature for case BI = 0.9 T kev 5 (8)
Heating power for BI = 0.9, when TE = 1s i MW 18 (29)
Neutral injection power foreseen P.lnj MW 3-10 (=25)
Peak power from grid and generators ﬁkotal MW ~350 (~550)
Estimated cost of constructi on phase inclu-

ding commissioning, buildings and staff M;g ~igg :

+ 30% contingency (March 1975 prices)

Expected date of approval Dec 1975
Expected date of operation 1980

Notes to table I

Values in (

and additional heating; experimental phases II and III).

) are for extended performance

given for a particular peaked current profile with g(o)

dal currents = O, which yields BI =

(increased power supplies

Ip values are

1 and poloi-

Bﬂgpds/uoI; = 0.9 (poloidal beta).

The Volt-seconds are given for this case and include resistive Vs loss

i) —

during the skin phase. -

the BI =

excludes peaks from inductive storage.

3
faBI MR

0.9 case: they are not computed from the power balance.

' The A and T values illustrate

Py
Ptotal
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HYDROMAGNETIC STABILITY OF TOKAMAKS
J.A., Wesson

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

Abstract:

The first part of this paper presents an analysis of the stability of
large aspect ratio Tokamaks having a circular cross-section. The various
types of instability are considered in turn and the results are used to find

the region of parameter space which is stable to all modes.

The second part of the paper deals with the more complicated problem of
determining the constraints imposed by stability requirements in the optimis-

ation of Tokamak configurations.

L. INTRODUCTION

The theory of stability of Tokamaks has two main purposes. The first is
to help to elucidate the behaviour of present experiments. The second is to
provide a set of constraints in determining the optimum design of future
Tokamak experiments and reactors. The fact that the stability properties of
present experiments are not well understood in any but the most superficial
sense means that, for the present,we must regard the predictions for future
experiments with caution. In this lecture we shall leave these uncertainties
aside and attempt to provide an overall theoretical view of the stability of

Tokamak configurations.

We shall first consider the stability of large aspect ratio, circular
cross-section Tokamaks. We shall then investigate the departures from this
case which seem necessary to achieve optimum designs. The results obtained
for the proposed JET experiment(l) will be used to illustrate the stability

properties of such configurations.

AT LARGE ASPECT RATIO, CIRCULAR CROSS-SECTION TOKAMAKS

(2)

There are two basic types of instability for this case

Kink modes - which are generally the strongest instability, having growth
rates vy ~ € (VA/a), where € is the inverse aspect ratio, a/R, and VA? = qu/p i
These modes have a resonant surface in the vacuum region.

L
Interchange modes - having growth rates 7y ~ Bze(VA/a).These modes have a

resonant surface within the plasma.

Each of these modes has a resistive counterpart:




Resistive kink, or tearing modes - which have a resonant surface inside

the plasma and are therefore complementary to the ideal kink modes.

Resistive interchange modes - which are similar to the ideal interchange

modes but only occur in the presence of resistivity.

We shall consider each of these modes separately and then combine the
resulting stability criteria to find the region of parameter space which is

stable to all modes.

KINK INSTABILITIES

It will be instructive to look at the physics of the kink instability. The

potential energy change arising from a pertubation may be written

P BG dj
W = WleXB'Z + —Z (m-nq) =22 g2 .rdr
m dr “°r

where B’ is the perturbed magnetic field. It is clear that only the second
term canprovide a destabilising effect. The physical origin of this term may
be seen as follows. The unstable kink perturbations are essentially incom-
pressible and it is necessary, therefore, that the driving force provides a
torque. Thus we take the curl of the force on the plasma and obtain

T=Vx(-%+ jxB)=B.Vj - j.VB (1)

In the large aspect ratio ordering the second term is small and the ¢ component

of the linearised form of equation (1) gives

: wr . d/_ d ; e I
Tcp = (B.Vj) =-a—(m—nq) |:E<ra(r3r)>—-m23r}+--a-§3r 3 (2)
It is the torque arising from the djwfdr term in this equation which drives
the instability.

Assuming that a high current density is not tolerable on the conducting
wall, there is no way of avoiding this destabilising current density gradient
since j(P must fall from its central value to a zero or small value at the wall.
Fortunately the current density gradient also provides a strong stabilising
effect, namely shear of the magnetic field. This is apparent from the

expression

dr r 3B dr

r
dj
_dJ‘£= R frZ—er
? o

=1

where p =g

Let us now ask under what conditions the destabilising force results in
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arg T
Figure la Figure 1b
Graph of the square of the growth rate Graph of the radial displacement
against the position of the resonant € as a function of r

surface,on which m=nq. (a is the
plasma radius)

instability. Figure la gives a typical plot of growth rate (for a given m)
against the radius T of the resonant surface m=nq. If a stabilising
effect (shear for example) is increased, the growth rate is reduced as

shown successively by lines 1, 2 and 3. We see then that marginal stability

().
dr

5§ rg=a

is reached when

In the limit r.~a the eigenfunction becomes localised at the surface

taking the form
m-nq,

E’=§:";l. m=-=n

q

asillustrated in figure 1b. 1In this limit the potential energy charge is
given by
r -a j

= - 2 8 g2
W (2n Boa ga) = G cp>

where jma is the current density of the plasma surface and <j¢> is the
average current density in the plasma. We see then that a condition for
stability is that

S ¥ O (3)
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It has been implicitly assumed above that it is possible to take the limit
r, - a., This is, in fact, always possible for sufficiently large m so
that condition (3) is a necessary condition for stability for m — ©, This
stability criterion for kink modes is therefore the analogue of the Mercier
criterion for interchange modes.

Further analysis shows that, if j =0, it is also necessary for
large m that

dr
a

For smaller m there are further requirements for stability. Expanding the

current density at the plasma surface we have

j$= (a-1) (ep+a,(a=-1)+..).

The stability conditions given above correspond to the requirement v =1
for stability. It can be shown that for lower m numbers a larger value of
v is required for stability. However, for v > 2 the eigenfunctions are no
longer localised at the surface at marginal stability and it is necessary
to take account of the complete current distribution jm(r).

We will now obtain a more general view of the limits placed on the
current carrying capacity by the kink stability requirement. We assume that

the possible current distributions are represented by the set

for which the total current is given by

]

v+1 Nazjcpo’

and qa/qo =y+1. A set of typical current profiles is shown in figure 2,
The stability problem has been solved numerically and the resulting stability
diagram is given in figure 3.

The horizontal axis gives the total current and also q - The vertical
axis gives qa/q0 and the current carrying capacity as measured by 1. We
see that, as shown by amalysis, v > 1 1is necessary for stability and also
that v > 2.5 gives stability to kink modes for all q, > 1.

It is important to notice that complete stability against kink modes
may be obtained for q, > 1 through the peaking of the current distribution

alone, there being no need for a large d, except in so far as this is
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Figure 2

Current profiles of the type j@ = jqo(l -r2/a®)’ for a set of values of v

mode numbers (/)
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Figure 3

Stability diagram for kink modes.

The shaded region is unstable. (€ = a/R
and I

is the current in the coil producing the toroidal magnetic field)
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implied by the peaked current together with an independent limit on q, -
Whatever advantage there is from higher q, derives from the removal of
modes m < q, and the consequent reduction in the amount of current

peaking which may be required.

We see then that the current carrying capacity is such that

0.5 B 5 0,27
ma?j

depending on the value of q -

Thus, the shape of the current profile having been determined by the
requirement of kink stability, the total current will now be determined by
the amplitude of the profile. This is proportional to jwo, which is

related to the safety factor q, by the relation

2B
‘=___(EE‘.
Jcm(R)q’

(0]

The maximum current will therefore be obtained for the lowest value of q, -

We shall now investigate the limitation placed on q_ by other instabilities.

INTERCHANGE INSTABILITIES

Large m, ideal mhd, interchange modes

For circular, large aspect ratio Tokamaks the requirement for the

stability of high m-number modes is that(3)

rBZ !2
-p' - — - |
(-p') (g2-1) + 3 (§1> >0, (4)

If, as r - 0, p' and q' are proportional to r then the first term in (4)
is proportional to r and the second to r®, This leads to the much quoted
q, > 1 requirement. However, criterion (4) imposes no constraint on 4,
since, even for q < 1, the magnitude of the first term is less than the

o ; e
second for radii greater than a small radius r==0('wB(1‘-q02))a and
inside this radius the pressure term can be made zero by making p' =0 as

illustrated in figure 4.

Large m, resistive interchange modes

When the effect of resistivity is included the large shear stabilising

term in the criterion (4) is removed and the stability criteriom becomes(4’5)
r
o N ! 3 2
r q 5 dr
(0]
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Figure 4

Graph of pressure against radius showing that the Mercier
criterion imposes no limit on qo(provided there is sufficient shear)

With this criterion it is no longer possible to obtain values of q, much
lower than unity without substantially impairing the pressure obtained.

The criterion for these modes is therefore essentially e = L.

Low m, ideal mhd, intermal modes

6)

The evidence on lower number modes is not complete but the analytic

and numericalresulté7)available indicate that the criterion for low m modes
>

is q ~1.

TEARING MODES

The driving force for the tearing mode is the same as that for the
kink instability. In the low [, large aspect ratio case the question of
stability is decided as follows. Equation (2) is solved with TqJ =0,
that is

0 G dr V=0

e B ey 2|[___
2\ T Bp (r\i)> m*Y -, o
¥
‘r_n-f‘z (m-nq)

subject to the appropriate boundary conditions. The solution is singular

at the radius ry at which m=nq and the quantity A is computed where
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Figure 5

Stability diagram for the m=3 kink and tearing modes
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Complete stability diagram for the large aspect ratio case
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The stability condition is then A < 0. It is found that, although the
higher modes can be stabilised for a sufficiently peaked current profile, the
modes m=2 and 3 remain unstable. In order to obtain stability against these
modes it is necessary to avoid having a resonant surface in the plasma by
requiring dq > m. This, therefore, leads to the requirement q, >3 and
this represents the principal limit on q,- A stability diagram for the

m=3, n=1 mode is given as an example in figure 5. The singular

behaviour of the kink mode as r = a in the vacuum region is now removed
and instability persists as the resonant surface passes into the plasma.

The tearing mode and interchange instabilities have been added to the
kink stability diagram to obtain figure 6. We see that the maximum stable
current is obtained for q0==3 and qa==6 , the current carrying capacity
now being only 0.17 of that for a constant current density with Qo = Ls

In the above description of the stability of the large aspect ratio,
circular cross-section Tokamak, we took the geometry as given and searched
for the best plasma configuration within that geometry. We shall now con-
sider the optimisation of the geometry itself. This problem has not been
fully explored but the general arguments will be summarised and the results
obtained for a typical "optimised" Tokamak, namely JET, will be used as an

illustration.

IIT OPTIMISED TOKAMAKS

The optimisation of Tokamak design requires the application of chosen
criteria with appropriate constraints of which the most demanding are
probably the stability requirements. This procedure is complex and is
subject to considerable uncertainty. From the point of view of stability
there are two important factors, in addition to those already discussed,
which must be taken into account. These are the aspect ratio and the shape
of the plasma.

Aspect Ratio

Two crucial requirements for a Tokamak are (i) a large plasma current
(for good confinement) for a given current in the toroidal field coil and
(ii) a high value of 3. For a large aspect ratio these are related to the
safety factor and the aspect ratio by the following approximate expressions

a\Z/ I 1
<§)\ na?] o> q,
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Thus, for given I/ma?j 5 (for kink stability), given q, (for stability
qj
against internal modes) and given Bp the above requirements lead to the
choice of the smallest aspect ratio compatible with the other constraints.

(8) _

A more complete analysis leads to an aspect ratio between 2 and 3

Plasma Shape

The question of optimum shape is not yet resolved. The difficulty is
that, although non-circular cross-sections offer certain theoretical
au:lvant.alges(9 ), the actual behaviour of such configurations cannot be pre-
dicted with confidence. Furthermore the problem is intimately related to
engineering constraints,

The principal advantage of an elliptic cross-section is that a
higher equilibrium value of [ can be achieved. Furthermore, by adding
a triangular component to the shape, the value of j@o which remains
stable to localised interchange modes can be increaséd. For a circular
cross-section the limiting value of quR/ZBm is unity (q0==1) but a
stable value of 3 has been demonstrated for a horizontal ellipse and a

(10),(11)

value of 1.4 for a vertical ellipse However it is not known

whether this improvement also occurs for low m-modes.

JET

We will now analyse the stability properties of a design which has, in
so far as it is possible with our present knowledge, been optimised. The
example we shall take is the JET configuration which has a small aspect

ratio — 2.5 and an elongated cross-section - b/a = 1.6. A diagram is given

in figure 7. The surrounding conducting wall is included as an approximate
representation of the position of the actual conductors.
(1) Kink modes

One clear change which occurs in going to a small aspect ratio equilib-
rium is that, for a given type of current distribution, the ratio qa/qo is
enhanced and consequently the shear is increased. For example the flat
current distribution having qa/q0 = 1 for a large aspect ratio has .
qa/q0 = 1.7 for JET. The current distribution j¢ = j@o JO(2.4 r/a) has
qa/q0 = 2.3 for a large aspect ratio but the corresponding ("Bessel")
distribution for JET has qa/qo = 4.8. This has the effect, for 4 =1,
of making q, large. As a result the lowest resonant mode has a high m
number. For example in the JET case this is m=5 for the "Bessel"
current distribution. However, despite this, a necessary condition for

stability is still that Jga ? 0(12). Numerical calculations for the

"Bessel", (j = 0) caset3) yere wnable wo detect any kink instability
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Figure 7

Diagram showing the geometry of JET configuration used in the
stability calculations
for currents for which the internal modes were stable. This may be due to
the fact that the m numbers involved are large (m = 5) and that, if unstable,
the growth rates would be very small. If, in this case, as in the large
aspect ratio case considered earlier, the jwa # 0 condition is essentially
necessary and sufficient for large m-numbers a current distribution close
to the '"Bessel" distribution will probably be stable for kink modes.

An interesting result which the numerical calculations have brought
out is that for unstable configurations the growth rate and the eigen-
functions vary continuously with q, and do not have the banded structure
found in the large aspect ratio case.

(ii) Internal modes

In the above discussion of kink modes there is the implicit assumption

=

that the stability condition for internal modes remains q, < 1. A calcu-

lation for large m-numbers, using the Mercier criterion, has shown that
(assuming an unflattened pressure profile) the requirement is quite close

> 1(14). Numerical calculations(13)

for low m-numbers (m=1, 2 and 3)

to




Figure 8
Stability diagram for low m-number internal modes for the JET configuration.

n is the toroidal mode number, only integral values having physical meaning,
(See paper CN 33/A12-3 of the Tokyo Conference 1974)

found that the required value of qq is approximately 0.9. These results
are given in figure 8.

The above results indicate that for stability against interchange and
kink modes the JET configuration would require a current distribution
peaked approximately as the Bessel function, that is roughly parabolic, and

having G = 1. This would lead to a value of q, = 5 and a current

I =140 B
P

giving approximately 4MA for BEP = 30 kg.

n = 0 modes

Calculations for the JET configuration have shown that it is unstable
to n= 0 modes unless a conducting wall is placed sufficiently close to
the plasma. The instability results in vertical motion of the plasma. The
general character of this instability is similar to the corresponding
instability of an elliptical cylinder.

The destabilising force comes from the negative gradient of the mag-
netic field energy density outward from the plasma surface. The stabilising

effect is the magnetic energy arising from the perturbed magnetic field in
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the vacuum region. For a circular cylinder with no conducting wall these
two effects are equal and the plasma is marginally stable. TFor an ellipti-
cal plasma a displacement in the direction of elongation is unstable. The
instability can be stabilised by a suitably placed perfectly conducting
wall. There is some dependence on the current distribution but the essen-
tial features are represented by the result for the constant current case.

)
The stability criterion 15(15

b 2
a-+1 ( b+a > 1
2_1 \b;+a,

D=0 where D =

b and a being the major and minor axes of the ellipse and b, and a,
being the corresponding axes of the elliptical conducting wall. The most
unstable displacement in this case is an almost rigid shift. (Calculations
of stability are often carried out assuming a rigid displacement but care
must be taken in interpreting these results because in general this dis-
placement is not the worst and only a finding of instability is conclusive).

If the plasma would be stabilised by a perfectly conducting wall, it is
necessary to determine the effect of the finite conductivity of the wall.
The result will depend upon the detailed configuration but the essential
behaviour can be derived using the constant current model. With a finitely
conducting wall the plasma is always unstable. Configurations which would
have been stable with an infinitely conducting wall, have a growth rate v
given by

-
Ty =5

where T is the magnetic field diffusion time characterising the conducting
wall. The infinite value of 7y as D — 0O signifies the transition to

hydromagnetic growth times. Since D is of order unity, growth times may be
less than the time of the experiment. In this case feedback techniques will

be necessary to stabilise this mode.

SMALL ASPECT RATIO - RESISTIVE MODES

We must now return to the question of resistive modes and ask what
their stability properties are for small aspect ratio Tokamaks. In partic-
ular it is important to determine whether tearing modes impose the same
limitations as in the large aspect ratio case.

(i) Resistive interchange modes

(16)

The criterion for resistive interchange modes has been applied to JET

and, as in the large aspect ratio case, it is still most stringent on the




magnetic axis and leads essentially to the stability criterion that q,
must be greater than unity.

(ii) Tearing modes

The procedure for determining stability in the large aspect ratio case

was described earlier and led to the requirement A < 0. The more complete
(
criterion is that 17)

A< A
¢

where Ac is a rather complicated function of the equilibrium quantities but
which increases with [ and therefore with a/R, The precise condition for a
given configuration requires a numerical calculation, especially since the
resonant surface, at q= m/n, defines a particular radius at which the con-
dition A < Ac must be applied. However, as illustrated in figure 9, Ac has
a minimum value as a function of r and, for current profiles of interest,
the largest value of A occurs at r, =0. It is possible therefore to obtain

a sufficient condition for stability by requiring that

Alr =0) < Bl 2 3
s min

For qq close to unity the resulting criterion for a circular cross-

section is

W

s TV T\ ;
Alx_=0) < 2.9 Bo(\ > quz_ 1>

a

where Bo is the value of [ on axis, VA? = qu/p and T, = o a?. The pre-
cise numerical coefficient depends on the particular configuration but the
value given is a typical one. The most unstable mode is m=2 and the

value of é(rS =0) for this mode is of order 10. Taking typical parameters

gives the stability condition

AV

QJ =1 N_y
(%) *2
where % is the value of Bo expressed as a percentage and the factor N is
typically of order unity for present Tokamaks and of order 1 to 0.1 for
next generation Tokamaks such as JET. It is seen then that if Bo is a few
per cent then a value of q, slightly greater than unity gives stability.
The predicted value of ﬁo for JET is of the order of 10%.

Assuming 3 = (a/R)?2, the required value of q:-—]_is proportional to
(R/a)? and this factor provides the main improvement between large aspect
ratio Tokamaks and the projected optimised Tokamaks. However, further
analysis is required on this problem to determine the regime of validity of

the calculation.

115




116

—,

s

Figure 9
Typical graphs of A and AC against the radius of the resonant surface

CONCLUSIONS

A large aspect ratio, circular cross-section Tokamak is stable to
ideal hydromagnetic modes provided qo 2 j jwa F? 0 and the current distri-
bution is sufficiently peaked. The maximum sfable current is then approxi-

mately

- a
I = (2.5 R) a B¢ (.52

where I is in megamps, a in metres and Bw in teslas. Assuming the poloidal
currents play a negligible role in the pressure balance, the corresponding

B> value is )
B> E-r%Pf—s = 0.21 (i%) : 6)
/ 7; ds

There is no direct support for these results from present experiments,
The best confinement is obtained for values of 1, from 3 to 10. It may be
that the operative requirement is q, > 1 and that the experimental current
distributions then imply these high values of q- On the other hand it may
be that tearing modes which are predicted for the large aspect ratio case
are responsible for the lack of confinement at lower q,-

Optimisation of the properties of a Tokamak leads to a small aspect
ratio of 2 to 3. The results obtained so far indicate that the require-
ments for a circular cross-section are similar to those for the large aspect

ratio in that stability against ideal hydromagnetic modes requires g = 1

and jcpa »o.




Shaped cross-sections offer the possibility of stability to inter-
change modes down to a lower value of 9, However a decision as to the
usefulness of ellipticity or the optimum degree of ellipticity depends
upon an assessment of a number of advantages and disadvantages. Regarding
stability one important consideration is the acceptability of the axisym-
metric mode which, it appears, will probably require feedback stabilis-
ation.

Calculations for the small aspect ratio JET configuration show that
a given d, implies a larger q, for the same current distribution because
of toroidal effects. This means that the possible kink modes are limited
to higher m wvalues. It seems likely that the current distribution for
stability will be similar to that for the large aspect ratio case.
Numerical calculations for localised and low m-number internal modes
indicate a required value of 4 close to unity. In this case the expres-
sions (5) and (6), for I and 3, apply quite accurately for JET and imply a
current of 4 megamps and a 8 of 3% for B$ = 30 kg .

In the limit of large aspect ratio the tearing mode appears to be
unavoidable for q, < 3. However, at small aspect ratio, toroidal effects
become important and theory indicates that in the small aspect ratio

Tokamaks of the next generation these modes may be stable for q =< 1.
o
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REVIEW
ON THE TAEA WORKSHOP ON LARGE FUSION
TOKAMAK PROJECTS

E.I. Kuznetsov, V.S. Strelkov

The Kurchatov Institute of Atomic Energy

Moscow, U.S.5.R.

An international workshop on large tokamaks was held in Dubna, USSR

July 4-11, 1975. The workshop was sponsored by the International Atomic
Energy Agency with the assistance of the USSR State Committee for
Utilization of Atomic Energy. More than 100 representatives from Belgium,
the Federal Republic of Germany, France, the Netherlands, Sweden, the

United Kingdom, the USA, the USSR and Japan participated in the workshop.

The main objective of the meeting was to consider four large tokamak
devices, namely: JET, designed by scientists of the European Community
countries; TFTR (TCT) designed in the USA; DFTR (T-20) designed in the
USSR and JT-60 designed in Japan.

During the first two days of the workshop these four projects were sub-
jected to general consideration. The three following days were devoted
to a more detailed comparison of different systems in the devices.
Conceptual designs of fusion reactors and future fusion power plants
were discussed on the last day. There was also a general discussion on
CTR research programs and on perspectives of developing a fusion power

plant system.

The general purpose of all four designs is to develop a device which, in

fact, is close to a test fusion reactor. It is considered to be a
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system in which a controlled thermonuclear reaction of D-T plasma proce-

eds with energy release comparable to the input energy.

At the same time, problems to be solved on each of the four devices are
different. This is due to the different engineering and constructional
solutions accepted for the above designs. The main characteristics of

these devices and the expected plasma parameters are given in Table 1.

The JT-60 project aims at solving mainly physical problems which will

arise in the course of construction of a fusion reactor. Unlike the other
three devices operation with tritium is not envisaged in it. Since the
device has large dimensions it can be used to carry out a wide range of
research including a poloidal diverter (magnetic limiter) and a removable
limiter. Studies on plasma confinement and heating under conditions close
to reactor-like ones as well as plasma-wall interaction, impurity behaviour

and non-ohmic plasma heating are supposed to be carried out.

The power supply system utilizes both fly wheel generators and direct con-
nection to the main lines. Longitudinal magnetic field coils have a
circular cross-section. The vacuum chamber consists of two shells made of

an alloy with a high nickel content.

In the American TFTR (TCT) device there should be achieved a high fusion
temperature and conditions under which the total energy release in D-T
reactions (neutrons and a-particles) are comparable to plasma energy

losses.

Achievement of these conditions is substantially facilitated in a so-
called two-component tokamak regime, when a fusion reaction proceeds
between nuclei of a preliminarily produced plasma and fast particles
injected into it. In this case, in order to get the ratio of the released
energy to the input one equal to unity (Q = 1), it is sufficient to have

the value of nt or the order of 1013 cm-3 sec. For a rapid heating of the




plasma with neutral injection, high power injectors producing 60 and

120 kev particles (with a power of 40 MW) will be used. The current

pulse length in the plasma equals 1 sec (flattop), and correspondingly,
the injection pulse length is relatively small (0.1 sec). Injection of

60 kev particles heats the plasma and with injection of 120 kev particles
a two—component tokamak regime can be achieved. For this device the
impurity problem has not been considered in detail because it is thought
that the short plasma life time should not allow impurities to accumu-

late and influence the ion heating conditions.

In the TFTR device, the longitudinal magnetic field coils and the vacuum
chamber have a circular cross—section. In the first stage of studies

with discharge currents of 1 MA an iron core will not be used. The wvacuum
chamber is made of one shell of 20 mm thick stainless steel. It is pos-—
sible to form a plasma column by cutting it off by means of a limiter

and to adiabatic compress in major radius with the use of a transverse

magnetic field.

The Joint European Tokamak Project (JET) is far more advanced than the
others. The objective of JET is to obtain and study a plasma with para-
meters approaching those needed for a self-sustaining thermonuclear
reaction (nT v 1014 cme sec). The plasma column cross—section can be
either circular or elongated. The possibility of getting an elliptical
cross—section is considered as a means of providing an additional
increase of the extreme value of nt. Along with ohmic heating as the
main heating system, injection of neutral particles of 80 and 160 kev
energy at 25 MW total power is envisaged. Besides, a RF lower hybrid
resonance heating at a frequency of 800 Mhz and 20 MW is supposed to
be used. The longitudinal magnetic field coils and the vacuum chamber
are D-shaped. The chamber consists of two shells made of an alloy with
a high nickel content. A closed magnetic circuit is used in the poloidal

magnetic field system.

121




122

The power supply system provides for combined use of both the main lines

and the motor-generator-fly-wheel sets.

A wide scope of physical and engineering studies is to be carried out on
the T-20 device. Together with achieving plasma parameters needed for a
self-sustaining reaction (nt ™ lO14 cm—3 sec) the device is designed for
long term D-T plasma operation with better than 90 % a-particle confinement.
The plasma parameters in T-20 practically coincide with those of a hybrid
power reactor. It is plamnned to carry out neutron physics investigations
and to measure a tritium conversion ratio for different blanket modules

as well as to study first wall sputtering under a-particle bombardment
under frequently repeated pulse conditions. The cross-section of a longi-
tudinal magnetic field coil is intermediate between a circular and D-shape
one; the chamber cross—-section is close to circular. The vacuum chamber
consists of two shells made of stainless steel. In parallel with an air-
core version, possibilities of using an iron core or a closed magnetic
circuit+in a system of poloidal magnetic field coils have been considered.
However a final decision on the matter will be made later. Auxiliary
plasma heating with 80 and 160 kev neutral particle injection and with

RF plasma heating at 60 MW each are to be done.

Vivid discussions on physical problems of large devices connected with a
possibility to achieve design parameters and chosen optimum solutions

took place during the whole workshop and at the additional session. The
problem of impurities and ways of reducing their content in plasma have
attracted great attention. It should be pointed out that in spite of the
fact that the role of impurities seems to be relatively smaller in large
devices, the impurity problem has not yet been positively solved. Problems
of vacuum chamber construction, wall and limiter material choice, elimi-
nation of local energy release in different parts of the chamber seem to
be rather complicated and not finally solved. Evidently these problems
should be studied, taking into consideration such factors as material
strength and ability to be welded, embrittlement under neutron bombardment

and sputtering under plasma charged particle irradiation.




The choice of an optimal cross—section for a plasma column and for a vacuum
chamber depends on definite problems which must be solved. For example,

the elongated plasma column cross—section in the JET device is designed

for the maximum value of ntT at the lowest longitudinal magnetic field and,
correspondingly, at the lowest device cost. At the same time, as calcula-
tions indicated, to obtain the extreme temperature in TFTR device, a
circular cross—section with the minimum plasma volume at a given neutral

injection power turns out to be preferable.

The problem whether an iron core or a closed magnetic circuit should be
used in a poloidal magnetic field system cannot be solved in one way only.
Discussions of this problem drew the attention of the participants to such
an important problem as the modulation of the guiding field around the
torus to be used because of the absence of a copper shell in all devices
under consideration. This modulation takes place in case of a closed
magnetic circuit and also without it. In the latter case it is connected
to the necessity of using large iron masses for shielding the diagnostic
apparatus, injectors and so on. The modulation leads to an additional
magnetic field corrugation to the one appearing due to the finite number
of coils. The rippling influences plasma confinement and it should be
taken into consideration when both analysing physical conditions and

designing fusion devices.

As mentioned above, in all the devices, auxiliary methods of plasma heating
up to fusion temperatures are envisaged. During the discussions the main
attention was paid to neutral beam injection, adiabatic compression and RF
plasma heating. At present it is difficult to make a choice between these
methods because none of them has been verified yet. Concentration of high

Z impurities will have an important effect on neutral injection for it can
lead to a beam absorption in the plasma column periphery. The problem of
absorption in the column periphery as well as the development of input
devices and of generators producing the necessary power are not yet clear

for RF methods. For all the auxiliary heating methods the effect of the
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auxiliary heating on the plasma confinement has not yet been cleared up.
This is why large scale experiments must be carried out before a final

choice of a reactor plasma heating technique can be made.

Taking into account the importance of obtaining data on plasma behaviour
in large devices, as well as the low frequency of pulse repetition and
rather high irradiation level, it becomes clear that plasma diagnostic
problems are very important. At one of the sessions the diagnostics
complexes for JET and T-20 were discussed. It was emphasised that it is
necessary to have diagnostic means providing simultaneous measurement of
the local distribution of the different plasma parameters and to analyse
the effect of étray magnetic fields and of neutron irradiation on the

apparatus.

All the devices are to be put into operation in the early 1980's. After
conducting experiments it is planned to construct experimental fusion power
reactors. Programs of power reactor development and conceptual design of
different fusion reactors and plants were discussed at a special session.
Concepts of hybrid and conventional tokamak reactors including those for
materials studies designed in the USSR, the USA (UWMAK, TCT, DOUBLET) and
Japan were discussed. Economical aspects of fusion reactors were also

considered.

Future commercial reactors do not vary much in size. The major radius for
instance is 10 to 15 m and the minor one 1s 2.5 to 5 m. In most cases the

net electrical power is chosen to be between 2000 and 2500 MW(e).

The most important problems facing utilization of fusion reactors for power
production and ways of solving them were comsidered in detail. Evidently,
all these questions are closely connected to and depend on results which
will be obtained on demonstrational and other facilities, i.e. which depend

on achieving a self-sustaining reaction and on solving other physical

problems. Nevertheless the discussion showed that it is already necessary




to carry out a wide scope of technological and engineering studies to

provide development of commercial fusion reactors and power plants.

A general discussion on perspectives and on programs of CTR research in
different countries was held and a summary of the four projects was made

in the final session.

According to the opinion of the workshop participants the discussions
were quite useful. It will make it possible to introduce into the projects
a number of improvements during their further development and implementa-—
tion. The problems pursued in the different projects are very real for
achieving the common objective, i.e. the creation of demonstrational
fusion reactors, and they complement each other. In his final remarks

the chairman of the workshop B. Kadomtsev pointed out that each project
corresponds to the problems posed, the objectives of the project and the

laboratories where the projects will be put into reality.

The first experience of an international cooperation in studying large
tokamak projects proved to be undoubtedly successful. It is desirable
that such international workshops, with the help of IAEA, be made

traditional.
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LIST OF LARGE TOKAMAK PARAMETERS

(June, 1975)

Parameter, Symbol,

126

i JET TFTR(TCT) DFTR(T-20) JT-60
Unit
Major Radius R, m 2.96 2.48 5 3
Plasma Minor Radius
a,m 1.25 0.85 2 1
Plasma Half Height
b, m o | 0.85 2 1
Maximum Magnetic
Field B, T 3.4 5.2 3.5 5
Plasma Current I, MA 4.8 2.5/1.0 6 343
Mean Ion Temperature
Ti’ kev 5 6/6 7-10 5-10
Mean Ion Density
Ne, cm™ 5.1013 4.1013/8.1013 (0.5—5).1013 (2—-10).1013
Value of B 1 1/2.5 1 1
Energy Confinement
Time Tgs Sec 1 0.2 2 0.2-1
Type of Divertor Limiter | None None Magnetic limiter
Radially Outside
Total Peak Power,
MW 550 700 1600 =
Auxiliary Heating
Power, MW
a) Neutral Injection 3-25 12/40 60 10-20
b) HF Heating 3-20 None 60 10
Neutral Injection
Energy, kev 80,160 | 150/120,60 80,160 50,100
Table I




MICROINSTABILITIES AND BEAM HEATING EXPERIMENTS
IN THE CULHAM SUPERCONDUCTING LEVITRON

N R Ainsworth, M W Alcock, R E Bradford, P R Collins, J G Cordey,
T Edlington, W H W Fletcher, E M Jones, B E Keen, M F Payne,

A C Riviere, D F H Start, C A Steed and D R Sweetman.

Culham Laboratory, Abingdon, Oxon. 0X14 3DB, UK.
(Euratom/UKAEA Fusion Association)

ABSTRACT: The properties of fluctuations in a high shear axisymmetric torus with
a strong poloidal field were investigated during a current driven discharge with
u/ve < 0.1 and during the collisional afterglow. The results showed that drift
instabilities were present; during the discharge the scaling of amplitude with
driving current and shear as (I/@)% suggested the current driven mode whereas

in the afterglow the scaling with shear as 0"l indicated the collisional mode.

Neutral beam injection was used to heat the plasma in the afterglow giving
a temperature increase in agreement with classical processes. By modulating
the intensity of the beam preliminary evidence was obtained for a plasma

current driven by the injected fast ions - an effect first proposed by Okhawa [1].

1s INTRODUCTION: Multipole containment experiments have all shown MHD

stability and as a consequence they have been used successfully for the study
of microinstabilities and diffusion processes. Classical, neo—-classical and
Bohm scaling of diffusion have been observed in the G.A. Octopole [2] and both
pseudo-classical and Bohm scaling of diffusion losses with electron temperature
have been measured in the FM 1 experiments at Princeton [3]. The FM 1 experi-
mental results illustrate the degree of containment to be expected in a high
shear, axisymmetric torus with strong poloidal field - properties which should
provide ideal conditions for containment. The Culham Levitron has the same
favourable properties with ring currents up to 325 KAT in use, but,
as in FMl, classical containment is not observed.

From the experiments we have done so far we report here observation of
the collisional drift instability during the plasma decay and of the current
driven drift instability during ohmic heating. Both of these affect the plasma
containment. It is interesting to examine the operating regimes of our experi-
ment in terms of the drift velocity u due to the current and the collision
frequency of the electrons. This is illustrated in Figure 1. On the abscissa
we have the ratio of the electron mean free path, Ae’ to the connection length,
Lc’ and on the ordinate we have the ratio o = u/ve, where vy is the electron
thermal velocity. The hatched area represents the region covered by our ohmic

heating experiments and in addition we can have o = 0 by use of electron
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cyclotron resonance or neutral beam

heating. Corresponding conditions 0:10
met in some existing Tokamak experi-
ments are shown based on data given

in the IAEA Conference Proceedings

o
/ 1 Ohmic heating

/ / regime

in Tokyo in 1974, as well as those 005 /}/
for ZETA [4]. The JET experiment [ 5] ’/ /
is expected to have rather low Vi, ///{ : TFR,
current density and to be well zg?; ’?é;i/;//
into the collisionless regime. - /Eﬂkzmmqf - [EET] d
It can be seen that the range of e
values of o studied here over- 5
laps the values commonly used in
Tokamaks. Although wvalues of Fig. 1 A comparison of current driven drift velocities
and collisionality conditions met in the
e/LC up to~5 were reached in present (hatched area) and other experiments.

the present experiment, for most

of this range neo-classical effects were estimated to be small.

In addition to the study of microinstabilities we report experiments on

neutral beam heating of the plasma and, by

modulating the neutral beam, pre-—

liminary evidence has been obtained for a beam induced current in the plasma

whose existence was first suggested by Okhawa [1].

25 EXPERIMENTAL DETATLS

A detailed description of the Superconducting Levitron has been given

elsewhere [6,7,8].

Figure 2 shows a section of the machine at the plasma region.

The ring has a major radius of 30 cm, minor radius of 4.5 cm and floats inside
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Fig. 2 Machine section in the r, z plane at the plasma

region.
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an aluminium safety cage for
periods of several minutes
before re-—cooling is required.
I

R
normally 300 kAT but values

The ring current Was
down to 100 kAT were also used.
The toroidal field By was
operated at selected d.c.
values up to 2 kilogauss
giving a minimum shear length
of 30 cm.

The plasma line density
was measured with two separate
U-wave interferometers operat—

ing at 4 mm wavelength. The

electron temperature

was




obtained by measuring the absolute intensity of the 5876 k Helium I line.
Both density and temperature were also measured with a double probe when the
effect of the probe on containment was acceptable.

Most of the experiments were carried out in plasmas produced by ohmic
heating by adding a small 50 Hz component to the d.c. toroidal field. This
gave a poloidal electric field Ep at the plasma of up to 0.15 volt/turn. ;
Since the poloidal field B, was much stronger than the toroidal field, E,
was essentially parallel to B. il

The gases used were Hy, He and Neon and these were introduced through
the symmetric set of holes around the centre column. The base pressure was
2.10—9 torr and the operating pressure for plasma production was normally of
the order of 10_6 torr. In this pressure range no difficulty was experienced
in producing plasma even at electric field values of less than 2 mV/cm. The
plasma density reached with the ohmic heating was € 2.1011(:111".3 and the elect-
ron temperature was £ 10 eV.

The high energy neutral injection system supplied a beam power through
the plasma of 1.5 kW with pulses up to 2 sec long. The acceleration potential
was 15 kV but three species were present so the beam consisted of 15, 7.5 and
5 keV components with the largest fraction in the 5 keV component [9]. The
centre line of the beam lay at an angle of 37.5° to the horizontal and passed
through the plasma on the inner side of the ring at a distance from the axis

of 20.6 cm in the midplane.

iz POWER AND PARTICLE BALANCE

. = 12 8
With the electron density n, <<3.10 ecm the plasmas were transparent

to cold gas molecules so that the equilibrium electron temperature T was

determined by particle balance requirements [6]

Do
n, N <o vy = ?; R i &

where N 1is the gas density, {0 v) the rate coefficient for ionization of

the gas, which is strongly dependent on Te, and Tp the particle confinement

time. Given N and Tp the value of Té is fixed and related to the ioni-
zation potential of the gas. The observed Ty for H2, He and Neon were
typically 5.5, 10 and 8 eV respectively.

When the heating power is switched off the electrons cool rapidly by

ionization energy loss, T, =~ 2 msec, and when Te € 2 eV cooling occurs through

E
collisions with the cold ions and thence the gas resulting in a T of
several tens of milliseconds. In the afterglow both T, and T; probably
reach the temperature of the walls in times of the order of 200 msec.

With plasma production by ohmic heating the equilibrium ng 1is deter-

mined by the power balance which in simplified form can be written as [ 6]




g2 W, + 3T
1 1 e

n, (L * T) n“= TP
where E, is the RMS electric field along the field lines, T; =~ T,: and 1

cen (2)

is the Spitzer-Harm resistivity. The factor (1 + f) where f is related to
the fraction of trapped electrons, takes into account the neo-classical
enhancement of resistivity and W; 1is the energy required to produce an ion
pailt. TIf Tp is independent of n,, and T, 1is kept constant by the require-
ments of equation (1) the relation (2) indicates that By Ié , where IQ is
the ohmic heating current. The linear variation of n, with IQ was observed

at low Ig2 [6] but it changes to ng = IQ at high I_ as shown in Figure 3,

Q
indicating an additional loss process 102
at high plasma current. I Ip =300KAT
I H, Gas Ng = 13

4, FLUCTUATION MEASUREMENTS DURING
OHMIC HEATING -

Fluctuations in the plasma were N
=3
measured by means of Langmuir probes o

biased to collect the saturated ion

current, I . Figure 4 shows a radial

SAT
profile of both ISAT and the amplitude

E 4 i 5 ati I
of its fluctuations SAT On the i

outer side of the ring at z = 0.

-
Sharp maxima in I.,. can be seen 10/0 SRR el
10 20 30 60 100 200 300 600

on both the inner and outer density TR AT ——

gradients. Although the fluctuations
Fig. 3 Average electron density as a function of ohmic

have a larger amplitude on the outer heating current.

side, the amplitude is still significant on the inner side nearer the ring
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—— where the field strength is greater and
= 300 kAT .
:st:; . the curvature is favourable. At a
In = 370 Arms
a . : .
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// / The wavelength, AT, in the toroidal
x -" . - .
il é i direction was obtained from the cor-
Ring /0"\ i Cage
5r N/ ! relation between two separate probes up
| PI \b/ |
Y to 5 cm apart on the same flux surface.
x / p
d
O e - % - e e gl Figure 5 shows the variation of the
Radial position (em from m/c axis) frequency f ( m/z"ﬂ") a d )\ % th
B n wi
Fig. 4 Saturated ion current to probe as a function of a i %
radius on large major radius side of ring. toroidal field stength. For the
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dominant mode, fKT is of the order -

of v.. (the diamagnetic drift velocity) Lo

D ¥ Dominant
and with the localisation in space o~
and time outlined above it seems Pregueney

S N
f(kHz) Helium plasma

probable that the instability was m_“ﬂﬂ;gﬁﬁmfmﬁk

a low frequency drift instability

driven by the current induced in ]

the plagma [ 10]. The results of 20

Figure 5 show that as the toroidal 5l
[ Dominant

field was increased the insta- [ mode
Wavelength( A
W A e Alem) [
bility tended to occur with an i
integer number of wavelengths, p,
p=
between field lines, such that
’ s i
003 01 03 10 20
P Apw 21R/L, where 1 is the Iy /1g (8)
rotational transform and R the Fig. 5 TFluetuation frequency and wavelength in
toroidal direction during ohmic heating as a
major radius at the po]'_nt of function of the ratio of toroidal field

current to ring current.

measurement. This effect is understood to be due to a change in instability
mode number in order to maximise the growth rate as the toroidal field was
changed.

Theoretical expressions for w and the linear growth rate Yy are [10,11]

%
v c2 k2 *2 * k2 a2 w
b g e [ 7 tw  wou i } X
= — g+ —— - =
VE % Kk, 9 k ¢ V2(1 + k| a?)
e i s
2 2 2 *
where k| =k +k_, w = kyv, , v, = c kT_ k/eB, kK = d(&n n_)/dx ,
2 X y2 9 g D D e o}
e, = kTe/Mi and a” = g Qi . If the slab model approximation for the
introduction of shear is used, k; = X k /Ls where L _ 1is the shear length,
and X is the radial width of the instability given by xg = 2/kx then
VvV om i ki k2 a4 k u K2 K a2 v
e X X X ¥y D
NS A 1. AN S B 5 k.
8 © V2 0 q, V2

Here 0 = 1/k Ls' For the current driven drift instability, and conditions

well above threshold, the dominant term is
kx v Ue < 93 >
W = e el
vZ 0 Q, 6
The linear growth rate Y can be related to the amplitude of the fluctuation

n'/n0 by using non-linear theory which for drift waves [12,13} yields

Yy = (n’/no)2 [14]. Hence from the theory we have w = W as observed and
1

' /ng & (Ig/0)*.
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Measurements of n’/nO

in He and Ne plasmas with Ig =
200, and 100 kAT and varying both I

and ©. The values obtained are

plotted as a function of Ig/0

Figure 6 and clearly the dependence
1

of n’/no on (Igle)iis confirmed.

If the plasma diffusion coefficient

D = (n'/no)2 then the variation of

ne with IQ

in Figure 3 at high

I, can be explained by these

fluctuations.

3. FLUCTUATIONS IN THE AFTERGLOW

were made

Fluctuation measurements made

1.0 S —
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Fluctuation amplitude during obmic heating as a
{function of the ratio of driving current to
shear strength.

25 to 30 msec after the ohmic heating driving current was switched off indica-

ted the presence of a low frequency instability in the collisional afterglow

when IQ = Q.

The radial profiles were similar to those measured during the

discharge, Figure 4, with maximum fluctuation amplitude at the maximum density

gradient but with smaller amplitude.

100 -
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03
I/ (x ©)

Fig. 7 Fluctuation frequency and wavelength in toreidal
direction in the afterglow as a function of the
ratio of toroidal field current to ring current.

10

o1 dependence.

The frequency and wavelength is shown in

Figure 7 as a function of toroidal
field strength. The values of Ag
were the same as those measured during

the discharge but w was lower

corresponding to the lower temperature
to be expected with no heating. From

equation (3) with u = 0 and conditions

%
well above threshold we have w = W

and
2 2 4
7 1{_L kx a Vv, m

”\{:
8 M 0

giving n'/nO « 071, values of n'/nO
for He are plotted in Figure 8 as a
function of toroidal field strength
(x ©) and these clearly show the

In addition the decay

. y p 2
times observed in the afterglow varied as 92 as would be expected for D‘I(nf/no)

We conclude that it was the collisional drift instability which was observed and

there were strong indications that the fluctuations determined the loss rate

of the plasma in the afterglow.

mining the containment

time at

This instability was reported [15] as deter-
T, < 1 eV in FM 1,
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Fig. 9 Average electron density and He I light signal
as a function of time in the afterglow. The
He I signal shows the effect of beam heating

6. HEATING OF THE PLASMA BY NEUTRAL INJECTION followed later by recombination light.

Fig. 8 Fluctuation amplitude in the afterglow as a
Tunction of shear strength.

Heating of the plasma by an injected beam was observed in the afterglow
to give an increase in T, from < .1 eV up to 2.5 eV. The effect is illus-
trated in Figure 9 where the observed He I light intensity, used to measure
T,, and the electron density are shown at the time that the neutral beam was
switched off. The He T light falls abruptly as the electrons are cooled and
recombination light appears ~ 100 msec later. The total fast ion population
was measured by means of a foil covered Faraday cup immersed in the machine
field close to the plasma. The absence of correlation between the signal to
this detector and the He I light intensity as the gas pressure was varied
indicated that the light signal was due to excitation by electrons rather

than by hot iomns.

The fast neutral energy spectrum for the 15 keV component is shown in

Figure 10 in comparison with predicted spectra [16 ] for two ratios of slowin
P p g

down time T to charge exchange time P of 60 and 80. These values of

TS/TCX were consistent with the measured values of n i and N.

e’ e

By using the measured electron density, Hy, and He pressures and the
neutral beam power the electron temperature could be predicted from the
equilibrium equations for hot ion density, cold ion density, Te and Ti [6].
Comparison of predicted and measured T, is shown in Figure 11, where the
agreement is seen to be reasonable. The rate of density decay was reduced

by the beam heating through additional ionization by the hot ions and by the

electrons. The predicted ionization however was less by a factor of 10 than

that required to explain the results but this quantity is sensitive to the
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and to the ionization rate coefficient in this low

Under the present conditions the short charge exchange

time prevents sufficient power transfer to occur for build-up of the plasma

density.

i BEAM INDUCED PLASMA CURRENT

The possible existence of a beam induced plasma current was first suggested

by Okhawa [ 1].

The effect on the current of neo-classical corrections was

considered by Connor and Cordey [17] and the correction to the Ohm's law by

Callen et al. [18].

Evidence for this current was obtained here by modulating

the beam at 120 Hz and detecting the modulated plasma current through the

voltage induced in the cage circuit, which loops the plasma in the poloidal

direction.

The beam current can be defined as I

IO (1 + cos wt) and the

net plasma current in the poloidal direction is then given by

I(t)=I<n o] +No.>2.
P o e cXx gl

.[“

I (n o +No .)¢ 1is the intensity of the trapped ion current,
o' 'e ¢x gi

where

B
P

B
. i 1
field pitch angle, Ty, = (?E; + ?g

1L
e
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BEAM
TL Zfast ion Ts(o) 1
cos ¢ . — . I = 7 . 5 "
c eff T, —T-e) EL & &)

cos(wt - tan_l(wTL))

*)

LRI}

2 2.1
(1 +w TL)

|

cos ¢ 1is a geometrical factor ET allow for the angle of injection and

is the momentum loss time for fast iomns,

5

is the time for a fast ion to pass around the minor azimuth so that —

(e

i




is the amplification factor due to circulation. E 1is the fast ion energy.

The correction factor
[:l _ Zfast ions TS(O) 1 :}
Zeff T (E/T) (L% 1)
s e

allows for the back electron current which tends to cancel the current due to

fast ion motion. Here a correction is made to Ty since v and

e ¥ Vfast ion
for 5 keV ions under the present conditions Ts(o)/Ts(E/Te) =~ 0.8. The neo-
classical factor, (1L + f£) is about 1.1 when allowance is made for the effective
Ae so that the back electron current is expected to cancel the hot ion
contribution by 70 percent. The last factor in equation (4) is the time
dependence of the plasma current due to the modulation of the beam. The volt-

age induced on the cage is given by

VCAGE=_%ff Ko Ip(t)% :
In the present case Wt << 1 and the overall phase shift expected was close
to 90°. The predicted vcage R510-6 volt. To reduce the effect of noise the
signal was passed through a narrow band filter and then averaged in blocks
of approximately 5 cycles in synchronism with the beam modulation by means of
a multi-channel analyser. Figure 12 shows the signal amplitude with and without
the plasma as a function of the number

l2r . of records. Both the amplitude and

phase of the observed signals were
Beam + plasma
close to those expected. Measurements
are continuing so as to establish the
scaling of this signal with plasma
density, gas pressure, beam current

and parallel velocity of the ions.

Cage signal (pV)
o
T

Beam alone

8. CONCLUSIONS

Fluctuations were observed in a

current driven discharge with low

; ., wvalues of u/ve (€ 0.1). The fre-
0 2 4 6 8 10 2

quency, location and scaling with shear
Pulse number

and current strongly indicated that
Fig.12 Integrated cage signal due to modulated plasuatl'€S€ Were due to the current driven
current .and baclkground noise as a function of

the number of pulses recorded. drift inStability' At the hlgher

driving currents the plasma loss rate appeared to be dominated by these

fluctuations and this may be relevant to other machines which use plasma

currents to produce the confining field.




In the afterglow the measurements indicated the presence of the collisional

drift instability. The scaling of decay rate with shear was consistent with the

loss rate being determined by the fluctuations.

Heating of the plasma in the afterglow by means of neutral injection was

in agreement with classical predictions.

By modulating the neutral beam preliminary evidence was obtained for a

plasma current driven by the fast ioms.
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BELT PINCH EXPERIMENTS
F. Hofmann, L. Bighel and J.M. Peiry
Ecole Polytechnique Fédérale de Lausanne, Switzerland

Centre de Recherches en Physique des Plasmas

Abstract: This paper comnsists of two parts: In the first part, a brief
survey is given of the major belt pinch facilities around the world,
whereas in the second part, the Lausanne Belt Pinch experiment is discus-

sed and the results of recent measurements are presented.

1. Introduction

As is well known, the basic idea of the belt pinch [1] is to extend the
stability domain of toroidal confinement devices to higher beta values

by increasing the minor circumference of the plasma, without increasing
its major radius. This can be done by elongating the minor cross section
in the direction of the major axis of the torus. The belt pinch configu-

ration is shown schematically in Fig. 1.

——
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|COMPRESSION PLASMA

lcow K’
T

7

-

It may be regarded as a toroidal screw pinch

\

with non-circular cross section or, equi-

- valently, as a straight hard-core screw

Y

pinch with closed ends. The pinch is pro-

%

duced by helical currents flowing on the

inner and outer cylindrical surfaces of the

Q
AL TN

torus, as indicated by the little arrows

(Fig. 1). The induced currents in the plasma

are also helical; they can be considered as

a a superposition of two closed current loops:

a toroidal and a poloidal one. The poloidal

plasma current usually decays more rapidly
Fig. 1: Belt Pinch Geometry

than the toroidal current because its L/R




time is smaller. When the poloidal current disappears, the diamagnetic dip
in the toroidal field is filled in, and the pinch switches from the high-
beta to the low-beta phase. In the low-beta phase, the configuration is

identical with that of the Doublet or the elongated Tokamak.

Here, we are mainly interested in the high—beta phase and its stability.
Obviously, the high-beta phase can only be studied when the plasma is
relatively hot, such that resistive diffusion does not destroy the confi-

guration.

2. Survey of World Effort in Belt Pinch Research

Table 1 is a list of the major belt pinch devices, whose results have been

published in the literature.

Table 1
Device Major |Axial |Toroidal o, Te High-Beta
Plasma|Height|Plasma max max |Confinement
Radius Current Time
15 =3
(cm) |(cm) [(kA) (10" em ~)J(eV) | (us)
1. NRL Pharos 3.5 180 1200 18 40 5
2, Julich TESI 6 34 30 13 20 8
3. Julich TENQ 46 108 200 3 30 60
4, Garching ISAR IV| 24 100 200 10 20 10
5. Garching 1MJ 57 250 200 15 40 50
6. Lausanne 16 70 200 10 55 30

2.1, The NRL device [2], on top of the list, is actually a hard-core theta
pinch, rather than a belt pinch. When it is operated with a reverse bias
field, however, it produces a magnetic field configuration which is prac-

tically identical with that of the belt pinch. The experiment was first

operated about 7 years ago, and the results were rather discouraging:




Confinement was lost after 5 us. This was associated with an instability
originating at the outer plasma boundary where the Suydam criterion is
violated. The instability was first thought [2] to consist of rotating
flutes, but it was later identified [3] as a spiral structure, moving

along with the axial contraction of the plasma.

2.2. In the TESI device [4,5] at Julich, plasmas with relatively modest
elongation were studied. The high—beta phase originally lasted for about

2 us only., It was later increased to 8 us by increasing the voltage, i.e.,
the B at time t=0. It was found that, when the filling pressure was lowered
below about 50 mTorr, the high-beta confinement time and the temperature
were reduced, rather than increased as one would normally expect. This

behaviour was attributed to the presence of impurities in the plasma.

2.3. The TENQ machine [6,7] is a much larger version of the same basic
design. It uses a toroidal bias field to reduce beta, and thus improve the
stability. Beta is about 0.3 and lasts for over 60 us. The elongation of the
minor cross section can be controlled within certain limits, the maximum
elongation being about 4. At high filling densities, the plasma contracts
axially until it reaches an equilibrium length. At low filling densities,
however, the ends of the plasma seem to become unstable, and the confinement

is lost after a few us.

2.4, In the Garching ISAR IV belt pinch [1,8,9] stable confinement of up to

100 us has been observed. However, for most of this time, the plasma was
in the low-beta state, and the temperature was between 3 and 5 eV [9]. The
high-beta phase lasted for about 10 ps. In some cases, helical flutes were
observed on the outer plasma boundary, but these were not serious, i.e.,
they did not destroy the confinement. The flutes usually disappeared during
the axial contraction. Experiments were performed at various gq-values, and

the pinch was found to become grossly unstable below about gq=2.4.

2.5. The Garching 1MJ device [10,11] is by far the largest of all belt
pinches. The high-beta phase was seen to last for about 50 us and the maxi-
mum electron temperature was 40 eV [11]. This experiment has recently been

modified, and is now being run at higher voltage [12].
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2.6. The Lausanne Belt Pinch [1i], the last item in Table 1, will be dis-—

cussed in detail in section 3 of the present paper.

In addition to the six experiments mentioned above, there are several new

belt pinches, presently under construction or just starting operation. Two

of these machines have recently produced initial results: The TERP expe-

riment at the University of Maryland [14] and the High Voltage Belt Pinch
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Fig. 2: Schematic of the Lausanne
Belt Pinch: 1) inner helical coil,
2) outer helical coil, 3) conduc-
ting shell, 4) vacuum vessel, 5)
connecting pieces, 6) feed cables,
7) slit for streak photography,

8) pumping ports.

at Garching [15]. The latter is being
used to study the fast implosion in

belt geometry.

In summary, we note that the results
obtained to date in belt pinches are
very encouraging, but in general,
temperatures are still quite low, and
one does not know whether the high-
beta phase is stable at higher tempe-
rature. To produce a high temperature
belt pinch is difficult, mainly because
of technological problems associated
with high-voltage insultation and

reduction of impurities.

3. The Lausanne Belt Pinch

3.1. Experimental Apparatus

The main components of the experiment
are (1) a fast capacitor bank with
120 kJ stored energy, (2) a metal-to-—

metal crowbar switch and (3) a helical-

ly wound, toroidal compression coil (Fig. 2). It should be noted that the

coil is fed on both ends, in order to reduce its inductance, and thus in-

crease B. Important experimental parameters are listed in Table 2. The

toroidal discharge tube consists of a single piece of Pyrex. Pre-ionization
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of the deuterium gas is achieved by a high-frequency (4-MHz) electrostatic
excitation, followed by a fast (1.2 us FWHM) current pulse through the main
coil. The pre-ionization discharge is damped by non-linear resistors. The
main bank is triggered 1 ps after the end of the pre-ionization current,
and the crowbar switch is normally fired at zero voltage (maximum current).
The device is surrounded by a conducting shell (see Fig. 2) whose diameter
can be changed in order to control the radial equilibrium. Extreme care

has been taken to reduce the impurity content in the plasma to an absolute
minimum. A turbomolecular pump is used and the entire vacuum system is

made exclusively of metal and glass.

Table 2: Experimental parameters of the
Lausanne Belt Pinch

Diameter of inner helical coil (2rc) 20.4 cm
Diameter of outer helical coil (ZrW) 43.4 cm
Height of coil (H) 80.0 cm
Main bank capacitance 150.0 WF
Maximum charging voltage 40.0 kV
Coil inductance, without plasma 40.3 nH
Quarter period (t/4), without plasma 5.2 us
L/R time of crowbarred current 400 s
Maximum coil current 1.8 MA
Maximum toroidal field (at r=rc) 17.0 kG
Maximum B at t=0 5.1 x 10° G/s
Maximum E-field on plasma surface, at t=0 250 V/em

3.2. Streak Photography

Fig. 3 shows typical streak pictures, taken at 30 mTorr D, filling pressure

and 30 kV charging voltage on the main bank.
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The picture at the top was taken end-on, through a radial slit in the coil.

It shows the radial motion of the plasma between the inner and outer walls

of the torus. Four different phases can be distinguished: (1) a fast implo-

sion which takes about 0.7 us, (2) a slow radial oscillation of the plasma
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Fig. 3: Streak photographs and
plasma current at 30 mTorr D2.

as a whole, around its equilibrium
position, (3) a stable equilibrium
phase, and (4) a disintegration
phase, characterized by the ap-
pearance of light at the inner and
outer walls of the glass torus.

The disintegration is probably due
to a deformation of the plasma
minor cross section, followed by
plasma-wall contact and rapid
cooling. In the middle (Fig. 3),
there is the corresponding streak
picture taken side-on. It shows
that there is practically no axial
contraction. During the disinte-
gration phase, however, one notices
a certain asymmetry: Additional
light appears first on one side

(z < 0). Finally, the curve at

the bottom of Fig. 3 is the toroidal

plasma current as a function of

time. The current rises rapidly and reaches its maximum value of about 200

kA at 5 us. It then stays roughly constant for some time and finally drops

off abruptly. The decay of the toroidal plasma current is obviously cor-

related to the disintegration of the pinch, as seen on the streak pictures.

Fig. 4 shows the effect of lowering the filling pressure: At 20 mTorr, the

confinement time is somewhat reduced and the toroidal current starts drop-

ping about 10 ps earlier than it did at 30 mTorr. Note that, here again,

we see no axial contraction.




From streak pictures such as the ones shown in Figs. 3 and 4, we can mea-—
sure the major radius of the plasma in its equilibrium position. The plas-—
ma radius depends on the radius of the conducting shell, as is shown in
30kV, 20 mTorr D2 Fig. 5. The three circles are
measurements, and the solid curve
is a theoretical result, where the
parameter Be has been adjusted to

produce the best fit with the mea-

RADIUS

surements. f_., in our terminology,

9’

g is the toroidal beta. a is the
EI radial width of the plasma as mea-
O
% = sured on streak photographs. There
< <t g
:E 55 is good agreement between theory
= and experiment (Fig. 5), and, in
< gg addition, the Be—value that was
{% < 02 - used in the theoretical model
}_ .
=< 7 agrees, to within experimental er-
=1 I
é Bc: 01 - ror, with the one that is obtained
EE EB 0 | | | from direct measurements of density
0 10 20 30 40 and temperature. From this we con-
TIME (us) clude that the theoretical model
Fig. 4: Streak photographs and is probably valid. The model as—
plasma current at 20 mTorr D :
2 sumes constant-pitch, force-free

fields between the plasma and the

glass walls. Such fields are commonly observed in screw pinches.

3.3. Magnetic Fields and Currents

The magnetic field configuration, at the time of maximum compression (5 us)

is shown in Fig. 6. B, and BZ are the toroidal and poloidal field compo-

8
nents, respectively. The curves (Fig. 6) were constructed in the following
way: The fields outside the coil were measured with probes. Between the coil
and the glass walls, vacuum field distributions were assumed, In the pres-—

sureless plasma,the fields were calculated according to the constant pitch

force-free field model.This model is known to be accurate from radial equili-
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brium measurements (Fig. 5). Finally, in the dense plasma the fields were
drawn such that the total beta corresponds to the experimental value which

is obtained from density and temperature measurements. Thus, we believe

20 that the curves shown in Fig., 6 are
fairly accurate representations of
& MEASUREMENT _ _ )
- the actual fields in the pinch. These
18
e = THEQRY , @=Biim, will, of course, have to be verified
0 Be = 0.31 , , ,
= with magnetic probe measurements 1in
<
x 16~ the plasma.
<
%
< A close inspection of Fig. 6 reveals
[an 14 -
that the force-free currents are
parallel to the magnetic field lines
I |
020 30 40 50 on the outside, but anti-parallel on
SHELL RADIUS (cm) the inside of the belt shaped plasma.
Fig, 5: Plasma radius This behaviour has already been seen

. shell radi . . :
el in computer simulations [lﬂ]. It

implies that, near the ends of the
G i T >
belt, there must be a transition region, where the angle between ] and B
. o > p
changes from zero to ., In that region we expect ] x B forces having

azimuthal components. These forces tend to rotate the "pressureless' plasma.

Another consequence of the phenomenon mentioned above is that the force-
free currents have a large influence on the radial equilibrium. It is in-
teresting to note, for example, that the poloidal field at the outer wall
is actually smaller than it is at the inner wall. This is just the opposite
of the usual situation in Tokamaks, where the plasma is surrounded by vacu-

um fields.

Clearly, the radial equilibrium configuration shown here (Fig. 6) is only
valid during the early stages of the pinch, because, in a true two—dimen-—
sional equilibrium, there is a separatrix somewhere between the plasma and
the outer wall, and outside the separatrix, there must be vacuum fields.
However, the transition from the one-dimensional radial equilibrium to the

two-dimensional toroidal equilibrium is still somewhat of a mystery.




Fig. 7 shows the coil current and the toroidal plasma current as functions 5
of time. The coil current decays exponentially with a time constant of

about 400 ps. The plasma current

INNER GLASS  OUTER CONDUCTING .
Com\\\l WALLS COL | SHELL reaches 200 kA in 5 us, as was
i TR |

already seen in Figs. 3 and 4, then

| |
I \
1% L i ‘ :
|
\ | 30kV s .
[ \ } it stays flat for some time, and
121~ | \ I
' } : finally, it switches itself off
el } I rather abruptly. The duration of
(O] 5
x Br t I the plasma current depends mainly
= | ; E :
g 6 | on two parameters: First, it in-
T
o | B, l creases with the filling pressure,
'_-
i /// : and second, it depends quite cri-
Q 2+ ; - :
§ i tically on the crowbar firing time:
| s P
0 The earlier the crowbar fires, the
=i longer the current stays up. The
. | Bz first of these two effects seems
0 10 20 30

rather obvious: At higher pres-
MAJOR RADIUS (cm) ,
sure, the mass of the plasma 1s

Fig. 6: Radial magnetic field

T greater and consequently, any

unstable motion is slowed down.
The second effect might be explained as follows: When the crowbar fires
early, the adiabatic compression phase is cut short, and the plasma remains
relatively thick. Consequently, the pinch may be closer to its final equi-

librium where, according to theory, the plasma must be thick.

Inspite of a number of efforts to clear up this loss—of-current phenomenon,
the actual cause has not been found as yet. In order to find out whether
the plasma might be unstable in the axial direction, we have measured the
toroidal current in the conducting shell. The result is shown in Fig. 8.
Here, we have plotted the current density, in kA per cm of axial length,

as a function of the axial distance, z, and as a function of time. We note
that the current remains symmetric with respect to the midplane, z = 0,

and that its axial distribution does not change appreciably until about

t = 20 ps. This seems to indicate that there is very little axial plasma
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motion, because if the plasma were moving axially, it would induce image

currents in the shell, and the axial current distribution would change

drastically. After 20 ys, however, the current in the shell starts to
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Fig. 7: Coil and plasma currents

80

increase, first at the right
and then at the left. The
resulting current asymmetry
correlates with the asym—
metric appearance of light,

at the wall as seen on the
side-on streak photographs
(Figs. 3 and 4). The asymmetry
is probably caused by radial
and/or axial displacements of

the ends of the plasma.

3.4. Thomson Scattering Mea-

surements

A Thomson scattering system

has been built for this experiment in order to measure electron densities

and temperatures. The system uses a 7 Joule ruby laser and a 9 channel

polychromator, both mounted on a movable plat-form. The laser beam traverses

the plasma parallel to the major axis of the torus and the scattered light

: o ; ; ; ;
1s observed at 90 , on the midplane of the torus. Radial scanning 1is

achieved by displacing the entire system horizontally.

Fig. 9 is a typical radial profile of temperature and density, taken in the

midplane of the torus, at 5 8. The maximum temperature is 55 eV and the

temperature distribution is quite flat., Note that the plasma is very narrow,

about 7 mm FWHM. This seems to contradict a theoretical result [}7] which

says that there can be no equilibrium when the radial width of the plasma

is less than half the width of the chamber. It has been pointed out recently

DS], however, that this condition does not apply to plasmas surrounded by

force-free currents. Temperatures and densities were also measured at later

times and the corresponding beta values were calculated, assuming Ti= Te'




The result is shown in Fig. 10. Note that the beta decays rather slowly,

which indicates that radiation losses are small.
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Fig. 8: Toroidal current per unit
length of conducting shell.

From these results we can

compute a number of interesting

parameters. B-poloidal turns

out to be 8, i.e.,

roughly

equal to the initial aspect

ratio of the pinch.,

factors q is about
energy confinement
fined as the total
the plasma divided
ohmic power input,

to 180 us. This is

The safety
4, and the
time, de-
energy in
by the
is equal

conside-

rably longer than the plasma

confinement time,

3.5. Conclusions

Measurements in the Lausanne

belt pinch have shown that:

(1) High beta equilibria with highly elongated plasma cross—section can

be established. (2) These equilibria appear to be grossly stable for a

certain time and then decay abruptly. The duration of stable confinement

is proportional to the filling pressure and varies between 20 and 40 ps.

(3) The plasma major radius can be conveniently controlled by varying the

radius of a conducting shell placed around the outside of the torus. (4)

Force-free currents circulate in the pressureless plasma surrounding the

pinch. These currents are parallel to the magnetic field lines on the

outside, and antiparallel on the inside of the belt-shaped plasma. (5)

No axial contraction of the plasma has been observed. This is probably

a consequence of image currents in the conducting shell as well as force-

free currents in the pressureless plasma,

(6) As a result of a high value

of B at t=0 and extreme care to reduce the amount of impurities in the
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Belt Pinch

pinch, a relatively high temperature has been reached. The temperature is
seen to remain almost constant as long as the plasma is stably confined.
Consequently, it will be possible to study the stability properties of the

high-beta phase in the Lausanne Belt Pinch.
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RECENT HIGH-B STELLARATOR EXPERIMENTS AT GARCHING

E. Funfer, M. Kaufmann, J. Neuhauser, G. Schramm

Max=Planck-Institut fur Plasmaphysik, Garching, Germany, EURATOM Association.

Abstract: After a short description of the basic ideas of the High-8 Stellarator (HBS),
we summarize the results of the toroidal HBS experiment [SAR T1-A /1/ and present
new results from the modified version ISAR-T1-B with large €= 1 plasma distortion
(6,42 3;helically shaped quartz tube and magnetic field coil). In spite of the large
helical distortion, the equilibrium was obtained without strong helical oscillations.
Furthermore, no B x 51 restriction was found in contrast to sharp boundary theory, but
in agreement with a recent unscaled calculation. The equilibrium was unstable to the
m= 1, k2 0 mode (high compression ratio, i.e. no wall stabilization). Only in the

absence of gyrostabilization (cug L 1, rp/rg%, 7) m = 2 instability was observed.

Introduction: Confinement at high-8 is very attractive for a fusion reactor. At
Garching, two different high- concepts are in work: The Belt Pinch and the High-83
Stellarator (HBS). While the Belt Pinch can be regarded as high-8 Tokamak with
highly elongated cross section, the HBS is completely different from low=-8 machines:
it is a slender configuration with large aspect ratio, the toroidal equilibrium is
achieved without a toroidal net current and without Pfirsch-Schliter currents parallel
to the field lines. As a consequence of these properties, transport mechanisms should

be more classical than in low aspect ratio machines.

The question of whether a possible HBS-reactor should be a short-pulsed machine (as in
the Los Alamos concept) or a quasi=-stationary one without strong shock-heating, seems

to be of minor importance at present.

The main problem concerning the HBS is the question of stability against the long wave-
length, low m-number MHD-modes. Since complete MHD=stability may be impossible
for a total B near 1, it is important to consider also real plasma effects, such as the

finite gyroradius.




At high-8, the €= 1 stellarator configuration is obviously superior to other f-stellarators
with respect to m = 1 stability (wall stabilization) /2-6/ and because of the possible
selfstabilization of high m=number modes by magnetic well-deepening which occurs
only at high-8 /7/. Toroidal equilibrium can be achieved by adding {= 0 and/or

€= 2 fields with the same magnetic field period /3/. These additional components

must be kept small in order to retain the favourable £=1 stability. Linear experiments
with €= 1 symmetry started at Garching in 1969 using the 5.4 m coil of the ISAR-1
©-Pinch (ion temperature 50 eV ... 2 keV; bank energy 0.5 ... 2.6 MJ). After a
toroidal sector experiment, the first complete toroidal experiment ISAR-T1-A was put
in operation at the end of 1972, using the same ISAR-1 condenser bank. The modified
version I1SAR=T1-B has now been in operation since April, 1975. In the following, we
summarize the results of ISAR-T1~A /1/ and present results of ISAR-T1-B concerning
toroidal equilibrium and stability for large €= 1 plasma distortion (8,2 3). Special
attention is paid to the m = 2 stability in the collision-free as well as in the collision~
dominated regime. Finally, the results and their impact on the future HBS-develop-

ment are discussed.

1. Summary of ISAR-T1-A Results. Isar TI-A was designed asa flexible, toroidal HBS

with a fairly large P= 1 distortion (5,,,\4/ 1.5) and a moderate elliptical deformation

(8§, < 0.25). The P=1 and €=2 fields were generated by helical wires inside the

toroidal ©-Pinch coil and could be varied independently. Part of the experiments were

also carried out with a small, but fixed €= 0 component ( oé 0.06). The main
results were:

a) Toroidal HBS-equilibrium close to that predicted by theory /3/ could be achieved.
[nitial dynamic effects were explained by a simple dynamic model.

b) m =1 instabilities with n < 6 were observed with growth-rates close to theorectical
predictions /4/ (instability of form exp[m 0 - n‘f-?; @ in azimuthal, ¥ in toroidal
direction).

c) Indications for m= 2 instability were found in collision-dominated plasmas only
(ng“f; 1;&)9 = ion gyroradius,’l’ii = jon-ion collision fime). The open questions
regarding the m = 2 mode required further investigations on the ISAR-T1-B

experiment.

A detailed description and the results of ISAR=T1-A as well as references to the pre-

ceding experiments can be found in /1/.
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2. The New Version |SAR=T1=B

___________________ |
Based on the experience with the flexible ISAR-T1-A experiment, a new version, ll 1

ISAR-T1=B,has been constructed, using a helically shaped coil and vacuum vessel. By
this technique, the following main characteristics could be achieved:

a) The helical €= 1 distortion could be doubled.

b) The initial €= 1 oscillations were nearly suppressed.

c) The E=2 and €= 0 sidebands could be made sufficiently small, thus preserving

the ¥=1 stellarator properties also in toroidal geometry.

In the experiment, the toroidal field coil was shaped like a toroidal flux surface with a
strong €= 1 stellarator field (screw-type deformation) and with small €= 2 (elliptical)
and €= 0 (bumpy) sidebands. Reasonable flexibility was ensured by additional § =2
windings. The number of identical periods was reduced from N =24 1to0 16, i.e.

E=h . rp (h=2%/A, 2 length of a period) became smaller. Because of lower average
coil inductance, the magnetic field rise-time was slightly decreased. The quartz tube
was shaped like a toroidal cork-screw with a round local cross section, fitting the main
P= 1 deformation of the coil only. The main data of both experiments are compared in

the following table 1 (bank energy 0.5 MJ; values in brackets for 1.5 MJ):

ISAR-T1-A ISAR-T1-B

Large diameter 2471 m 271 m
Minor average coil diameter 21 cm 17 cm
Inner tube diameter 9 cm 9.2 cm
Number of periods 24 16
Maximum magnetic field 1.4 T j O O P 3
Rise time 5.5 ps 4.7 ...6.4ps)

§4 0...1.5 23

8§y 0.:4 0.3 0.05...0.15

So 0 or 0.06 0.1

Figure 1 shows a segment of the coil (cast aluminum) and the toroidal arrangement of
segments together with the screw-type quartz vessel. The asymmetric corrugation of
the inner coil surface is readily seen. In Fig. 2, a photograph of about two periods is
shown. The front part of the coil is removed revealing the helical tube and the f=2

correction windings.
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The same preionization by a toroidal z-Pinch and a preceeding HF-discharge was

applied as in [SAR-TI-A /1/.

Fig. 2: Part of the ISAR-T1-B torus. The front

segments of the shaped coil are re-

moved.

Fig. 1 Top: Toroidal field coil segment with inner surface shaped like a magnetic sur-
face; the rotating ellipse is indicated. = Bottom: Toroidal arrangement of coil

segments. The screw-type quartz vessel is also shown.

2.2 Diagnostics and Plasma Parameters

The gross plasma behaviour (equilibrium, low m=number instabilities) was observed by
stereoscopic image converter streak cameras and a rotating mirror camera which could
be moved around the torus individually. Observation was concentrated on two opposite
parts of the torus, each one two and a half periods long and covered by 10 observa-
tional slits.

Discharges were made with a filling pressure between 10 and 66 mTorr deuterium. The
electron temperature for po-,:?/20 mTorr was measured by laser scattering (ruby laser,
A= 6943 K) . No special windows were used. A triple monochromator /8/ was used to
suppress the high stray light level. In Fig. 3, the electron temperature is given for
different filling pressures. The electron temperature during the magnetic field rise~time
was also determined from the time dependence of the intensity of oxygen lines by
solving the rate equation. Curves for 10,20 and 40 mTorr are also drawn in Fig. 3,
showing reasonable agreement. For filling pressures po—%20 mTorr deuterium, the ion
temperature is approximately equal to the electron temperature because of rapid colli-

sional relaxation. At p, = 10 mTorr T; should be higher than Te .
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The area density was measured side-on by an infrared laser interferometer (A= 3.4 p) -
Because of the distorted plasma cross -section, especially in case of m=2 instability,
reliable Abel inversion was possible only in some cases. The density obtained in this
way was used to calibrate the local density measured by laser scattering (integrated
spectrum).

Average density values are included in Table 2 (see below). At 4 ps the B on axis was
about 0.65 + 0.15 and the oxygen impurity content was &=.0.2 % for all filling pres-

sures.

Shock compression in the toroidal helical quartz tube (radius of local curvature %27 cm)
yielded a well-compressed plasma column (rp‘,{;] cm) with the same helical displace-

ment (r 27 3 c¢m) as the quariz tube. The average plasma helix radius did not change

H

afterwards , as shown in Fig. 4, i.e. no helical oscillation were excited in contrast

to the preceeding experiment with a non-distorted vessel. Obviously, e 3 cm

corresponded to the equilibrium plasma position as predicted by the sharp boundary re-
lation "H ™ / (1-8/2), though the latter was used far beyond the expected range of

validity (radius of vacuum magnetic axis Y 2.25 om, @)fO.S s 1,,%3.2 cm). The

H
<I’H>
[cm]ﬂ ; 5o
4 Fig. 4: Variation of the average radius of the
ISAR-T1-B
3 L plasma helix (P= 1 distortion) in
ISAR-T1 =B and the preceding ISAR-T1-A
2 /ISAR*TI
; experiment. The average plasma radius
is rpffl em, i.e.§,= 3 in ISAR-T1-B
0 | . T

Gt 1 2 3 & B §eps (20 mTorr, 0.5 MJ).
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B . S‘I-Iimit for a circular sharp bondary plasma /5/ was exceeded by a factor of three
without visible effect (3 . SI% 2). On the other hand, the experimental results were
in excellent agreement with a recent straight €= 1, high-B equilibrium calculation
/6/ with realistic pressure profile without small parameter expansion. The £= 0 and
€= 2 plasma deformations should be about 6-2:5 Joqf, 0.1 (B=0.5). A detailed investi-
gation is underway.

When the self-induced toroidal plasma current (see /1/) of about 10 kA had been com-
pensated, the plasma still moved slowly in the drift direction. Driving a small current
in the £= 2 correction windings proportional in time to the main field (2.7 kA at
maximum, i.e. increasing 52 by about 30 %), excellent toroidal equilibrium was
achieved. Above this value, the plasma moved towards the torus centre, i.e. the
toroidal drift force was overcompensated. In Fig. 5, the motion of the plasma helix is
drawn for different current IB= o In the case of an optimum balance of the toroidal
drift force, a displacement was found in the toroidal drift direction similar to that in
ISAR-T1-A, but with lower amplitude (Fig. 5). Though 5‘] is nearly constant in time,
the oscillations connected with the formation of the = 0 and £= 2 distortions can

cause such a shift /1/.

[Sgl-h— Ji.2=h1 KA Fig. & Toroidal displacement
2. Ttorus centre / o of ihe plasma helix for
0 i 255 different current T'B= 2
2: 225 in the £= 2 correction
l.: 5 windings (20 mTorr,
6o 1 2 3 4 & 6 7 ‘trps) 0.5 MJ).

2.4 m=1 Instability
An extensive m = 1 mode analysis has been made at SAR-T1-A, where unstable modes
with n £6 and growthrates close to those of sharp boundary calculations were found

/2. 3F (a’m =, P % h VAE((]‘/B(Z-B) (4-3B)/ 8 (8-B)'). In ISAR-T1-B, only a rough

m = 1 growth rate was deduced from the average helix motion parallel to the main axis

which should not be influenced by eventually non-perfect toroidal equilibrium. The
sum of the displacements observed in two opposite parts of the torus (7 observational

slits each) corresponds to the amplitude of m = 1 modes with even toroidal wave number




(n=0,2,4), the difference represents the amplitude of odd modes (n=1,3,5). For

both cases the same e-folding time of 1.5 + 0.4 ps was found for 20 mTorr, compared

to an extrapolated theoretical value of 1.7 ps. Again, the simple sharp boundary theory
obviously predicts the correct growth rate for m = 1 modes also in toroidal geometry and
for large S] . The stabilizing wall effect, predicted by the same theory for small wall
distance, was completely negligible in both experiments because of the high compres-

sion ratio (wall radius/plasma radius = 10),

2.5 mx 2 Instability

Fast growing m X 2 instabilities are predicted by sharp boundary theory /2/ with a
growth rate much larger than for the m =1 mode. A diffuse pressure profile leads to
slightly decreased growth rates /6, 12/ only.

These instabilities have not been observed in hot pinch plasmas, and it was claimed
that the finite gyroradius has a damping or even stabilizing effect /9, 10/, In
ISAR-T1-B, collisionless (cog 'Tii 5 1) as well as collision-dominated (wg 'Tii <1
plasmas could be preduced by varying the filling pressure between 10 and 60 mTorr.
The high(f , the small E(a’m _ Z/Xm = ]:\c B/¢ 27 in sharp boundary theory) and the
absence of 6] oscillations facilitated the m= 2 investigations. In Table 2 average
plasma data are given for t=x 4 ps (nA = density on axis, rg = ion gyroradius). For a
filling pressure po?\.. 30 mTorr the gyration is strongly affected by collsions and, in

parallel, the ratio rF/rg becomes smaller than required for gyrostabilization /10/.

P [mTorr] ny [cm_s:l rp[m m] o /r Q% oy

¢
10 Tor 6 4 16
20 2.10'¢ 7 5 6

Table 2 30 2.5.10'° 8 7 2.3
40 2.5.10'¢ 9 8 2

60 4.10'% 10 10 0.8

In Fig. 6, selected stereoscopic smear pictures for 10, 20, 40, and 60 mTorr are shown
taken at the same position (bulge region): At 10 and 20 mTorr only a m = 1 instability
is found, while a m = 2 mode develops for higher pressure and correspondingly lower
temperature. Usually the mode structure is much more complex and one cannot de-

duce a single m-mode with a definite wavelength. In selected cases, a wavelength of




10 mTorr 20 mTorr

i LD mTorr 60 mTorr ‘

Fig.6: Selected stereoscopic smear pictures at the same positon for 10,20,40 and

60 mTorr (0.5 MJ) showing m = 1 and m = 2 instabilities, respectively. The rippl= for

t> 5 ps is caused by an electronic signal pick=up in the image converter.

at least 4 helical periods has been deduced from simultaneous smear pictures at three

different positions.

For a typical case (30 mTorr), the m = 2 distortion §2 = (a=b)/2*b(a, b: major and
minor axis of the ellipse) obtained from smear pictures, is drawn as a function of time
(Fig. 7a). The curve can be interpreted as a superposition of a damped m = 2 oscil-
lation and a growing m = 2 instability. The frequency and the damping coefficient of
the oscillation are close to those of the short-wavelength, helical m = 2 oscillation
of a diffuse plasma column /1,11/The remaining unstable motion (Fig. 7b) yields a
growth rate of = 1.2 . 1064_-_- 0.3 s_] for fZ < 0.3 which decreases continuously

to about 0.5 . 106 s-] . The initial growth rate is by a factor of two smaller than the

bound B
sharndalis ¥y, = th<§]Vr33/(2-r3) 22.5 . 10°57

with recent calculation with diffuse pressure profile and arbitrary cﬂ /6/ and also with

) /2/, but would roughly agree

an unscaled numerical calculation /12/.




10-

0 : ZT-:-\-.zl"'
In€, aus Fig. 7: The time dependence of the ellip-
0 - ~ AR | ———— 3
| /\1” tical distortion 52 = (a=b)/2 b is
=2 Q%\y’://// shown (full line ). For the averaged
_4: “i// growing motion (dashed lines) the

y logarithm is drawn also.

0 1 2 3 L 5 tl[ps]

Conclusions: The experiments, carried out on ISAR-T1-A and ISAR-T1-B, give clear
results regarding the toroidal equilibrium and the behaviour of the m= 1 mode. The
toroidal drift was compensated with helical distortions =1, 2, 0) of the plasma
column close to theoretically predicted values. Even forextremely large =1 deforma-
tions (§, ® 3), the known formulas keep their validity. The m = 1 long-wavelength
modes were unstable in these highly compressed plasmas (K =10) and the growth rates
were in agreement with the sharp boundary model. These results have been confirmed
by the results from the closed SCYLLAC torus, reported recently /13/. Following the
same theory as above, it can be expected that the m = 1 mode becomes wall-stabilized

in a possible new experiment with a low compression ratio of the plasma column.

In contrast to the situation with the global m = 1 mode, modes with m= 2 were not
observed under standard condiiions, although large growth rates are predicted by the
MHD-theory . In the experiment, m = 2 instabilities were detected only when the
plasma was collision-dominated (wgifiif 2). In that case, rough agreement with
growth rates, calculated for diffuse profiles is found. In the collision-free regime, the
finite gyroradius is believed to stabilize m =2 modes. There remains, of course, the
important question of how a reactor-like plasma, with long ion mean free path but with
a rather small gyroradius (e.g .:rp/rg\'\;20), will behave. Apart from further experiments

approaching that regime, advanced theoretical models are required to answer that

question.
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RECENT MIRROR MACHINE RESULTS AND THEIR
IMPLICATIONS FOR MIRROR SYSTEMS*
R. F. POST
Lawrence Livermore Laboratory, Livermore, California USA

Abstract: Improved confinement recently achieved in the Livermore 2XIIB
experiment is interpreted in terms of warm plasma stabilization of the
drift-cone mode. The same theoretical model explains present and earlier
mirror observations and also predicts improved prospects for achieving
classical plasma loss rates in mirror fusion reactors.

[. The Mirror Fusion Reactor - The goal of the Livermore magnetic confine-

ment program is to prepare the way for the development of mirror fusion re-
actors. Over the years during which mirror physics and technology has been
studied we have developed concepts for mirror fusion reactors, as driven
systems, i.e. ones in which the plasma temperature and density is main-
tained by external sources, power for which is provided by recirculating a
portion of the energy generated in the reactor.

An example case of the "classic" DT mirror reactor is illustrated in

block diagram form in Fig. (1). Neutrons

B

The system operates steady- ge_zltiltc)zr 375 Blanket m= 1.8 676
state, at high ion tempera- ’
tures (>100 keV). Plasma Charged Direct  |q45
temperature and density are paér‘talcéleszb (;zozvgr;gr
maintained by neutral beam
e . 340
injection. Fusion energy Injector
is generated at a rate Q n=0.85 Y
times the injection power f 460 v Thermal

: converter
rate, Q being dependent on 5

% 5 |—> Net electric power = 250 MW n = 0.45

mirror ratio and ion temper-

System efficiency 0.32

ature. The neutron energy

is further multiplied, by a FIG. 1 - MIRROR REACTOR POWER FLOW DIAGRAM
factor m, by n,2n and capture reactions in the blanket surrounding the
plasma chamber. Kinetic energy carried by charged particles, both charged
reaction products and plasma ions and electrons, is recovered by a direct
converter. High temperature heat derived both from the blanket and from
thermal losses in the direct converter is converted to electricity in a
steam plant. A portion of the power is recirculated to drive the injec-

tors. MWe believe that the implied technological goals can be met and that




our recent progress toward the scientific goal of stable confinement gives

us renewed optimism concerning mirror reactors.

IT. Implicaticns of the New Results - Results obtained with the 2XIIB

mirror machine at Livermore are described in the accompanying paper.[1]

Here we mention only key points:

. Demonstration of means for the suppression of high frequency instabili-
ties in hot mirror confined plasmas with an accompanying marked reduction
in anomalous losses.

Experimental evidence, spanning the range from about 2 to 10 keV ion
temperature, that upon stabilization nt increases with energy; t itself
increased by an order of magnitude (25 ms).

.- Demonstration of a freely decaying stabilized hot plasma, exhibiting a
binary decay law, i.e. 1/n proportional to t.

Being preliminary, the results are not conclusive. In particular we
cannot claim that loss rates agree with the Fokker-Planck classical result.
However, taken together with our proposed theoretical explanation one pre-
dicts that the reactor regime, involving higher temperatures, higher mag-
netic fields, and larger plasma sizes should be a more favorable one for
achieving classical confinement than the present experimental situation.

III. Theoretical Interpretation - The new data are too limited to permit

an unambiguous interpretation. We here advance a tentative explanation,
representing an extension of earlier results, [2] results previously cited
to explain stabilization effects observed in PR-6.[3]

The starting point is the long-predicted existence of the so-called
drift cyclotron loss cone mode [4] (abbreviated; the drift-cone mode). In
theory this mode is stable when the mean density gradient, aipr, is suffi-
ciently small. However ai/Rp in present machines, such as 2XIIB and PR-7,
is considerably too large for stability, even according to criteria which
include the stabilizing influence of finite beta.[5] Fig. (2) illustrates
the circumstance, theory vs 2XIIB parameters. Because its growth rate is
of order wcj the drift-cone mode would be expected to cause rapid plasma
loss, of order the jon bounce time. The question has been how to explain
the apparent absence of this supposedly virulent mode, especially in those
cases where near-classical confinement seems to have been observed.[6]

We believe a coherent explanation for both the quiescent and non-
quiescent cases can be found through an extension of an old concept, warm

plasma stabilization.[7] The idea is simple: introducing a small percent-




age of lower energy ions exerts a large effect on Toss cone instabilities,
whose properties depend sensitively on this region of velocity space.
The most pronounced ef- 1072

I |

fect that warm plasma has on 10 keV

the drift-cone mode is to

x _mi
]
N

force it toward shorter azi- ““Unstable -\ Stable
muthal wavelengths (large :
k, a;), inhibiting growth

rates and reducing particle “¢; 1

losses. Depending on mirror 2 n .
ratio and beta (high values - 2 X1IB

of both of which are stabil- 1074 plasma
parameters

izing) a few percent of warm
plasma can suppress the drift-
~05

illustrated in Fig. (3), which 10°5 S = L1 qp
1 10 100
R, /a,

cone mede. These effects are

shows theoretically predicted
[8] increases in k, a; and re-
ductions in growth rates caused FIG. 2 - DRIFT-CONE STABILITY DIAGRAM
by introducing warm plasma

into 2XIIB. In these calcu-
lations additional stabiliz-

10 T T

ing effects, such as wave
dispersion, were omitted,
thus underestimating the
stabilization. Another
result: the addition of

enough warm plasma to stabi-

lize the drift-cone mode . ‘\ '
should at the same time sup- .
press other loss cone modes, ' ¢
. fo

such as the Rosenbluth-Post oy T .

: . (a./R,) + 2
high frequency convective - |
mode [9] and negative-energy L 1 10 5.3 100 1000

waves, [10] thereby appar-
ently explaining the high FIG. 3 - DRIFT-CONE wg AND w; 2XIIB PARAMETERS
degree of plasma quiescence observed in 2XIIB when stabilized by streaming
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plasma.

In corroboration of the above picture, warm plasma stabilization has
been proposed [11] also to explain the relatively Tow rates of enhanced
transport observed in 2XII and 2XIIB, even when no external source of warm
plasma is present. Quasi-linear arguments, resembling those advanced by
Galeev, [12] show that the transport in velocity-space caused by the insta-
bility itself should generate a warm plasma component directly from the
main plasma, in turn strongly limiting fluctuation amplitudes to a level
comparable to Tg, and thus limit the anomalous Tosses.

In summary, warm plasma stabilization appears to offer an explanation
both for the marked suppression of losses observed in 2XIIB using a source
of streaming plasma, and for the "anomalously stable" behavior of previous
mirror experiments. Note also that warm plasma stabilization would be even
more effective in reactor-size plasmas, the implication being that less
would be required to achieve stability, with the expectation therefore that
the confinement would approach that calculated for classical confinement.

IV. Summary of Results and Future Directions - Results from past experi-

ments and from 2XIIB imply the following about mirror confinement at high

plasma temperatures and densities:

- Magnetic well mirror fields suppress hydromagnetic instability up to high
values of beta. Experimental values of order 0.5 agree with theoretical
predictions.[13] The same theory, extended to include neutral beam in-
jection, predicts hydromagnetically stable plasmas at beta values of
order 0.9.[14]

In most past mirror experiments there have been anomalous Tosses associ-
ated with high frequency instabilities. We believe that the dominant
mode at high densities is the drift-cone.[15]

In the presence of a Tow density externally generated source of stream-
ing plasma high frequency activity is strongly suppressed, and the con-
finement time rises with increasing ion energy, although absolute loss
rates may exceed classical in the present circumstances.

Future Directions - Assuming that some form of warm plasma stabilization

permits near-classical confinement at reactor densities and temperatures,
what are the possibilities for mirror fusion reactors?

Note that plasma stabilization by Tow density warm plasma represents
one end of a continuum of systems the other end of which is the "two-com-




ponent mirror reactor" approach.[16] On the basis of our present theore-

tical understanding we would expect this entire continuum to be free from

high frequency instability modes, such as the drift-cone mode, given ade-
quate control over the plasma parameters.

We can correspondingly define a spectrum of possible mirror reactor
systems and thereby define the physics and technology issues. We have al-
ready discussed the classic mirror reactor, but this case does not exhaust
the possibilities, although beyond this example matters become increasingly
speculative:

* A fusion-fission mirror system. With increased blanket energy multipli-
cation comes Towered demands on confinement and system efficiencies, but
also disadvantages.

- Two-component mirror reactors. These offer the possibility of increased
Q, are expected to be free from high frequency instabilities, and require
shorter confinement times for the ions (milliseconds). There are however
unresolved questions associated with sheath energy transport and prac-
tical problems of high power density and large length.

- Variations on the mirror theme, including multiple mirror systems and
mirror-torus hybrids. These might possess considerable advantages, but
are as yet in an earlier stage of thinking.

As a class, the advantages of mirror systems as reactors are:

- Steady-state capability, high power density, and smaller size

- Relative insensitivity to impurities

- Adaptability to high efficiency direct conversion

" Well defined technological problems, possibly simpler than those for
other systems

We intend to vigorously pursue the potentialities for mirror systems
as looking toward modifications of our present experiments (2XIIB and
Baseball II) as well as toward a scaled-up mirror experiment capable of

achieving reactor temperatures (100 keV) and densities.
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RECENT EXPERIMENTS ON THE 2XIIB MIRROR MACHINE * 1/

|
F.H. Coensgen, W.F. Cummins, B.G, Logan, A.W. Molvik., W.E. Nexsen, i ;
T.C. Simonen, B.W. Stallard, W.C. Turner |

Lawrence Livermore Laboratory, Livermore, California, U.S.A.
Abstract: Plasma confinement experiments with neutral beam injection in
the 2XIIB Magnetic mirror facility are described. Ion heating to 13 keV i
and build-up of hot ion densities to 4 x 1013cm_3 are measured when stream- |
ing plasma is introduced to suppress microinstabilities. Increasing ion |
energy is found to increase nt.

I. Introduction. We report initial results of plasma confinement experi-

ments with neutral beam injection in the 2XIIB magnetic mirror facility.
The magnet is similar to that of 2XII which has been described previously
[1,2] (2XIIB central field 6.7 kg, mirror ratio 2.0, distance between
mirrors 150 cm). 2XIIB target plasma densities, energies and lifetimes
indicated on Table 1 are similar to those of 2XII.

Table 1
| | 4
Operating mode - Ei(kev) Te(ev) i t(ms) i nt(cm “sec)
Target 2-5 80 o “1g
10
Target + Beams 13 200-300 | .2-.4 ~10
10
Target + Stream 2.5-4 -- 1.4 ~2,8x107
- | W
Target + Beams + Stream| 13 -- >5 >7,5x1010

The principle new feature of 2XIIB is the neutral beam injection sys-
tem which consists of twelve injectors [3]. Currents of up to 370 Amperes
of deuterium atoms were injected in the present experiments. Injectors
operated in the range 15 to 19 keV with extraction currents divided approxi-
mately .5, .4 and .1 between full, half, and one-third energy comnonents.

The second new feature of 2XIIB is a streaming plasma injector which
provides a flow of warm plasma along the magnetic field lines. This plasma
is produced by a deuterium loaded titanium washer gun with a pulse line
limited to 1.1 msec duration in the present experiments. This duration
has now been extended to permit future experiments to be conducted over
longer time durations.

II. Measurements. Table 1 summarizes characteristics of plasmas formed
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in different operating conditions, all with titanium gettering throughout
the entire vacuum chamber preceding each shot. Beam injection increases
the mean ion energy from several keV to 13 keV in a few hundred ps. Thomp-
son scattering electron temperature measurements indicate that this ion
heating results in electron heating. Without streaming plasma, neutral
beam injection does not result in increased particle Tifetimes or density
build-up. This behavior is attributed to an enhanced Tevel of ion cyclo-

tron noise produced by beam injection.
Injected current | = 235 A

— Plasma stream
Il||'||[lll|'lll

The level of ion cyclotron
fluctuations is reduced with the

1014
introduction of streaming plasma. = =
. . 2 ,____L_,, T=600 1
With the Tower fluctuation levels, e us .
the beam input is sufficient to E
cause density build-up as shown in a

Fig. 1. This figure shows micro-
wave density, diamagnetic loop and <..04
neutron measurements as a function

of time. The agreement between

o —
these measurements, together with - 3
beam attenuation and charge ex- 2 7

o -
change measurements which are not g ]
described here, provides a consis- j%

) T ol T U T N T N ) O

tent picture, namely that the 0.8 1.2 1.6 2.0 24
measured density build-up is of Time (ms)

13 keV average ion energy plasma ratner than cold ion accumulation vror
the streaming plasma. Fig. 1 shows a rapid density loss after the stream-
ing plasma is terminated and the fluctuation intensity increases.

Without beam injection,

. 2 s ey .
if the plasma stream is JL R A A T | T

brought on early during the
1.6 |- Plasma stream | =1

magnetic compression, the
plasma decay after compres-
sion is consistent with

losses arising from binary

(Density)™? (em® X 10'3)
|
|

B —~
collisions as shown by the D -~
fact that a plot of 1/n vs. o A T
time (shown in Fig. 2) is a 0.6 1.0 1.4 1.8

straight line (i.e. nt is a Time (ms)




constant) for the duration of the plasma stream. During this shot the

mean ion energy remains nearly constant, in contrast to shots without plas-
ma stream which show rapid hardening of the ion energy spectrum due to
fluctuations.

ITI. Interpretation of Data. The build-up of hot ion density Ny is des-
cribed by a rate equation:

T ndt + Ny dt dt n ¥ n, dt

where we assume a constant warm plasma component density n,: The build-up

time constant is a linear function of beam current.

Ig

1.
4 e

14 -l"O:
{(01 + fox) (1 - a) + (Gi + Ux)a} - 5 (1)

=

where & and V are the plasma diameter and volume, o, and o, are ionization
and charge exchange cross sections. Here o = nw/(nh+nw) is estimated from
line density measurements with only the plasma stream to be ~0.2. Equation
(1) includes inputs due to ionization on both hot and warm components as
well as charge exchange on the warm component. The factor f describes
density changes due to changes in angular distribution and is taken to be
zero after a beam dominated equilibrium is established. The loss time T
includes all Tosses including coulomb scatterina, electron drag, charge

exchange on cold gas, scattering due to electric field fluctuations, etc.

-1 _ -1 -1 -1 -1
LT Teoul T Tdrag T Tex T Twave

This lifetime also implicitly includes any residual particle input due to
trapping of the streaming plasma by processes other than charge exchange
with the neutral beam. One such possible process is trapping of streaming
ions which gain energy perpendicular to the magnetic field from r.f. elec-
tric fields. However, the data shown in Fig. 1 indicates that the magni-
tude of such effects is small with respect to the (neutral beam) trapping
rate.

In Fig. 3 we have plotted experimental T_] values, obtained from
microwave interferometer measurements, as a function of injected neutral
beam current. From equation (1) such plots provide two basic pieces of
information: (a) the slope provides an estimate of the hot plasma volume
(in this case 6 liters) and (b) the zero current intercept provides the

1ifetime T (in this case 13 ms). The range of uncertainty of the inter-




cept of the least squares straight line fit to the data points is shown

by the standard deviation error bar which indicates a lower Timit of 5 ms
for t. As statistically the T_] intercept could even be positive the upper
1imit of =, in this evaluation is indeterminate.

L
In Fig. 4, this indeterminacy i 3

SR

is indicated by an arrow on 2.0

the upper end of the error

bar. Values of nt obtained

in this manner at mean plasma

energies of 13, 7 and 4 keV 1.0} -

1/7 (ms™)

are shown as-solid circular
points in Fig. 4 where nt

is shown as a function of o)

E,. A second measurement 0

—
o

of T is obtained by switch- 100 I (A) o 200

ing off the neutral beam
input and measuring the plasma Fig. 4

density decay rate. Such measure- e N ERmm

ments are shown as open circles 1in
® Beam on

° No beam

Fig. 4. For comparison a curve is
32 1pe 10"
coefficient of this curve is about
a third of that found in Fokker-
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1V. Conclusions. These initial

modified to include the plasma 100

experiments, though somewhat preliminary, do demonstrate several signifi-
cant points:

®Jon heating up to 13 keV by neutral beam injection

®plasma betas up to 0.4

®Flectron heating with neutral beam injection

13, -3

eDensity build-up to 4 x 10 “cm ~ by neutral beam injection

eReduction in ion cyclotron noise with streaming plasma injection

eEnergy scaling, nt increasing with energy.
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THE INVESTIGATIONS ON THE POWERFULL ELECTRON
BEAM APPLICATION FOR THERMONUCLEAR FUSION
INITIATION

L.I.Rudakov, M.V.Babykin

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

ABSTRACT

The problem of the designing of the pulse thermonuclear reac-
tor with triggering by the relativistic electron beam is discussed.
It is necessary to produce an energy outputAJOIo joules per one ex-
plosion in a reactor with neutron absorbing shell [I] which after
evaporation plays also the role of the working gas. If the energy
gain will be ~I00+-I000 one must have£3107 joules in electron
beam with pulse duration 50-I00 nsec that may be achived with
modern technology. Such beam generator may be built consisting of

60 to I00 modules with 3x IOLe

watt in one module. The elaboration
of physical and technical problems may be carried out with one full-
size module in the coming 5 years in order to answer the quastion

about the possibility of the construction of the test thermonuclear

reactor.
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I, INTRODUCTION

In the last years more and more attention is devoted to the
realization of the pulsed thermomuclear reaction with triggering
by the relativistic electron beam which has been suggested by
E.Ke Z2avoigky (USSR) and by F.Winterberg (USA) in 1968, The applica-
tion of the ghell for beam stopping, for the hydrodynamic plasma

compression and for slowing of expansion (L,I,Rudakov, 1972 [7]) )
gllow to decreape the critical energy of the initiation and

to prolonge the target irradiation time, In view of the relatively
large electron penetration ability one has to use the thick shells,
such ag 041-0,3 mm of lead or copper for electron energy from 1 to
3 MeV, The ghell which compresses and heats the DT mixture must be
accelerated to the velocity more than 150 kmfsec for the reaction
initiation, Therefore the ghell radius must be about 1 ecm to use
the full energy of the beam with pulse duration near to 50 nsec for
the acceleration of the ghell., From these conditions one can esti=-
mate the shell mass and the acceleration energy which must be from
1 to 3 gramms and from 20 to 30 Megajoules. The fusion energy from
such target may be from 109 to 1010 joules, For the pointed target
dimengiong the irradiation time corresponds to the pulse time range
of the modern accelerators. The producing of the energy up to
2 107 Joules in the beam is also quite possible at the to-day level
of technologye
II, THE REQUIREMENTS TO THE PARAMETERS OF THE FUSION
REACTOR WITH TRIGGERING BY AN ELECTRON BEAM

In thermonuclear reactors with external neutron absorbers the
fast damage of the vacuum chamber walls will take place if this
walls ig made from the materials known now. It demands often repla-

cements of the chamber. For example, in the Tokamak reactor the




chamber work period is estimated be equal to three years. It com-
plicates the reactor structure and makes it more expensive,

In the conception of the pulsed fusion reactor which is develo-
ped by E.P,Velikhov, V.S.Golubev and V.V, Chernfikha [1| the massive
gereen shell for the neutron slowing down and sbsorbing is placed
in the capsule structure, This screen after evaporation serves as
the working gas in the energy conversion cycles It let to decrease
gignificantly the radiation damage and the activation of the explosgi-
on chamber walls and to prolonge the chamber work period up to 20-

30 years that corresponds 10 usual work period for the electric sta=-
tionge This blanket must indude the lithium in the sufficient quan-
tity for the tritium breedinge The thickness of the screen must be
20«30 cm oxr more for the absorption of the mgin part of the neutron
energya

At the sufficiently big energy of the explogion (21
the matter of such blanket may be heated up to 104 “K that let to

010 joules)

ugse the effective thermodynamical cyclese It let to refuse from the
turbine cycle with efficiency not more than 40% and to pass to mage
netohydrodynamical methods which givesg the power station efficiency
up to 70=80%.

The frequency of explosions in one chamber can not be very lar-
gee It is limited by processes of preparing the chamber to the next
explosion such as the removal the products of the previoum explosion,
the injection of the target, and the charging of the beam energy
storages It is expected that this time may be drive to 10 sece

The energy of explosionru1010 joules can be confine in the
chamber with dismeter near to 20+30 m and weight near to (0.591)x103

ton which may be create nowe




2 or 103

If we agssume that the energy gain will be equal to 10
then for initiation such explogion it is necessary to have;5107 jo=
ules in the electron beam.

III, THE PROBLEM OF THE CONSTRUCTION OF THE EIECTRON BEAM
ACCELERATOR WITH ENERGY IN THE BEAM UP TO 107-10a
JOULES

The electron beam accelerator with the total energy in the beam
of about (2-'-3)'&107 joules and power up to (2 = 3)x1074 watts can be
imagined for ingtance as the assembly of several modules located
around vacuum chamber, as it is shown on the fige1, or as the double
disk water line with dlameter near to 20«30 m or more which genera-
tes beam converging to the center of the chamber. In the first case
the application of the vacuum line with magnetic insulation for achie-
ving the necessary current and power density is neededs The para=~
meters of the single module ate spproximately the same as parameters
of the existent asccelerators and it is necessary to design the sin=
chronization system only. In time of elaboration of the module vari-
ant it is necessary to optimize the parameters of separate modules
to recieve the maximum power at the fixed dimensions. The ginchro-
nization problem of the big mumber of commutation channals takes
place in the case of the disk variant also as the commutation of the
disk line must be multychammel on principle. At the present time
there are not sufficiently big digk lines and therefore it ig diffi-
cult to estimate the possibility and the difficulties of their
constructione

Let ua congider the requirementg to the diode of the such big
accelerator assuming for example the use of the disk type line, At
output voltage equal to 3 MV the current must be from 70 to 100 Ma,.
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It is known that the diode current may not exceed some critical va=

lue [z/Oq;/R—f,

Here A? is the radius of the cathode,cj’is the distance between ano=
de and cathode,dﬂis the relativity factors One can define the ratio
Rié? or A? from this relation if the 6/ value is chosen. At 447 cm
the current equal to 70 Ma can be obtained with radius X near to 10m
that corresponds to explosion chamber radius needed for the necessa=-
ry explosion powers

It ig evident that in the module variant in which the input be-
am gplits will be located alonge the equator of the chamber the ne-
cegssary chamber dismeter must be spproximately the same as for the

012 watts is chosen

disk line, If accelerator with power equal to 3x1
as a module it is necessary from 60 to 100 such modules for the to=-
tal power equal to (2=3)x101% watts. The power equal to 3x1012 watts
may be obtained in the water line with the 3 ohm impedance at dia-
meter near to 1,5=2 m and with electric field between 100 and 150
kv/cme In order to use the volume more effectively these modules

may be located in two or three storey parallel to the equtorial pla=-
ne of the chamberes In this case the energy supply to the diodes which
is located just in the equtorial plane may be realized by the vacu-
um lines with magnetic insulation. These lines play double role,
firgtly, they allow to increase the energy flow density, secondly,
due to their small dimensions they allow to bring the energy of all
modules to one plane where all sections of the high voltage diode
is located.

On the way to the creation of the powerful accelerators with

1074108 joules in the beam and on the way of their application for

the triggering of the pulsed thermonuclear reaction many physical
and technical problems must be golved, From technical problems he-

re must be mentioned the problems of the sinchronization of multy-
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channel commutation and the injection of the beam into explosion
chamber in particular the elaboration of the protection of the ine=
let window and the foil replacement cr the elaboration so calledy
wwithout an anode" beam inlet trough the open hole with the approp-
riate differential pumping out of the diode.

The main physical problems are the beam transportation to the
center of the vacuum chamber through the éistance near to 5 or 10 m
and the problem of the effective homogeneousg irradiation of the ther-
momiclear target. The problem of the beam trangportation one can try
to solve with the application of the magnetic guiding field and with
the gas filling of the chamber for the electric and magnetic neut-
ralization of the beam [2] o As & guiding field ome can use the
cusped magnetic field, the field of two coils with opposite direc-
tiong of currents. During the explosion ard expansion of the target
this field may be used for MHD cycle of the convergion of the explo=-
gion energy to the electric energye

In the case of the module scheme of the accelerator one can
elaborate all technical and some physical problems with one peparate
module in real scale, in particular it is possible to model the
all=round irradiation of the target in the vacuum chamber ingide
of the ring high voltage diode (the scheme of such experiments is
shown on fige2)e

IV, EXPERIMENTAL INVESTIGATIONS,

For the study of the problems of the creation of powerful beams
the problemg ofy beam transportation and irradiation of targets the
Angara=-1 accelerator (fige3) was built at the Kurchatov Institute of
Atomic Energye. The energy of electrons must be 2,5 MeV, the beanm

current will be near to 400 ka and pulse duration is equal to 60 nsec.




This accelerator has the single water line devided on three stages.
The first stage of the line is charged from the separate Marx gene-
rator which works in the air and can generate the wvoltage up to 2MV
with total energy in pulse up to 150 kilojoules, The first stage of
the line has external diameter of 1,8m, length of 1,2 m and impedan-
ce of 1,5 ohms It plays a role of the intermediate energy storage
which is charged up to 2,8«2,9 MV, After the selfbreakdown of the
first gas switch the first stage forms the pulse with amplitude up
t0 133=1,34 MV and the front time near to 50-60 nsec, The second sta=-
ge has the same impedance 1,5 ohm, the length equal to 1 m and the
diameter equal to 1,1 ms Between the gecond stage and the third one
the sharpening gas switch with the ring electrode is placed. The
diameter of these electrodes is 0,3m, the gap between them is 6 cm
and the gas pressure may approach to 10=-15 atmosphers, In this
switch several sparks have to develope [3] .

The third stage is the transformer line, It is 3 m long and
Oy7 m in diameter. The impedance of thisg line changes from 1,5 ohm
to 6 ohm (the transformation factor is equal to 2). The whole length
of the accelerator is gbout 7 m,

The installation Angara=i began work from february 1975. In
the experiments at electrone energy equal to 1 MeV and the current
equal to 150 ka with the graphite cathode of 80 mm in diameter the
selffocusing of the beam in the diode down to 5 mm in diameter was
obgerveds The photograph of the beam made in X~rays by the pin hole
camera is shown on fig.4. The pin hole camera was placed behind the
thick (5mm) stainless steel anode. The spall with diameter of 7-8
mm is observed on the back gide of the anode,

The form of the voltage pulse after the muliychannel sharpening
switch is shown on fig.5. The pulse has the form near to the rectan-
gular form, The front of the pulse is 30 nsec, the plateau is

40 ngec, and the fall down time is 30 nsece.
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The producing of necessary power density demands increasing
electrical strength of lineg. Some hopes in this direction are con= R
nected with the megnetic insulation [4,5] o Experimental investiga=-
tions of the magnetic insulation have been fulfilled at MS accelera=-
tore The voltage pulse with amplitude up to 400kV was transmitted
to the cathode of the diode through the piece of the vacuum coaxial
line, It was shown that electric field in vacuum line overcomes break-
down value if the magnetic field of diode current is higher than 1i-
miting levels, In this condifions the line input current is equal to
the anode current and it is the evidence of the abgence of break-
downe The electric field up to 2,5 MV/cm and power flow density about
1019 watt/cm? have been registered in the coaxial gap equal to 2 mm
with pulseduration of 50 nsece

Regimes of the selffocusing of high current beams in diocdes were
investigated on a number of small scale devices with low impedance
forming lines (~2,5 ohm)e The cathodes that were used were either
polyethylen cones (Triton device) or thin metallic needles (Ural de-
vice)e In the firgt case the beam current dengity approached to 5 Ma/
cm® due to preliminary injection of a plasma in the diode (total cur-—
rent of 200 ka)s The current density up to 30 Ma/cm? with total cur—
rent equal to 9 ka and power flow density of 5x1012 watt/cm? [6]
have been obtained on the Ural accelerator without preliminary injec-
tion of a plasma in the diode., The time meagurements of X-rays which
were fulfilled with a collimator and without it gave the pogsibility
to define the moment of the focusing and ite duration which 1s equal
to 35 nsece Besides, time variation of X=ray energy have been inveg-
tigated by méns of absorbers located before X-ray scintillation de=~
tectors with a time resolution<5 nsece The results show that the

effective electron energy corresponding to focusing time interval




differs not much from the accelerating voltage at that moment.

Ve CONCIUSION

In this paper the problem of the creation of the pulsed fusion
reactor was considered from the point of view of the thermomiclear
reaction initiation feagibility. The realization of this task seems
to be real now. However for this purpose it is necessary to solve
a mumber of complex physical and technical problems., Intengive the=-
oretical and mumerical calculations have to be performed to optimize
the gtructure and parameters of the target, to elaborate the metho-
des of transformation of the thermal energy into electricity, to
study problems of a fabrication DT target and the lithium absorbing
shell for the tritium breeding and other problems,

The module scheme of the accelerator for the irradiation of
the thermomiclear target allow to fulfill the elaboration of all techs
nical solutions and some physical tasks by one geparate fulle
size module, The elaboration of the structure of one module and the
modelling of the physical processes of a beam transportation and s
target irradiation will allow to come up to answer the question con=-
cerning the feagibility of the fusion reactor with triggering by
relativistic electron beam and to put up the question gbout building
the demongtrative fugion reactor.

In conclusion we express with plesure our gratitude to
EePeVelikhov, AsMePasechnikov, VeP,Smirnov, E,Z,Tarumov, and
Ve Ve Chernukha with which we work at I,V.Kurchatov Institute on

investigation of the described problems,
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FIGURE CAPTIONS

Figels The scheme of the pulsed fusion reactor with triggering by
the electron beams

The modules of the electron beam generator are charged from
pulsed voltage generators or from inductive storages, The beam are
injected into the steel explosion chamber through the narrow splits
along the equator of the chamber, For the prevention of the possible
leakage of electrons and for the lightening of beam transportati-
on to the target the magnetic field from 5 to 10 kilogauss 1ls used
generated by two coils with the currents flowing in opposite direc-
tionss This magnetic field may be used also as the element of the
inductive MHD generatorse. The target in common with the blanket in-
cluded lithium are injected into the explosion chamberby means of
special devices The neutronsg are slowing down and are abgorbed in
lithium, they reproduce the tritium and heat the working gas (Lithium)
up to temperatures equal to 104 °k.

Fige2s The scheme of the diode modelling the all-round irradiation

of a targete.

Fige3e The scheme of the Angara=1 accelerator.
Fige 4. The photograph of the beam in X-rays, obtained by pin hole
camera with the hole diameter equal to 1 mms The diameter of the

beam is 4=5 mme

Fige5e The voltage pulse, registered after the sharpening switch
with ring electrods (pulse inputed into transformer line), The pulse
front is 30 nsec, the amplifude is 0,5 MV,
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OVERVIEW OF ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION
INERTIAL CONFINEMENT FUSION PROGRAM

Glenn W. Kuswa
Energy Research and Development Administration

Washington, D.C. U.S.A.

Abstract: The basic aspects of the laser and particle beam induced

fusion program in the United Staces are outlined.

Introduction

The goal of the inertial fusion program is to produce a thermonuclear
burn in a small yield pellet and apply this result to civilian energy
needs and to research applications. Our research program includes two
main-line approaches to accomplishing inertially confined fusion, and
several unorthodox approaches are also being considered. All approaches
seek to symmetrically drive a spherical shell of material toward its
center, thereby compressing, heating, and containing the fusile material

within so that more energy is yielded than was expended.

One means employed is to apply & laser pulse to the surface of a sphere
in as uniform a manner as possible and with as short a wavelength as
practicable., Neodymium glass systei.s are most commonly used for this
class of experiments, and other possible superior lasers are under
development. The second approach is to employ powerful electron beams
to deposit their energy in the outer regions of targets to be imploded,
and is attractive because of the great efficiency available from a beam
device (™50%). The unorthodox approaches are various variations for
using ion pulses to implode pellets,

and if adequate ion beam generators LASER-FUSION PROGRAM ELEMENTS
can be developed it is an extremely 60 AT

promising approach because of the
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which describe the program.




The program office in Washington is very small and gives the maximum |
possible freedom to the ERDA laboratories to manage their own programs.

The over=—all philosophy is expressed by the following table.

A Balanced National Laser-Fusion Program Involves:

Utilization of Unique ERDA Laboratory Expertise
Over 20 years Experience with TN Burn Large Computers
Experimental Diagnostic Base Sophisticated Codes
Management of Large Applied Science R&D Endeavors

Utilization of Industrial and University Expertise

Laser and Optical Development Industrial Research Capability
More Ideas Stimulated and Incoporated

Fabrication Technology for Hardware and Diagnostics
Development of Capability that Extends Program

Development Pool of Trained Experts

Preparation by Partnership for Eventual Industrial Takeover

The major projects supported by the ERDA program and their respective
managers are listed in references 1-6. In addition, some seventy smaller
research contracts are planned or awarded in support of program goals.

It is instructive to examine the fusion power decision tree below, which
shows the schedule for making major decisions (diamonds) for starting
activities or comnstruction, and the estimated useful life of the facili-

ties. The more distant decisons are subject to change, and the entire

program is under continuing review. T
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I. Nd: Glass Laser Research [7]

There are problems which limit the uniform power density which can be

placed on a target, which is the ultimate measure of a fusion laser’s
usefulness. Nevertheless, glass systems are the present work horses of

the laser fusion effort.

Oscillators are designed to produce a series of mode locked pulses, one
of which is switched out by means of an electro-optical shutter which

is triggered by the first sufficiently large pulse of the mode locked
train., Mode locked pulses may be varied by changing dye concentration,
cavity size, or etalons within the oscillator cavity. In addition, one
pulse may be split into many beams and passed through a series of delay
legs with various absorbing filters, and then recombined to form a tail-
ored pulse. Since the resulting series of pulses carries coherent phase
information, adjacent pulses may interfere, resulting in a rather "rough"
effective wavefront on target. The effect of this is not fully known.
Alternatively a pulse may be smoothly tailored by passing it through a
series of bleachable absorbers of varying thickness and concentration,
or by using active optical elements. In general, oscillators are one of
the more erratic components of a system and extreme care must be used to

preserve any measure of reproducibility.

The pulse from the oscillator is amplified in a series of increasingly
large aperture amplifiers. Between stages either the natural beam diver-
gence or expanding telescopes are used to increase the beam diameter. This
is necessary so the damage thresholds and limits imposed by non-linear
optical effects are not exceeded. Soft apertures designed to optimally
shape the beam spatial intensity profile and reduce the effect of high
spatial frequency "hot spots" are used in some systems, while others rely

on large interstage separation to accomplish similar results. Spatial

filters are also used to maintain high beam quality.




gaturable absorbers and/or additional electro-optic shutters are required
to prevent prepulses from the oscillator and rod fluorescence from altering
the target before the main pulse arrives. In addition Faraday rotators are

used to prevent back-reflected light from re-entering the optical train and

destroying the early stages after amplification in the final stages, e

Frequently discs are used in the final stages. The critical parameter is
the B integral in the optical medium, where { = length, and I = intensity.

B =c\1dl , ¢ = .024 cm/GW for ED-2 glass .
When B>3-10, the beam will abruptly go unstable and be transformed into
a few filaments of excessive energy demsity due to the beam induced non-
linear refractive index; this may destroy the optical components or cause

the beam intensity on the target to drop at peak laser intensity.

Improved optical materials are expected to permit a two fold increase
in power density. The advantage of disc systems is that the glass can
be more highly doped with neodymium than a rod and still be uniformly
pumped. With higher gains, less glass can be used in the optical train
and the beam will be more focusable. Lenses and windows must be also
treated as non linear elements, and typically contribute about 30% to

the B integral.

To reduce the lossy effects of refraction of light incident non-radially
on spherical targets, large aperture specialized mirror systems have been
designed. As more beams become available it will be possible to uniformly

flood spheres with nearly normal light rays without using the special

mirror systems, but fairly elaborate pointing and tracking apparatus will
be required to keep all beams on target. The Shiva system under comnstruc-

tion at LLL will yeild subnanosecond 10 kilojoule pulses with 20 beams.

LI, CO2 Laser Program [8]

Gas lasers offer advantages of faster repitition rates, adjustable laser
medium parameters, and non-damagable laser media. In addition the CO2
system and certain other gas systems are more efficient than Nd:glass
systems. The penalty paid for these advantages is increased complexity,
and in the case of 002, a wavelength which is harder to handle with optical
components and possibly less desirable for producing implosions at a given

light energy,
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The CO,2

cathode to continually ionize the lasing medium during the pumping pulse.

program at Los Alamos uses a broad area electron beam from a cold

A thin foil separates the electron gun at high vacuum from the lasing
medium at &l atm. A discharge is also passed through the medium, and
potentials and pressures are adjusted to avoid avalanching into the arc
mode. In this manner the medium is uniformly pumped over a large percent-

age of the active volume,

Since 00,2 lases on a number of discr~te lines spanning a 20004 region

of the spectrum, and the cross relaxation times are of the order of one
nanosecond under typical conditons, a multiline oscillator must be used

to obtain efficient nanosecond energy extraction. Using a single-line
oscillator only the energy partitioned in the oscillator lime and its
nearest neighbors is extracted. Multiline oscillators have been demon-
strated and work continues to improve their reliability. Another important
task is to further develop saturable absorbers and inexpensive Faraday
rotators for C02 wavelengths (10.6 microns). Both mixtures of bleachable
gases with the laser medium and the incorporation of separate gas cells in
the laser system are being studied. The CO, system planned for construction

2
will yield 100 kilojoules in a one nanosecond pulse.

IIT. Electron Beam Induced Fusion [9]

The electron beam fusion program is the most recent, arising from the
growing realization after 1970 that highly concentrated electron beams
can be produced and directed onto a target. Since large electron beam
accelerators already existed for weapons effects simulation, progress

has been quite rapid.

Electron beam accelerators are based upon straightforeword principles.
Energy is stored by charging capacitors in a Marx generator. This energy
can be transferred insv.5H sec (by triggering switches which effectively
connect these capicators in series) into an intermediate pulse forming
line, This line is designed to discharge its energy into the diode in
20-100 nanoseconds upon closure of a low inductance switch. Diodes
congist of a field emission cathode (frequently graphite surfaces) and

a nearby anode plane containing the target. During the past two years

it has been demonstrated experimentally and modeled numerically to show

that the pinching beam acts much as a hot electron gas would, and can




deposit kilojoules of energy with a uniformity of +10% over a spherical
target mounted to the anode plane on a stalk. Two-sided irradiation will
considerably improve this uniformity. More detail is presented in a paper
at this conference by M. Widner. Low jitter, low inductance switching
technology required for simultaneously charging transmission lines and
connecting them to the diode now exist as prototypes. The development

of improved low inductance interfaces between the energy storage network

and the diode electrodes is one of the most important and difficult problems.
Limitations on power density flowing across insulators makes it necessary

to design diodes of larger diameter to accomodate larger insulators.

To maintain low inductance the cathode must be of large diameter. The

pinch formation times for beams from large diameter cathodes is not pre-
sently known and experiments are currently underway to study this problem,
It may be necessary to preintroduce plasma into the diode to speed formation

of the pinch.

The currently planned electron beam fusion accelerator at Sandia Labs will
operate at powers of 4 x 1013 watts with beams incident on the target from
both sides. Investigation of ion beam generation and focusing is part of
the electron beam program. The space charge created by intense electron
flows can give rise to very large electric fields which can accelerate ion

currents comparable to the primary electron current.
IV. Diagnostics for Electron Beam and Laser Fusion [7, 8, 9, 10]

Electron beam devices operate at #/1 MeV into high -z targets and conse-
quently produce large x ray yields. Pin hole cameras and various x-ray
detecrors viewing the anode plane and target through collimators are used
to estimate the uniformity of illumination on target and determine the
beam pinching dynamics. To examine the collaspse phase of electron beam
targects after the elecrron beam pulse is over a method has been devised

to permit taking shadow x=ray pictures of the target. A relatively weak
flash x=ray machine is pulsed at the desired time and a specially designed
camera with a high on/off sensitivity ratio is simultaneously gated on to

record the shadow image of the collapsing pellet at times when plasma and




vapor completely obscure the field of view from optical diagnositcs.
Optical diagnostics have also been useful in the beam fusion program., A
velocity interferometer used to monitor the rear suface of targets yields
information on the arrival of shock waves and the breakup of target mate-
rial into small segments., The latter effect is important because wall
breakup may contaminate the thermonuclear fuel and prevent burn in later
experiments. Optical holography of plasma evolution in diodes has

been instrumental in improving computer simulation. A new system

takes a series of 3 ns "snaphots" spaced by~10 ns and allows complete

separation of each image thus obtained.

The diagnostics used for laser fusion include the familiar Faraday cups,
particle spectrometers, calorimeters and impulse measuring probes, which
are all used to measure the pellet energy inventory. The fractiom of laser
energy which couples into fast ions is particularly important because ions
in the supra-kilovolt and above region carry away large amounts of energy
without imparting a sigificant share of momentum to the imploding shell,

In addition fast ions may contribute to neutron counts and cause erroneous
interpretation of experiments. Recently with the advent of neutron produc=-
tion from pellets it has become possible to measure alpha particle energies
from the T(d,n) He+ reaction. The measured energy spread reflects the
fuel temperature and the thickness of the pellet wall during the time of the
reaction. The temperature of the pellet changes the stopping power so

that interpretation is complicated. Both KMS Fusion in cooperation with
the group at Los Alamos, and the group at LLL are using alpha measurements

to interpret their respective neutron results.

Both light and x-ray streak cameras are essential diagnostic tools for
implosion studies. Picosecond light cameras exist, but there are diffi-
culties in reliably producing stable photocathodes sensitive in the 1,06
micron region. The time resolution of x-ray streak tubes has been limited
to a great extent by the angular dispersion of photoelectrons from the
cathode. It is expected that a specially designed image tube incorporating

a means for reducing angular dispersion will yield <5 ns resolution for

x ray pulses,
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An important additional diagnostic will be the improved grazing incidence
x ray microscope. Using technqiues developed for solar x ray studies,
these instruments will collect and focus 3 orders of magnitude more photon
intensity than equivalently resolving pin holes. These units will be
coupled to streak cameras, and projected resolutions extend below 5 pico-

seconds and 2 microns.
V. Systems Studies [7, 8, 9]

Systems studies have been undertaken to examine the critical factors in
utilizing laser fusion for power production. Parameters such as pellet
gain, laser efficiency, laser energy, repitition rate, required wall life,
pellet costs, radiation damage, and many others are included in such
studies. The result of one such study is the figure shown below which
shows how laser efficiency governs the economics of a power plant incor-
porating various fission energy multiplicaton options and different
percentages of recirculating power. The trajectory on the graph shows

the expected evolution of the laser fusion concept using inefficient
lasers and high fission multiplication to an eventual pure fusion device

employing so far unidentified lasers.
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Pellet Fabrication [/, 8]

The present generation of fusion pellets is designed to study improsion
physics and may not bear much similarity to the pellets which we hope
someday to use in power plants. Presently most pellets are selected from
miniature glass spheres manufactured in carload lots as plastic filler
material. The selection is accomplished by screening, flotation and
application of "crushing" pressure to select the proper outside diameter,
wall thickness, and uniformity, respectively. Wall uniformity is measured
by light interface methods or by x-radiography. Filling is accomplished
by diffusion of D and T through the walls at temperatures just below the
glass softening point. Upon cooling the pellets remain filled for weeks.
Measuring the fill can be done by destructive testing or by measuring the

x—-rays produced by tritium beta particles interacting with the pellet walls.

Ultimately liquid or frozen drops are expected to be used for fuel.

They can be generated by forcing the liquid fuel through a nozzle which
is vibrated, and can be accurately accelerated and aimed by electrostatic
means. Present generation electron beam targets are simple gold shells

slightly thicker than an electron range.
New Lasers [9, 8, 7]

The search for fusion laser systems is directed toward identifying a
medium which is approximately 10% efficient, emits in the wvisible
region, and can be scaled to yield hundreds of kilojoules in the nano-
second regime at a repitition rate of 100 hertz. Certainly there will
be less ambitious developments on the learning path, and interaction
experiments for the next few years will be performed with glass and
002 systems. Sﬁﬁe systems under investigation are outlined in terms

of main features.

Iodine (l.3 microns) is excited by flash photolysis and has been demon-
strated at the 1 ns 300 joule level by the Garching group with efficiency
of .3-.5%. The present U.S. effort seeks to improve flash lamp efficiency

in a prototype expected to operate at the~l00 joulenl? efficient level,

and a 1 kilojoule facility is being considered,




HF lasers are being investigated in a collaborative Sandia-~Los Alamos
effort. Five kilojoule 26 nanosecond pulses of apparently high beam
quality 3 micron light have been produced by initiating a mixture of
Eé’ 02, H2, and SF6 in a solenoidal magnetic field. The field was used
to guide an intitiating 2 MeV 50 kamp electron beam into the gas. In
terms of chemical energy this system was 3% efficient.

Other lasers such as the rare gas excimer systems are under investigation.
These system have the potential for fusion applications, but are not

presently well enough understood to consider scaling.

Interaction Studies [7, 8, 9, 10]

Interaction experiments are being pursued at a fundamental level to study
plasma physics, diagnostics, heat conduction, effect of prepulse, and other
parameters. Of greater note in the news, there have been a number of
reports of neutron production in compressed pellets, which we hope but

are not presently certain will prove to be of truly thermonuclear origin.
Since these experiments are certain to be covered in other papers at this
meeting we conclude with a comment that enough basic physics remains to

be learned that small efforts are as important to progress as are the

large interaction programs. ERDA policy reflects this view in its support
of many university and industrial research and development efforts.
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HYDRODYNAMICS AND COMPRESSION OF A LASER
IRRADIATED TARGET

J.L., BOBIN - J.M, REISSE

C.E.L, - B.P, N° 27 - 94190 Villeneuve-St-Georges
(France)

ABSTRACT

In order to match fusion energy balance requirements, the target
should be compressed isentropically, The efficiency of the process is
investigated, In order to deal with limited energy lasers, similarity laws

are emphasized and the energetics for small targets are evaluated,

1/-SCOPE

The principle of pellet compression by a high power laser in order to
achieve a significant thermonuclear burn is now theoretically firmly esta-
blished, No doubt that provided sufficiently energetic lasers with suitably
tailored pulse shapes are built, breakeven conditions will be eventually
achieved, It looks very likely a long and costly endeavour, Accordingly, it
is of interest to investigate how smaller scale experiments might yield
intermediate milestones, A first attempt has been made mainly by KMS Fusion
irradiating DT filled glass microballon with a Nd laser in the 100 joules
range, However, the final density of the thermonuclear fuel is of the order of

solid state although the compression ratio is high /1 /.

It is the purpose of the present paper to show how, starting from analy-
tical theories, similarity laws may help the design of experiments in which
the laser energy and power are limited and the target is initialy in the solid

state,




2/~ ISENTROPIC COMPRESSION

Following KIDDER / 2 / we use a lagrangian formulation to
investigate the dynamics of a homogeneous isentropic compression
process : every fluid element has the same time history. Let then h(t)
be a dimension-less function of time only, In a one dimensional situation

the coordinate is :
(2-1) r(rn,t)= bl
and the particle velocity is :

- E :-?-:=I"-—--
(2-2) a (k) = =% =

Let \) =1,2 or 3 be the exponent characteristic of the plane, cylindrical
or spherical geometry respectively, The gas dynamical equations then

read with obvious notations,

-1 V-1
dm.-:?ro dr =ct :?o"o ar, =dm,
__ . ‘..‘)"‘(d-b
(2-3) -¥

po}) “tat) < 40,0 P (,0).
By combining these equations one gets :
i
(2-4) %L djf e - é;;o ar,

Since ro and t are independant lagrangian variables, both sides should
be equal to one and the same constant whose dimension is the reciprocal
of a time squared : - l/to2 .say, The temporal part is then integrated once
with the boundary condition h(o) = 1, hence the first order differantial

equation :




where p———(X -1) andq=—:— ¢ B (%i_‘)o

\
vy
(2-6) j,le(l.. Ei‘.E) .

Hence the applied pressure at the external boundary (r = R)

n-m -3
(2-7) (R, = Jb(f(’,o)(h. i )
13
with for - \) =3 (sphere) ‘\L” - 38_‘ .
= V =2 (cylinden) \?‘:7_% a &,
- V=1 (plane) v¥  _ ey i
e Bl

The last value can also be obtained using Stanyukovich's analysis of

converging characteristics /3 / .

If one has q # 2 , an analytical solution can be obtained only

for special values of X

Q
(maV)V %1

(2-8) ¥ =

n being any integer or zero, a general result according to the theory

of isentropic flows /4 / . The simplest case corresponds to | = 1, o =0

which for spherical geometry implies ¥= 5/3. The solution if furthermore
q = 0 (fluid initially at rest) reads / 2/ *




t'l
(2-9) 'e" = \- T 2

[
and the applied pressure is
L -5/
(2-10) 1’:(9;{‘) = 'P(R;O)( - E—I) -
(3]

Numerical simulations confirm that beth (2-7) and (2-10) lead to

isentropic compression of nuclear fuel pellets,

However, since the entropy is not significantly decreased by having
Py smaller than half a megabar /3 / the high value of 158 thus induces a
shock ahead of the isentropic compression, The medium is then set
into motion which means g may equal 2 and (2-7) is the more suitable
solution, By looking at the way the impinging laser light creates an

ablative flow /6 / the incident power should be /7 / .
S
B
(2-11) P ( -
&

where tf = m ‘-‘o/{l-m) and S A) 2 according to numerical simulations, These
results apply to homogeneous media whether they are in the form of bulk
spheres or shells, It can be also shown that the spatial part of eq (2-4)

is fulfilled in either case,

A surrounding heavier material might help the isentropic process

thanks to its greater inertia /8 /. Such effects will not be considered here,

3/- EFFICIENCY OF THE ISENTROPIC PROCESS

Actually, the aim of laser compression of spherical pellets is the

achievement of a high value of the parameter

R
(3-1) 1 | pdr

[
which is simply related to the fractional burn up of the thermonuclear fuel

/ 5/ . Given a self similar density profile which satisfies the temporal

part of equation (2-4) and the pressure law (2-7) it turns out that since
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A
-
(3-2) R« R (4- ¥4 )7

L2
(3-3) e, (4= /ey %)

Now , the mechanical power applied at any time on the sphere

with external radius R is

7-9%

1 dlz gL p, Re? b \3F=y
(3-2) €5, = 4TR (3‘6-')\‘:;( )

Hence

95-3

& TR (1) &
(3-5) H= =y U

(3%-1) ty Ia

In the special case K = 5/3 (Fermi degenerate gas) one finds

2
(3-6) CS’HCN. 1 7

such a dependance was also found by KIDDER /9 / using (2-10;
instead of (2-7). It basically depends on the value of K and not

on the details of the isentropic compression process,

On the other hand, in order to drive such a process the time
behaviour of the laser pulse should be of the form (2-11) and numerical
simulations show that the critical density where most of the incoming

radiation is absorbed stands at an almost constant radius R from the
7-9%
35 -1

center, Since for (= 5/3 one has Sfv 2 and = -2, one fincs

(3-7) CSH /PL A~ constant

The same conclusion holds for the energies :

Wi [,
y)x Y (7 o

= constant,

(3-8)




Thus, if, during one and the same implosion process according to

(2-7) , the whole mechanical energy is converted into internal energy

of the compressed material (which is a very good approximation close

to the time of focalisation), the compression efficiency does not depend
on the final state, Furthermore one has between the maximum laser power

and the sought value of jP dr the same relationship as (3-6) i.e.
y !

The large value of I (v 3 g/cm2 /5 / ) necessary for a thermonuclear

burn, requires a high value of P However due the square root

L
dependance a significant I might be obtained with a reasonable laser

power i,e, compatible with present day state of the art,

Now using (3-4) and (2-11),

Ry 2.
Sa 1Ty Googw’

and the absorbed flux at time zero is

"')
(310 ¢o e
(4

where Rc is the radius of the critical layer, Since one has

\y
(3_12) t& o, RO ¢o
i
(3—13) ,«)o el o

it comes out that

A QSo Po

(= -_— =

g Ro  4NRIR,

(3-14)
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and finally :

2
R
(3-15) M e =20
4 R 2
(3
R initial radius of the part of the pellet eventually compressed depends

o

on the available laser energy through the well known similarity law :
'\N—Pz = cte, On the contrary RC depends on the initial size of the pellet
on the laser frequency and on the way energy is transfered from the criti-
cal density to the ablation front by electron thermal conductivity .
Roughly the higher the frequency, the smaller is RC and the higher the
ratio RoéRc' Also, shells in which ROHinitial radius of the eventually
compressed part is large , look more attractive than bulk spheres from
this view point., Any way the efficiency N]I remains comparatively low :

about 5%,

4/~ SIMILARITY LAWS

The original 1 or 2 dimensional calculations of implosion and
thermonuclear burn of DT spheres /5/, / 7/ , deal with comparatively
large systems and involve a laser energy () 60 KJ) far beyond the capa-
bilities of present and predictable laser technology, Here we are more
interested in what can be done with smaller inputs, Hence the problem
of adjusting the parameters of either the pressure law (2-7) or the laser
power law (2-11). Before optimizing one has to start from some guess

educated by similarity laws,

In order to get a high compression, the characteristic time tf
should be nearly equal to the focusing time ts of the initial shock induced
by application of the laser power P, onto the surface, Notice that,given
properties of the laser induced flow, some preparation (prepulse) is
necessary in order that the initially solid spheres sorrounded by a plasma
corona which absorbs the radiation, Afterwards only, P is applied, The
corresponding shock velocity is proportional to Pg/3 . Hence :

-3
(a-1) by = BoPs s




Taking as a reference parameter instead of the laser power, the pressure
actually applied to the eventually compressed sphere, the result is :

-\
(4-2) t § =t Ron %o °

Now if the initial radius is changed by a factor J\. , t, is modified tze
same way, pressure and density being conserved, Therfore setting

R'D =J\- Ro 4 p(':) = po , the mean thermodynamical path (a line in the
diagram UV\T,fo) remains the same, On the contrary, if P =_/\,po

with R'0 = RO . ot =J\-p ; t'f = tf J\-_l/z and the density does not
change., Thus one gets parallel lines in the same diagram as before., These

similarity laws are rigourous,

This is not the case of those obtained starting from the laser

power, Indeed the critical radius changes with time ., So the influencs
of the target size can be evaluated in two ways, First let the appliec
flux density be constant : R'O =_f\_ Ro , Qﬁ'o = Q)O . Hence, since one has
Rccy_ R_, P'o = J\.ZPO . This is again a case of constant pressurs,

o
density and temperature are conserved, t' =_f\_ tf , but the required

f
energy :

t'¢ by
E,J Po d“_P.,H[ : . —}NﬁE.
} _E 8-t [fi- ¥y

]
The alternative possibility consists in keeping a constant P_ , Then

- "'”3 5’3 I
®,= A1¢ / 49’5 A ., {""S = A {.4 ’ Ee ASBE which yizlds
-4/3

(4-3)

for an unchanged density T' =T A

By the same token, given the initial target radius, the influernce

rd
of the initial power P'o = j\_ Po leads to ¢5 =.rL ¢‘, p'= I\.2/3 P.
t'f = J\:Vatf , B' = .!\.-Z/SE and consequently for an unchanged

density , T' = _‘\.2/3 T. In this case an alternative approximate similitary

law can be also useful, Assume that in order to achieve a givean &z,




the required energy does not vary that much, Hence starting from (4-3) in

a slightly different form :

RttT ' 1
(4-4) E = g'—*‘ [ ({: -‘:) 5.0 t.‘ 5-!]

and assuming a fair constancy of the bracket [ ]

S
(4-5) P‘ t_s MC.t-

The previous derivation would have given :

3
(4-6) Po t.{ k.

But the motion of the critical radius is over looked, According to every
special case either one of the relationships (4-5) or (4-6) can prove more

accurate according to computer runs,

An example of the results obtained by a one dimensional lagrangian
code for the cacse of a 1p3 DT pellet irradiated by a laser pulse of the
form (2-11) and using the similitary law (9-6) to chose the parameters in
order to compare with Nuckoll's results /5 / , is given on fig,1l, The
maximum value of I :JP dr in our case is 0,79 g/cmz, provided a large

( > 50%) amount of energy is delivered in the last few picoseconds.

5/- ENERGETICS

The energy cycle of a fusion process involving a laser is shown
on fig,2 ., Obviously one-wishes that the gain G overcomes the losses

represented by the efficiencies -i) , sothat the multiplication factor
T

- Z =
(5-1) e “)a " I
In the present state of the art one may expect the laser efficiency ﬁ}s to be
about 1% (Nd glass) or 10% (COZ)' NJA is about 80%, qu as seen in section 3

is around 5%. Hence the necessary values for G given by table 1 for two

cases : Z =1 (breakeven), 7 = 10 (reactor)., Now, starting from a fuel in
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which the mean energy per particle is 3,5 keV the yield per reaction is

17 MeV so that the maximum expected gain is :

b
(7.0 3
(5-2) Cpﬂw Y s = 4.2 (D

Comparing this value with those of table 1 would lead to definitely
pessimistic conclusions, However central hot spot ignition provides a
clue to overcome this, Provided enough energy is fed into the innermcst
part of the imploved shell at thermonuclear temperatures, the ignition

propagates around, The phenomenon obeys a scaling law of the type

N o

(5-3) M (.."’:- )z= ¥,

/10/ which is the same as the scaling law fora given fractional burn up

/1/

(5-0 ML) ek,

where M is the interested mass, Vg the solid state density, Fortunztely

one has KK .

Now, different systems, whether they are centrally ignited or nct
compare through (5-4), The energy necessary to isentropically compress

the pellet is readily calculated :

v ¢ do
(5-5) wcchjvd'\"=“54o——a,
V,

. o, f

V being the specific volume ( V = l/S) ) . Taking into account

-¥ o i
(5--6) » e = 4 S’s

and (5-4) one finds :

¥-=! %o
M = ]
(5-7) W, i B (E) - fs ]
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This function of M has a maximum for Me 0,3 K/? j and for small

2/3

M varies as M both laws being valid for ¥ =5/3 (Fermi degenerate
gas). When the isentropic process follows a shock wave , the results
are similar, However, the maximum value corresponds to the shock

conditions,

Now, one is interested in getting the highest fractional burn up
with the smallest energy investment, Since a central ignition is thus
required, the energy invested is composed of two parts : the one neces-
sary to compress most of the fuel, the other to also heat the innermost
part up to ignition propagation conditions, The latter is proportional
to the mass of the central hot spot. By the same token, one would also
find an energy proportional to the mass of the whole sphere was to be
at the ignition temperature, The corresponding calculations yield the
results shown in fig,3 . The required energy for ignition is then either
proportional to the mass according to line I for the case of total ignition,
or is the sum of energies resulting from curves II (central hot spot) or
III (isentropic compression). The most favourable conditions are obtai-
ned with fairly large masses isentropically compressed while the
energy necessary for heating the central hot spot remains comparatively
low /12/ . Taking into account the results of section 3 it can be infered
that the results obtained on fig.3 also apply to the laser energy,

changing the ordinate scale by a factor l/nll 5

6/- CONCLUSIONS

According to the above results, small scale experiments can be
of significance for the laser fusion problems : equation (3-9) shows that
interesting values of I =J? dr can be reached with comparatively low
laser -powers and energies, Furthermore.the preceding section evidences
favorable energetics, However the pulse durations should be in the
picosecond range for target masses in the microgram range unless one
uses tricks in target design, The problem of implosion stability have
been completely overlooked here, Thus our results are valid as far

as instabilities donot actually limit the maximum expected density,
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Fig, 3 - Energy required to compress and ignite a given mass of DT satisfying
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I - Total mass at ignition temperature 3.5 keV,
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(T v 1.5 keV),

IIT - and III' strong and weak shocks followed by an isentropic compres-
sion disregarding ignition conditions,

Solid lines correspond to actual trajectories of compressed
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Not that due to equation of state effects /5 /, the intersection
of lines I and III' gives lower limits for W and M.
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DENSITY DIAGNOSTICS OF SUPERCOMPRESSED
LASER-THERMONUCLEAR TARGETS

F.A. Nikolaev, V.D. Rozanov

Lebedev Physical Institute, Moscow, U.S.S.R.

The problem of the laser thermonuclear fusion is strongly connected with
both the progress in construction as well as the investigation of gas
dynamic and heating processes in the laser pellet. These experiments
require the development of new methods of plasma diagnostics specifical-
ly suited to the extreme conditions of temperature, density, size and
time resolution typical of laser fusion problems. The main object of this
report is to review the techniques developped in our laboratory for mea-

suring the density of imploding pellets.

The pinhole X-ray camera has been used by Dr. B.R. Guscott et al to demons-
trate compression in experiments reported elsewhere [Vol Ls Pa 66]. It is
this technique which has been used to demonstrate a compression of 20 in
diameter of the pellet. This diagnostic does not provide a time resolved
measurement of the density. We discuss here spectroscopic and various

other methods.

1. SPECTROSCOPIC METHODS

These well-known methods are very attractive because of their long history,

both the experimental techniques and the methods of analyzing the results

are well developped. The examination of possible spectroscopic methods has
&

been done by Dr. I.I. Gobelman and collaborators [1].
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From the condition for small bremsstrahlung absorption,

‘)
2l ~026x40"2, “?_nir) (&—%) (- wfa(&’_’:) NE<4 o

it is easily seen that, for pellet densities 1021-,'—-1025 cm-3 (pellet

diameter 10-2 cm and less), the useful diagnostic wave length interval is
A=1210 &. This is the range of hydrogenlike and heliumlike transitions

for ioms with Z ~ 10=30.

For plasma having the expected parameters there exists some physical effects

that are directly related to the plasma density. They are:

a) Line broadening
b) Relative line intensities
c) Plasma satellites

d) Raman scattering of external X-ray radiation

We shall discuss each effect in more detail.

a) Line Broadening

In the paper [l] it has been shown that for hydrogenlike ions with Z#&20
and for a temperature T 2= 2 KeV, line broadening due to the density is
larger than the Doppler broadening. This effect is well described by
Holtsmark theory [2,6

2 2
hdw = 24.6 (h)a % (0-: Ng) (2)

(Ry = 13.6 eV, a_= Bohr radius). The density range in which this method
can be used is shown in Fig. 1. The region of N between curves 1 and 2
corresponds to the quasistatic ion broadening. In the region above the
curve 3, “ion density broadening is greater than Doppler broadening. Below

the curves 4 and 5, the effects of Coulomb repulsion of perturbing ions
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Figure 1

and Debye shielding are not important. The broadening of nonhydrogenlike

27 .
2'.' 1026

ion lines can also be used for plasmas with N& 10 cmf3, but the

widths of these lines are small. This implies that instruments with extre-

mely good resolution have to be used. As an example the Fe XXIV (A = 11 R)
and Fe XXV (A = 1.87 R) lines have a width of about A;\ w 10-2 R

b) Relative Line Intensities

This method has been used in many cases [5,6} for plasmas with N < 1023

-3 : 3 23 -3 g ; ;
cm . In the density region N > 10 cm ~, some complications arise because

threebody recombination becomes important. Calculation accuracy of these

processes 1s low and prevent using this method for plasmas with N 5 1023 cm_3.

c) Plasma Satellites
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For densities N = 1024'% 1026 cmh3 observation of plasma satellites is

possible. These satellites are due to the interaction of radiation with

the neighboring ions. The shift in wave length of the satellite is re-

lated to the Langmuir frequency (DL: w» CUO-!- 2 wL((UL= ‘/Z'UezN/m) , and

for N 71024 cm 3 the satellite becomes visible. Ratio of the intensity
of the satellite line to that of the resonance line for N 7‘1024 cm_3 is
about 10 %. That means that the position of the satellite and the cor-

responding density can be determined with a good accuracy.

d) Raman Scattering

This method can be applicable for densities as high as N >-10237'-1026 cm_s.

In the forward scattering spectrum of an external X-ray beam it is possible
to observe the peak corresponding to the excitation of plasma oscillations
(u)UtU)d:U%). The highest density region of the plasma is responsible for
this peak. Therefore its position provides information only on the maximum
plasma density. The intensity of the external X-ray source needed is very
high. Sufficient intensities may be obtained with laser produced plasmas,

the parameters of which are specially adjusted for this purpose [7—9].

As a conclusion to this short review of spectroscopic methods, we make two
remarks. Methods a, b and c are useful for plasmas with Te SfZDO-?BOO eV;
method d is effective in the low temperature region and for N 7'1023 cm—3.
All these methods, except d, have one deficiency, that is you must keep

a percentage (about 2 %) of heavy elements in the pellet (A% 20-60).

2. NEUTRON YIELD AND SPECTRUM

a) Relative yield and D-T-neutrons spectrum.

It is well known that in the neutron spectrum from a laser heated pellet,

; i ; 4 4
there exists neutrons with energy 2.5 MeV coming from D(D, He )n reactions




[10]. In paper [}1] it was proposed to use this effect to determine the
pellet density. Fast D-T-neutrons (velocity ¥y 258-108 cm/sec) are pro-
duced not only in the low density "corona', but also in compressed core
of the pellet. Calculations [ﬁljhave shown, that starting from a tempera-
ture Te # 0.1 - 0.3 KeV and densities N& lO25 cm—3, the relative yield

of D-T-neutrons Q increases with the temperature and in the Te & 1+ 3

DT/QDD
KeV region it reaches 10 %Z (Fig. 2). From Fig. 2 we can see that relative
neutrons yield can give information about the density and temperature of

the compressed pellet core. If the core is "cold" D-D processes occur only

in the corona and the relative yield from the core remains of the order of

167,

Information about the temperature of compressed core can be obtained from
the spectrum of D-T-neutrons. In Fig. 3, the calculated spectrum of D-T

neutrons for "cold" and "hot" core pellet is shown. The horizontal part of

1977
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Figure 2
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the "hot" spectrum is connected with the effect that occurs when a tritium

nucleus leaves the core. The width of horizontal part is given by

43

A . . 4.36x40 N 4, -
m4m 0 1—3/E
T D e

The main part of the D-T-neutron yield takes place at the moment of
maximum compression. For this reason yield and spectrum measurements of
neutrons from laser imploding pellets can give information about tempera-

ture and density only on the last moment of the compression process.

b) D-D-neutron scattering on pellet substance.

Fusion neutrons can be scattered before leaving target. Monte-Carlo numeral
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calculations I}Z] for (C D2)n pellet show that some percentage of D-D-
neutrons lose energy by scattering. Fig. 4 shows the results of these
calculations for uniformly distributed sources (dense line), point source
(dotted line) and for various densities 1 g/cm3 (1), 10 g/cm3 (2), 100

g/cm3 (3), 1000 g/cm3 (4). The scale on the right side is for unscattered
neutrons.

dN
] T T i — '1 U
dE, 1 e
3
07 \.= 0.95

0% I_ -0.75
0 -0.70
10'7 il \ L | L

0 05 10 15 2.0 E, M

Figure 4

From the calculated spectrum the effect of the first scattering on
deuterium (E ® 0.25 MeV) and carbon (E & 1.75 MeV) are clearly seen.
These calculations are not sensitive to the form of the neutron source.
Results of the numeral calculation for a density distribution close to

that of the real pellet is shown in Fig. 5.
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As for the D-T-spectrum, the D-D-spectrum only gives information about
average pellet density at the moment of maximum compression. Accuracy
and effectiveness of neutron spectroscopy methods increase with the

’ 10
number of neutrons produced in one shot. For 107 neutrons per shot the

accuracy could reach about 10 Z.

3. POSTTRON ANNTHILATION [13]

The decay time of stopped positrons before annihilation is given by the

expression

-4 -40
T =(0rvN) = 2.3x40 (A/32) (4)

2 ’ ; o :
where 0 = Trro c/v. v is the relative electron-position speed, r 1s the
classical electron radius and g , A and Z the density, atomic weigth and
charge number respectively of the nuclear pellet substance. From (4) it

follows that decay time measurements can give in a very simple way the




density of the pellet. If the pellet is located in the positrons flux,

the main part of the positrons that enter the pellet volume would be
thermalized and the positron's concentration would soon reach equilibrium.
If the compression time t¢:’t;, the number of annihilations would increase
with increasing density. These annihilations are very easily recorded by

Cerenkov or scintillation counters.

Estimations show that, for compression.;;lﬂz, pellet diameter szoqu. and

statistical accuracy ~s10 Z the positron flux must be N+¢! 1018 cm_*2 sec_l

Construction problems of a positron source with such intensity are compli-
cated. Fluxes of this order may be generated by impulse betatron type ac-
celerator [4] with convertor from heavy elements. We now have done some
analysis on the possibility of construction of a high current accelerator
particulary suited for use as a density diagnostic [15]. The advantage of
this method, apart from the simplicity of interpretation of the experi-
mental results lies in the possibility of investigating the history of

the compression.

CONCLUSION

In conclusion this short review of diagnostics methods suitable for the

study of compressed pellets, we can say that, at the present time, there

exists enough different ways of measuring densities up to 1026 cm_3.
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Abstract: H.F. waves launching using a phased array of waveguides (the
Grill) in the Lower Hybrid Resonance frequency domain appears to be a
promising method to heat large toroidal plasmas. The theory of such a
launching structure is reviewed, and an application is presented in view
of heating a large tokamak.

1 - INTRODUCTION. - Among the possible h.f. methods for large

confined plasmas, the Lower Hybrid Resonance heating occupies

an interesting position. Indeed, at the required frequency (bet-
ween 0,5 and 1GHz) waveguide launching is easily compatible with
the access available on large toroidal devices, so that coils or
antennas permanently built within the plasma chamber can be
avoided.

It is well known however that the L.H.R. region is accessible
from outside the plasma only for waves whose wave number along
trezconfining mag:etic field satisfies the condition (1)
’(\/CA)?,Z A+ ((Dbc_/_cf-m) Res . To comply with this condi=-
tion, as well as to fully exploit the large access area availa-
ble on the large devices, a multiwaveguide launching structure,
nicknamed "the Grill" has been proposed (2). It consists of an
array of waveguides, mounted with their small side parallel to
the equatorial plane of the plasma chamber, each excited in the
TEn1

wave structure.

mode with adjustable phase, so as to stimulate & retarded

Jecause of the mutual coupling between the guides, and of the
excitation of higher evanescent modes at the guide openings on
the plasma chamber, the behaviour of the Grill as a launching

structure is not completely obvious (3). Té improve the under-

standing of this behaviour, and to have a basis for the practi-
cal design of the Grill, a theory of this structure in a simpli-

fied plane geometry was developed (4). This theory is summarized
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in the next section. In section 3 we present the aspplication of
this theory to the design of the Grill appropriate to a large
Tokamak. Finally, in section 4 the results are reformulated in
terms of elementary microwave theory,and applied to the solu-
tion of the matching problem.

It will be shown that the reflection coefficient (or equivalent-
ly the standing wave ratio) can be made acceptably low, and is
not critically dependent on the plasma parameters. Thus for
example the power required to bring a "feasibility test" tokamak
tc ignition, estimated to be a few tens of MW, could be launched
with electric field not exceeding a few kV/cm.

It is weorth mentioning that the present theory has received

a satisfactory confirmation from the results of a low power
coupling experiment made at Princeton on the linear device
H-1.(5)

Since in the L.H.R. frequency range h.f. sources capable of de-
livery up to 1 MW for several secs. with 50-60% efficiency are
well within present day's technology, the satisfactory solution
of the launching problem makes L.H.R. heating a serious candida-
te to satisfy the powesr requirements of large plasmas of thermo-

nuclear interest.

2 - THE THEORY OF THE GRILL. ~ We simplify the geometry es ‘

sketched in fig. 1. Each guide extends indefinetly in the verti- ‘

cal direction ; the chamber occupies the X720 halfspace, with the
lasma ed 3 -

pilasma ecge A& 'I_’IJ(,Z 0.

The method of solution is as follows. We first express the field
in the waveguide in terms of the incident amplitudes Cx\,,PgA,Q,,.‘.N_
the unknown reflected amplitudes/%eb and the unknown coeffi-

cients ﬁ)n@ characterizing the excitation of higher evanescent

modes at the X=0 digcontinuity. o Yn*
N Li’i.ﬂ: Zikex 0. cos mT (z-—zb) } (I”

EZ a ; ®¥’ (Z){dt.\ e+ [op e ¥ % /%M\a S

and similar expressions for Ex and By (the other components va-
nish by symmetry). Here jﬂ w —(%"T\z/& }: )4/5‘ 's)

ish by sy y). o= O y Jn= o —Ra)

being the width of the waveguides ; C)P(Z) is unity in front of
the p-th guideﬁ%ﬁzézbdb and zero anywhere else.

The electromagnetic field for X 22> O is then written as a

Fourier integral over K? : for example
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Fe - S“‘ sl e T LYk e Jek”z

where &5L5%6_¥; , and the integration path runs abcve the'E;=):n
branch point and is symmetric with respect to %y;=o . ?f(k%)
describes the wave reflected back from the plasma ; it is main-
ly determined by the cut-off at the surface where the local
electron plasma frequency equals the applied frequency. To =a
very good approximation, waves with 3@'32'/60& <4 . , T8
totally reflected there. On the other hand waves with %%ctﬂna>“:
once tunneled to the cut-off layer, propagate forming the
"resconance cone" and suffer no further reflection. Note that

we do not need toc specify the absorption mechanism to evaluate
V(&%) . Its expression assuming a linear density profile near
the plasma edge can be found in ref.4

Imposing the continuity of E and ﬁ at the waveguide throats,
and the vanishing of E on the metallic well, one eliminates

e Lk#) and obtains a linear system for the unknown coeffi-
cients ﬁmmp . This system, truncated to include up to 1C
waveguide eigenmodes, has been solved numerically.

According to the theory sketched above, the coupling efficiency
of the Grill depends mainly on two parameters, namely the dis-
tance :L? between the wall and théiplasma, and the density
gradient length, bLwn = Neges ( d'w/d'a:):c..:lp near the plasma
edge. When Xp is not small compared to the vacuum wavelength
the coupling becomes rapidly poor, because of the evanescense
in vacuum of the waves which satisfy the accessibility condi-
tion. However, it is expected that a tenuous plasma will exist
between the wall and the limiter. It is therefore appropriate
to assume‘x?=434and \.vw much larger than the actual distance
from the wall to the resonance. (The existence of steeper den-
sity gradients beyond the limiter does not affect the results,
as long as was WKB solution will be valid there). The energy
reflection coefficient R always shows a broad minimum for lerge
but not unreasonable values of Lu.It corresponds to the best
compromise between the mismatching due to the fast variation

of the refractive index and polarization for steep gradients,
and the increasing importance of the evanescence layer(QVQAJQ

for too gentle gradients. It is important to note that the

exact value of Ln is by no means critical. This fact, together




with the insensitivity of the results to other parameters,
(magnetic field, temperature, etc.) makes expensive dynamical

tracking of the load impedence unnecessary.

3 - APPLICATION TO A LARGE TOKAMAK. - We proceed now to present

some quantitative results obtained using the theory outlined in

the previous section. The frequency chossn is 1 GHz, and
@s,:/ﬂtg =04 was assumed.

The simplest Grill is constituted by two waveguides only. As
shown in fig. 2 and 4, the minimum value of the energy reflec-
tion coefficient is obtained for b=12 cm, and a phase difference 180°
between the guides. Under these conditions the %ﬂ spectrum
peaks at &% = 1,25, The results of fig. 4 are for L = 104.Dn
fig.3, R is plotted as a function of Lnfor b=11.4 cm and Ad
=180", It is seen that Lpcen vary by more than three orders of
magnitude without R exceeding 15 %.

In large devices, the width of a port in the toroidal direction
will be appreciably larger than the width of the 2-waveguides
Grill of the previous example. Fig. 5 shows R as a function of
A® for Grills with 4,6 and B guides, fitting in a port of

46 cm (b=11.4,7.5 and 5.cm respectively). In all cases, best
coupling is obtained for the same valye of the auerage*%y as
above. However, the minimum value of R for 6 and B8 guides is
about twice as high than for 4 (and 2) guides. Fig.3 also gives
R versus Ln for 4 guides, AP =180° (curve b) and B guides,
Adp =90° (curve c) showing similar features. In the next sec-
tion we will give additional and stronger arguments to rule out

Grill's realizations with more than 4 guides.

4 - IMPEDENCE MATCHING. - For our present purpose, it is useful

to introduce the scattering matrix W, whose element Wpq is the
complex amplitude of the wave reflected in the p-th guide,

when the g-th guide is excited alone with unit amplitude. This
definition allows W to be computed using the theory described
above, or to be measured in an experiment. Then if‘g;[Q4-u-uv)
is the set of incident amplitudes, the reflected amplitudes will
be]%, E! ;

As a first application, we can minimize the reflection coeffi-

cient by choosing the excited amplitudes so that U&,z}\&b (;'5)
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where k is the eigenvalue of W with smallest modulus, and R
Taﬂ\ﬁf: By symmetry, it is clear that for the 2-guides version
of the Grill this will be achieved with Ky =t S, , which
is not new. For the 4-guides Grill, on the other hand, while the
symmetry requires 0(3,_0{2 3 0(4.___ O, , the ratio
(XL/QK4 remains free for optimization. With the above parametexrs
R is found to be 2.74 %, appreciably less than for the equal
moduli, A& =180° excitation. Unfortunately, to divide the
h.f. power in an adjustable manner between the guides is so
difficult that this optimization is of little pratical value.
Now suppose that a matching section is introduced, characteriz-
ed~ by a set of reflection and transmission coefficients R and
T. If losses can be neglected, it can be easily proved that R
and T sre related by _, P Yo,

T -v (R R _;)& )

where I is the identity matrix.
The set of amplitudes reflécted back towards the generator is

then given by o " "
poRTATW(L-RWIZ ®

' ’
Matching is achieved if /5==O independently on the set of in-
+
cident amplitudes, &% . Using Eq. (4), it is easily shown that

this happens if and only if

R =W (6)
An important consqu;nce of this result is that metching is im-
possible using independent guadrupoles in each wavegquide, for
in this case R would be diagonal, which is incompatible with
Eq. {(6). The number of quadrupoles required to achieve the mat-
ching is equal to the number of independent components of W,
Fortunately, this number is cecnsiderable reduced by the symme-

tries of this matrix. In addition to reciprocity, W. =W, .
Ty Kl

the right=left symmetry of the array ensures that:
W1K= NN'*"‘"L;N-I-Jl_K For even N, this leaves (N/2).
(N/2+1) independent components. Thus two quadrupoles (or one
hexapole) are sufficient for N=2, six quadrupoles are required
for N=4, 20 quadrupoles for N=8, and so on. It is clear that

beyond N=4 the complexity and cost increase prohibitively.
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Fimally, the previous results can be used to evaluate the
olectric field required to transmit a given power to the plasma,
taking into account the standing wave ratio in the matched sec-
t+ion. Assuming a total area of 5,103 cm3, covered either by two
independent (on different ports) 2-waveguide Grills, or by a
single 4-waveguide Grill, it is found that in the example above
the electric field required to transmit 10 MW to the plasma 1is

2,5 kV/cm in the first case, and 3.05 kV/cm in the second case.
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Figure Captions

Fig. 1 — The idealized model of the Grill
Fig. 2 - R versus b; 2 waveguides, A{ﬁ = m, Ln = 104,
2 g2
XX = = . = p
D By W= s Ghigs wpe/ﬂce)Res .

Fig..3 - R versus Ln’ b = 11.4 cm, other parameters as in fig. 2.

Fig. 4 - R versus A¢% a) Ln = 104, other parameters as in fig. 3
b) without plasma

Fig. 5 - R versus A#)for 4, 6 and 8 guides, total width 46 cm.

other parameters as in fig. 2
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ON THE PARAMETRIC HEATING OF PLASMAS OF THERMONUCLEAR INTEREST

Andre Rogister

Institut fir Plasmaphysik der Kernforschungsanlage Jiilich GmbH
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517 Jilich, Federal Republic of Germany

1. INTRODUCTION

It is presently generally accepted that ohmic heating will not
be sufficient to bring plasma to ignition temperatures in large
toroidal devices and reactors. It is therefore imperative to in-
vestigate the potentialities of auxilliary heating methods. The
present review aims at describing experimental and theoretical
results concerning radio frequency heating, one of the major

alternative to supplement ohmic heating in toroidal devices.

Engineering and economics considerations readily limit the
discussion to frequencies around and below the lower hybrid
frequency of large devices, since relatively cheap sufficient
radio frequency power is presently not available and will
likely not be available for a long time to come at higher
frequencies. We shall therefore not discuss heating by elec-
tron cyclotron waves and oscillations near the electron plasma
frequency and the upper hybrid frequency; rather we shall merely
concentrate on the lower hybrid and ion-cyclotron frequency
ranges. We need further to distinguish between linear and non-
linear absorption processes. Direct absorption of ion cyclotron

waves /1/ and linear mode conversion at the lower hybrid frequen-

cy /2/,/3/ belong to the first category; the various parametric
instabilities that we shall here discuss belong to the second.

The heart of the problem of parametric instabilities is to

transfer the energy of a long wavelength, usually electromagnetic,

oscillation (the pump wave) into short wavelength electrostatic
waves which are more readily Landau damped in the plasma thereby
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producing anomalous absorption and heating. The questions to

be answered are twofold: (i) What is the instability mechanism
and what are the various electrostatic modes excited? (ii) What
is the saturation level of the electrostatic turbulence, the
anomalous absorption rate of radio frequency energy and the
corresponding plasma heating rate? In the following, we shall

analyse these questions successively.

ITI. IDENTIFICATION OF PARAMETRIC INSTABILITIES

The parametric instabilities, known today, can be classified

in three categories:

1) the three-wave resonant decay instability /4/ whereby two
slightly damped electrostatic plasma modes of frequencies

uﬂ and ui satisfying the resonance relation

o 5
W, = Wy ~ Wy

[w
0
approximation)] are driven unstable by the pump wave. The

is the pump frequency, and we assume [EJ« k| (dipole

process is really one of nonlinear energy transfer from
long wavelength to short wavelength oscillations until an
equilibrium is reached between the three waves (obviously
such an equilibrium can be attained only for a sufficient
pumping level, which besides increases with increasing

linear damping of the electrostatic modes).

2) the nonresonant decay instability /5/,/6/ whereby a single

electrostatic mode is excited, the energy difference

w _wh"".h-_‘i

Q

being taken up by a particle. This parametric process is
akin to the phenomenon of (inverse) nonlinear Landau dam-
ping well-known in wave kinetic theory. It can be noted
that '"'quasi-modes'", which have no counterpart in equili-
brium plasmas (i.e. in the absence of the rf field) appear

at the beat frequenciesmO =Wy




3) the oscillating two-stream instability /4/ in which case
one of the two excited modes has zero frequency (purely
growing mode). It seems that this instability will not
play an important role in heating experiments; it will

not be further discussed here.

Each of the categories listed above can be subdivided according
to the nature of the pump wave and the type of excited electro-
static waves. Table I summarizes some of the instabilities
which have been considered either theoretically or experimen-
tally (the list is clearly not exhaustive). The first column
gives the frequency range and the nature of the pump wave

((..Jeh is the lower hybrid frequency,cuci is the ion cyclotron
frequency); the second indicates the nature of the excited
electrostatic waves, and reference is given in the third and
fourth columns to the theoretical and experimental works,
respectively.

Frequency range W >Wqy, -

- . e A mm o G e e Em Em s e e G e e e

We should first like to note that a damped ion acoustic wave can
be viewed as a special case of the ion ''quasi mode" in the limit
where the beat frequencyw - (wk)lh approaches the real part of
the frequency of the ion sound wave [(wk)lh is the frequency of
the excited lower hybrid wave.] In this Timit Ree [k, wg -
(wk)lh]= o and the growth rate of the instability usually reaches
a maximum as will be evident from the considerations of Sec. III.
Clearly the nonresonant instability can excite a much broader

spectrum of waves than the resonant instability.

Some of the important experimental results in this frequency range

are:

a) Strong heating of the ions has been observed in the direction
orthogonal to the magnetic field, whereas the electrons were
heated in the parallel direction /17/.

b) The energy in the decay spectrum was observed to be up to
twice the energy in the pump wave /9/.

c) Optimum heating is obtained when the pump frequency is in
the range wlhswosz Wip, /14/.
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These observations will be compared with the results of an
analytical nonlinear theory /12/,/13/ and of two and one-half
simulation /8/-in Sec. III.

Important experimental results in this frequency range are

a) Heating takes place mainly in the ionic component;

b) The plasma lifetime was approximately doubled in the experi-
ment of Ref. /20/; this is interpreted as due to the
stabilization of long wavelength drift oscillations, which
are deleterious to plasma confinement, by the magneto-

acoustic wave.

One should emphasize that the theoretical works generally do
not take the effect of gradients and shear properly into
account, nor do they address themselves to the important
question of turbulence saturation levels and anomalous ab-
sorption rates. These problems were, however, respectively
treated in Ref. /25/ and /12/,/13/. The nonlinear theory of
parametric instability in the lower hybrid frequency range
will be reviewed in the next Section.

III. THEORY OF PARAMETRIC HEATING IN THE LOWER HYBRID FREQUENCY
RANGE

Our purpose now is to briefly review a recent theory /12,13/,
which discusses-the nonlinear fate of lower hybrid microtur-
bulence driven parametrically by a whistler pump wave.

Assuming that the increments are small compared to the wave
frequencies, the starting point of the calculation is to split
the distribution functions in three parts

Bpm <A<y ) 1 (4 = g 8,




where the space and time averages are taken over distances and
intervals of time long compared to the Debye wavelength (which
is the typical length scale of the turbulence; we work in the
dipole approximation so that A = Zn/ku»)w)~ 21/k) and the
periods of the waves (Zn/u)o~ zn/uk), respectively. Vlasov's

J? the rf
pump field distributions fJ and the electrostatic turbulent

equations for the background distribution functions F

fluctuations 5fJ are coupled through nonlinear terms. The
pump wave 1s essentially described by the cold plasma relations
and one easily derives the propagation equation

R gy Yae (3 ©e)d RN

(wp‘; ox! ) [w;;z(ax‘; E%)at"w’L (at‘ *")aquijj
y b2 " y ] ~ -\St‘l}

—ocrd W L D WeeY A 3 Rk .¢921 Fpd 1
Ak K, ¥ (axf g* )Cdce ot xaﬁl ox, &2 Mo

where VY is the electrostatic potential of the pump wave

(e = =VY¥-Vx} with V-d= 0),5Y is the potential of the elec-
trostatic fluctuations, and the subscripts 1 and || refer to

the direction ﬁ of the background (homogeneous) magnetic field.
Except for the last term, which describes the interaction with
the turbulence, this equation is the well known whistler disper-
sion relation.

Taking advantage of the fact that (wk)lh«tdu,the Fourier
transform of the electron fluctuation distribution function
6fe i can be written in the form

o=

B}e,g % Sge,‘i exp [-izhsmm"-e,&)] Iz

+ 9e SWh 1 ok {4 -exp}izian(f-eg]]o(lg} (2)

Me "R
in the frame moving with the time dependant velocity U,Zc¢ ng/B
induced by the pump field. Here ¥ = - tan_1(vx/vy) is the velo-
city space angle around the direction of the magnetic field and
0 = -tan-1(kx/ky); Zy = klﬁﬁgce_gnd a bar denotes “Y-indepen-
dant quantities or Y averages. 5%&& satisfies a nonlinear
Vlasov equation from which the magnetic field has disappeared:
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where k'=k-k'. The ion fluctuation S K essentially satisfies

the linear equation

(g—k—i-i}jl‘_/l)gj 3—5? f (4)

'35 63\/L
(k,«k, ); Sfe’-13 and Efi K are of course coupled through Poisson's

»
equation.

Equations (1-4) where derived without the usual assumption
Ue(-ci = (KTi/mi)1/2. Assuming now

lh‘u}f{i and correspondingly ”}7<4 (5)

KT
and expanding in powers of}f » Eqs. (2,4) lead to a wave kinetic
equation, whereas (1) yields the expression for the anomalous
absorption rate of rf energy. The wave kinetic equation is

(Nk: plasmon density per mode). ]k is the linear Landau damping
of the lower hybrid waves.[_k,p is the parametric growth rate
and describes the interaction of lower hybrid modes with the
pump; in the limit kLCeﬂdce {1, which marginally applies for

Tokamaks, one finds:

=1
1’; - [36(}3 w)]
P

=1

(k.y_ejz' 1% e (W, -, k) Im?lr(immsh +D_(7)
dw g\ e (-, k) I

[ji(e): ion (electron) susceptibility; € : dielectric functionl
It is worth noting here that the parametric growth rate would
usually reach its maximum value should Ree&@dk—wo,g) vanish
[the frequency differencecﬁo-wk approaching, e.g. the (real
part) of the ion sound frequency in a plasma with Te; 14

i
rk ¢ describes the nonlinear interaction of lower hybrid modes
bzt )
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among themselves:

=1 % , A ” oy
[‘bt;_aaﬂk!w)] w;‘ _C_.‘b jd}i (D -kxk" I‘_" E:. L”(liu _ ky )
) w @, B Rkt W Wy
nooy
*[1 : (k,. h.. IXetwh-wwﬁ ’lt I (Wmw k'Y + Pleaiy
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(k"=k-k'. Ik=k-2[8£(k w)/auﬂ_1 k} The similarity of structure
between rk ; and rk as one lets k'—» 0 andcuk_+u is parti-
cularly str1k1ng 51nce c2(1 -kxk') Ik,/B can be identified
with (k. uk,)

The saturation level of the turbulence is estimated from

dk (‘)BNEWE”_B,;:*E&}:O : (9)

Note that from the right-hand-side of (8) only the second term
contributes to the above integral and corresponds to damping;
the first term integrates out and thus corresponds to pure
energy transfer through k-space.

Finally the anomalous absorption rate of rf power is given by

. ~ A = H
v, =[(1+ Yooy + Q)T C (df (Bohxh [ B4
% Wl R BT T T Ry Wl |
% (Wy - W, k) | | T %, (W, -, k) + D (e
(10)
€ (w,- W, )|

Results: (1) We note that F will be largest when lw,l - 1]

iy, kLCl « Since (Ik Cey

the existence of an optimum pumping frequency: w ~%ﬁ1h(1+T /T )

kjc; )« lwyl, this implies 1/2
This result agrees well with experimental conc1u51ons /14/

(2) At saturation and for a pump frequency chosen according to

(1) the ratio of the electrostatic energy density of turbulence
estimated from Eq.(9) to the energy density of the pump is of

the order(ﬂo/ﬁa)where Aw is a measure of the frequency width

of the excited modes. This ratio is estimated to be of order

3-4. This result should be compared with the experimental fin-
ding of Hooke and Bernabei /9/ that "By careful adjustment

of the plasma parameters, however, the integrated energy in the
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decay in some cases was observed to exceed that in the pump
wave by a factor 2'". Simulation in 2 1/2 D also leads to the
same conclusion. Note that the right-hand-side of Eq. (&)
vanishes in one dimension; this explains why 1 D simulation

/7/ yields unrealistic results.

(3) The particle kinetic equation shows that heating is essen-
tially parallel to B for the electrons and perpendicular for
the ions. This result is also borne out by numerical simulation
/8/ and by experiments /17/.

In order to illustrate the results obtained in this work, we
have computed in table II, for reactor parameters, the absorp-
tion rate of electromagnetic energy V,, the plasma heating rate
vh, the parameter u.e/ci in the plasma core, where the energy
must be deposited and the corresponding electric field at the
plasma vacuum interface |el,, as a function of the central
density N assuming that the absorption length la' i.e. the
thickness of the heated layer, is of the order of the plasma

radius. It should here be noted that

[ - 30./3key

Ca
N Va

(cA = Alfvén speed in plasma core), is inversely proportional

to the turbulence level and thus to the pump energy density.

For the calculation we assumed Te = Ti and the optimum frequency
1/2

A 2

= u%h has been chosen.
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TABLE 1

Pump wave Decay waves Theoretical works Experimental works Remarks
1) lower hybrid wave Kindel et al. /7/ Hooke a. Bernabei /9/
+ ion acoustic Chu et al. /8/ Farenik et al. F 10/
wave
2) lower hybrid wave Porkolab £11/
+ ion "quasi-mode'" Rogister and Chang a. Porkolab /14/ Nonresonant
Rogister a. Hasselberg interaction
Wpp £ Wy 12,151
(low frequency
whistler or 3) lower hybrid wave Brusati et al. 15/
lower hybrid + ion cyclotron
mode) wave
4) lower hybrid wave Sundaram a. Kaw /16/ Low frequency wave
+ low frequency which may be the
drift wave (W«W,) byproduct of para-
or drift cyeclotron metric heating
wave (Wrw) schemes, can be

deleterious to
plasma confinement.

5) non identified Kitsenko et al. /17/
Alikaev /18/




e

Pump wave Decay waves Theoretical works Experimental works Remarks

Ion cyclotron wave Ivanov and Parail /19/ Vdovin et al. /20,21/
+ short wave length
drift wave

Ion Bernstein waves Martinov a. Samain /5/ nonresonant
+ quasi modes Harms et al. J6/ interaction
Weis Wy < Wy A pair of Ion Harms et al. 16,22/ The instabilities
(magneto- Bernstein waves Kitsenko and considered in /22/
acoustic waves) Stepanov /23/ and /23/ are driven

by the relative drift

between two ion spe-

cies.
A pair of Ion Sperling a. Perkins The instability is
cyclotron waves f24,25] driven by the relatie

drift between two ion

species.

T S e ———————




TABLE 11

B= 100 kG, T = 5 keV, a = 200 cm, 1 = a/s
N(em™ ) 1.10"  2.10" 3.901%
w_(sec’)  1.210'0 1.7 109 2.0 10'°
v (sec”) 1.5 107 1.1 107 0.9 10’
V}ﬁsec_1 22 4.4 1.8
L2

e -3 =% o
- 1.5 107° 0.85 10 0.6 10
e

1
ti(cm) 1.3 . ) 6.6
e, (V/cm) 500 1150 4000
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INTERACTION OF INTENSE ELECTROMAGNETIC
RADTATION WITH PLASMA

N.L. Tsintsadze
Institute of Physics, Academy of Sciences of the

Georgian SSR, Tbilissi, USSR

I.R. Gekker
Lebedev Physical Institute, Academy of Sciences of

the USSR Moscow, USSR

The progress in laser and high frequency engineering led to such conditions
when nonlinear processes of various types appear in the interaction of the
incident electromagnetic radiation with plasma. They manifest themselves in
anomalously strong absorption of wave energy in the collisionless plasma,
electron and ion heating, self-effect of the wave on plasma, creation of
plasma turbulence, etc. A considerable number of theoretical and experimen-
tal works is devoted to the above problems including a series of review
papers and monographs /1-7/. The obtained information is of essential
interest for understanding many physical phenomena occurring in plasma when
intense electromagnetic wave falls on it. It is noteworthy that the success
in the development of the theory and numerical experiment in this little
studied field of science and in experiments in the UHF wave range and re-
cently in HF and laser ranges is essential. The physical unity of the
studied phenomena allows to study the interaction processes of electroma-
gnetic waves with plasma in the wide range of wavelengths, thus obtaining

data which supplement each other.

Representations of the linear electrodynamics, in the framework of which

many investigations have been accomplished (for instance /5/), become non-—

acceptable at large values of the strength of the electric field E0 when




the plasma pressure is comparable to that of the wave T = E2/8 T, Or,
o

for the case w = Mpe’ when the thermal velocity of the electron V = KTe

e m
becomes comparable with that of the electron oscillating in the wave elec-

. el . .
tric field V.= _ 2 i.e. when VT = VE. Note that under certain conditions,
muw e

say near the plasma resonance, the nonlinear effects are observed due to the

considerable field amplification at V_ <« VT . Condition VE & VT is easily

E
e e
fulfilled in UHF range (for hydrogen plasma at A = 10 cm, w= 2 x lolosec_l,

n =10 en™3 and T, =1 eV we have V, =V, atE = 300 V/em) and noteably

c E Ta
hard in the optical range (for hydrogen plasma and neodim laser at A = 1.06
microns, W = u%e= 2 x 1012 sec-l, n = 1021 em™3 and Te= 1 KeV we have

EO= 109 V/em or P = 2 x 1012 W/cmz).

Recent years are characterized by an increase in the number of papers on the
interaction of electromagnetic waves with plasma. We shall note the most
important results (in our opinion).

Theory:

1) Study of the effect of inhomogeneity of the spatial distribution of

plasma particles on the thresholds of the parametric instability development.

2) Investigation on nonlinear theory of plasma oscillations (saturation,

stabilization, etc.).
3) Study of mechanisms of particle acceleration in plasma.

4) Development of research in linear and nonlinear wave transformation in

plasma.
5) Increase of the computer experiments.
6) Tendency towards comparison of the theoretical and experimental results.

Experiment:

1) Observation and connection with the parametric instability of nonlinear
phenomena in the interaction of intense laser radiation with the plasma
created by it (absorption, generation, harmonics, oscillations, intense

light reflection).
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2) Creation of stationary plasma in large volumes and measurements in the
range of plasma resonance (cavitons, particle acceleration, wave accele-

ration, etc.).

3) Obtention of experimental plots of the effective particle collision

frequency versus UHF field strength as predicted by the theory.

There are parametric instabilities of the following types [8]:
1) Aperiodicwhen quasi decay of the transverse wave t into a Langmuir

wave { takes place.

2) Periodic (potential, parametric, decay) when the decay of t + & + s
type takes place, where s is the ion—-sound wave (range of existence

w = mpe).

3) Decay into two plasmons (electron Langmuir oscillations) t + & + &
1

(range mpe € & )

4) Stimulated Mandelstam—-Brillouin (SSMB) scattering into ion—souqﬁ os-

3 s ; M
cillations with the decay of t - t'+ s type (range w > mpe>-§B ;fa w ).
&

5) Stimulated combined scattering (SCS) into electron Langmyir oscil-

lations with the decay of t + t'+ & type (range w > mpe ] w) .
c
6) Decay of the plasma wave ¢ = & + s (range wpe S w).

Apart from the above mentioned instabilities a great attention is given to
the relativistic effects in plasma. The point is that by developing the

laser technique it is possible to obtain strong radiation fields for which
the ordered velocities of the electrons may become comparable with the light
velocity. Taking into account the relativistic character of the electron
motion in the external alternating field leads to the fact that the parameter
of the medium-electron mass undergoes an oscillation with the frequency of
the external field. In its turn the oscillation of the electron mass leads

to a sufficient change in the dispersive properties of plasma and to the

excitation of the potential and nonpotential plasma oscillations [9-15].
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The given review presents some new papers on the nonlinear interaction of
the electromagnetic fields with plasma, and the importance of the obtained

results 1s discussed.

S.V. Bulanov and L.M. Kovrizihnikh /16/ have considered the stimulated
Langmuir oscillations of the inhomogeneous plasma in the two-fluid approxi-
mation. In addition to the linear mechanisms connected with collisions and
transformation of waves, the nonlinear phenomena of the type of self-cros-
sing of the electron trajectories are studied which arise due to plasma
inhomogeneity or to relativistic effects and may lead to the limitation

of the electromagnetic field amplitude in the range of plasma resonance.

For cold plasma, maximum values of the field increase towards the resonance.
In the general case the ratio of the external fields Eo amplitude to its

maximum value at the resonance E is finite and equal to:
T T 2
Fo g imad se¥ o\ (=)L (E)
E_ v w > \'L > °g il * %y y

where v is the collision frequency, w is the external field frequency,

9ln n 1 . , ; . 3T
L= characteristic size of the plasma inhomogeneity, T =
ax pe mwpz
el e
Debye length of electrons, rE= g amplitude of electron oscillations in
muw

the field of the pump wave.

The size of the field localisation in the resonance region is of the order

of Ax = sL, the establishing time of the maximum value of the field is

T ;@ . For the case w = 2 x lolosec—ls Te= 3 eV, A=10cm, n=2x 1010
-8 3 2 x 1077 and 5 =

cm_3, EO= 1 kV/cm, we have Sv =10 °, ST= 4 x 10 °, 8

H
2 x 1072. Hence in this case the most important are nonlinear effects in

comparison with the collisions and spatial dispersion. For the laser plasma
w=2x 10155ec_1, Te= 1 KeV, L

10"6, S.% 6 % 1672, g 10'3, S =9 x 10_3, i.e. S, and 5, turn to be

10 cm_z, E= 5 o W V/em we have By ™

H T
comparable. Further, they [171 have studied the effect of the localised

high frequency field on the distribution function of electrons in a weakly

collisional plasma. Nonadiabaticity of the particle interaction with the
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field in the resonance (due to rare collisions) at VE »>VT leads to the
appearance of the group of accelerated electrons with velogities up to

n 2 Vt. In the first case of the high frequency interaction when S = 2 x 102
we obtain the particle energy of the order of 100 - 400 eV at the density

of 2 x 108cmq3, in the second case (laser) at £ = 6 x 10-3 we have v 60 keV

and 5 x 1012cm respectively.

In the case when maximum field amplitude is determined by the value SH, the
electron oscillation amplitude in the resonance region is of the order of
the width of the resonance region and hence the electron motion becomes
nonadiabatic also in the absence o. the collisions. This nonadiabaticity

is also the cause of the appearance of fast electrons with the energy of the

order of eEOL.

The density of the accelerated particles is ™ n.

V.I. Barinov, I.R. Gekker, V.A. Ivanov, D.M. Karfidov /18-20/ have studied
the interaction of a pulsed UHF radiation in the 10 cm range with the flow
of a collisionless plasma in a waveguide, for initial conditions both
favourable and unfavourable for the manifestation of the linear transforma-
tion of the waves. It is shown that in the wide range of UHF output change
interval corresponding to VE/VT= 10_5—10 the absorption coefficient |D|2
under the conditions of linear transformation E— =1, 2 n I E) is
approximacely constant. The absorption comes instagtaneously (t < 0.0l upsec),
is accompanied by the fast decay of plasma and generation of the accelerated
electrons. For initial conditions unfavourable for the linear transformation
(K n | E), the anomalous strong absorption arises with a timg delay (1 - 3
usec) when the wave pressure exceeds the plasma pressure 7%; =2 m<Te . The
notable absorption is preceded by the deformation of the front plasma in-
crease at the dominating increase of the concentration in the central part
of the flow. The mentioned peculiarities of the "anomalous" absorption and

a series of other specificites allow to connect it with the so-called '"slow"
nonlinear phenomena, caused by the variation of plasma parameters under the
effects of the incident wave pressure. They lead in the end to the rise of

the favourable conditions for the linear transformation.




The possibility of UHF energy absorption in plasma beyond the range of
linear transformation (w < mHe) was experimentally studied in the paper

of S.I. Nanobashvili, G.I. Rostomashvili 6 N.L. Tsintsadze /21/. The ex-
periments were done with a stationary plasma obtained in a UHF discharge
(f = 2400 MHz, P = 150 W ), located in a longitudinal homogeneous magnetic

field of 0 % 1400 Gauss. Argon was used as the operating gas at the pres-

sure of 10 ~-10 2 Torr. Effective absorption of waves up to 1.6 times
exceeding the cyclotron magnetic field was found. The connection of this
phenomena with nonlinear processes was established. The authors /24/ have
studied the nonlinear effects in the interaction of UHF waves with plasma
in the range of linear transformation (w=>mHe). It turned out that for a
field strength of the pumping wave EO= 30 V/em the satellite near the
Langmuir frequency arises and the ion sound appears, i.e. the decay of
the external electromagnetic wave into ths plasma wave and ion sound

(t + & + s) takes place.

In /23/ the interaction of modulated UHF oscillations with the magnetoactive
plasma was studied experimentally. It was shown, that when the modulation
frequency is near the ion-cyclotron frequency, the effective absorption of
the modulation frequency by plasma takes place. This fact, obviously, gives
the possibility to heat simultaneously the electron and ion components of

plasma.

In the work of L.L. Pasechnik, V.V. Pustovalov, V.F. Semenyuk, V.P. Silin,
V.T. Tikhonchuk /24/ a detail comparison of the theoretical and experimental
results on the parametric turbulence caused by the decay excitation of fast
magnetosonic wave and the oscillations at the frequency of the lower hybrid
resonance in the magnetoactive plasma was performed. The investigations were
carried out on a plasma created with a capacitive HF discharge (f = 20 - 40
MHz) located in a longitudinal homogeneous magnetic field of 300 - 2000
Gauss. Helium was the operating gas at the pressure of (1-7)x 10-3 ToxXT,

the electron concentration was (0.2-2)x 109 cm_3 and Te= 3-7 eV. It was
shown that all the phenomena found in the experiment— instability threshold,

characteristic wave numbers of the excited oscillations, instability increment
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and its time variation, the number and energetic distribution of the
generated fast electrons and the stationary amplitude of low frequency
oscillations— may be explained on the basis of the parametric resonance
theory in plasma taking into account the finite pumping wave length and
the quasilinear theory of parametric turbulence. It was also shown that
the parametric instability is stabilized due to the quasilinear effect
of particle redistribution of plasma over the velocities, leading to the
generation of fast electrons. The theoretical and experimental results

are in good qualitative and quantitative agreement.

A.A. Galeev, R.Z. Sagdeev, Yu.S. Sigov, V.D. Shapiro, V.I. Shevchenko /25/
considered the nonlinear theory of plasma oscillations. In the absence of
the pumping wave the self-consistent solutions of the nonlinear equation
describing the evolution of plasma waves have been found. On the basis

of the obtained solutions the possibility of wave "Collapse'" in the two-
and three-dimensional cases discussed depending upon the symmetrc rate of
the initial conditions. In the presence of the pumping wave the effect of
phase mixing on the interaction of plasma turbulence with the pumping wave
was considered. Assuming that the main process of conversion to shorter
wavelength is the Langmuir wave collapse, the turbulence spectrum was

obtained on the basis of Kolmogorov's hypothesis.

0.N. Krokhin, Yu.A. Mikhailov, V.V. Pustovalov, A.A. Rupasov, V.P. Silin,
G.V. Sklizkov, A.S. Shikanov /26/ studied the direction of the reflected
light and X-ray radiation in laser plasmas. The experiments were done at

the focusing of the linearly polarized laser beam (A = 1.06 u) onto the
surface of solid target for a flux density of 1014 W/cm2 and a pulse dura-
tion v 3 ns. It was found that a portion of light of some percent remained
unsaturated by laser plasma is reflected by it in mirror at normal and
oblique incidence of laser beam on the surface of alluminium and polyethylene
targets; at normal incidence a considerable part of the reflected light fell
into the body angle of the focusing system. The study of the time variation
of the second harmonics radiation (A = 0.53 p) showed that, differing from
the reflected radiation on the main frequency, the intensity of the second

harmonics does not oscillate in time. In the energy range of 2 — 4 KeV an




anisotropy in the X-rays emission was found
in the direction perpendicular and parallel
vector. The obtained experimental result is

representations of the theoretic parametric

(of the order of 200 - 300 %)
to the laser beam polarization
interpreted on the basis of the

effect of radiation of great

power on plasma.

N.L. Tsintsadze, D.D. Tskhakaya /27/ considered the effect of the relati-
vistic character of electron motion on the propagation of nonlinear waves
in plasma. A conclusion of the bounded system of hydrodynamical equations
of plasma is given not limiting the amplitude value of the external HF wave
(electron velocity in the external field v < c¢). If the external field is
polarized circularly, the system of equations discribing the interrelating

slow and fast transverse plasma motions has a form of

an, .
— 4 div n, v, =0
ot N ;
5 2 ‘
P ~
i > 9 > 2 3 = 2 9
— +v, —=p.=-mc — J1+|p| /m°c“-T — fnn
e Ty k: eor i
= 1 32 B 4 ezn. ¥
e mt T L BH o T B = 0 1)
o2 D32 2 32
m 1+ lp| /m” ¢

These equations are correct under the conditions that the sizes of plasma
inhomogeneities are much greater than the distances traveled by an electron
in a period of the external HF wave. The amplitude of the fast transverse

pulse of electrons is related to that of the HF wave by the ratio
pa

e E0

X
P=

w
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In conclusion, one may say that the nonlinear phenomena found in the inter-
action of intense electromagnetic waves with collisionless plasma have a
general character. The theoretical investigations and the experimental re-
sults obtained in HF, UHF and laser ranges of wavelengths compel to think
that anomalous absorption of radiation and plasma heating are connected
with nonlinear wave transformation, plasma parametric instability. The
nonlinear character of the observed phenomena is expressed in the availa-—
bility of threshold values for the field strength, appearance of accele—
rated particles, increase of the effectice collision frequency, perturba-
tion of the oscillations of different types, etc. Further investigations
should be directed towards broadening the experimental conditions, in-
creasing the measurement precision and removing the possible influence

of the by-pass processes, making the theoretical models closer to the ex—
perimental schemes. Direct measurements of plasma oscillations, radiations
spectra, perturbation increments, charged particle spectra and their

development in the time and space are of essential importance.

It is obvious that the study of the phenomenon of anomalous wave dissipa-
tion in plasma is useful to perform in different frequency ranges, using
the conditions facilitating the measurements of any parameter and the
comparison of the obtained results. The computer experiments are also of

great importance despite some limitation.

The obtained information got at present on the specifities of the nonlinear
effect of waves on plasma may promote not only a better understanding of

the physical processes occurring at the interaction of the intense electro-—
magnetic radiation with plasma, but also open definite hopeful perspectives
in the realization of laser nuclear fusion with moderate radiation sources
and broadening the possibilities of UHF and HF plasma heating in the magne-

tic traps of thermonuclear reactors.
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COLLECTIVE ION ACCELERATION WITH RELATIVISTIC ELECTRON RINGS

C. Andelfinger

Max-Planck-Institut fiir Plasmaphysik

D-8046 Garching/Fed.Rep. of Germany

The principle of collective ion acceleration involves the use of an electron
cluster as a carrier for transporting and accelerating ions. This ensemble is an
incompletely neutralized plasma with a relativistic electron component. This is
the motivation for research on it in an institute of plasma physics. The
experimental and theoretical know-how largely has its origin in fusion research.

What are the main differences and possible advantages compared with a traditional
accelerator ?

In a traditional system the particles are accelerated in an external electric
field. The acceleration is proportional to this field and the ratio of ion
charge to lon mass:

e?

b =

% " " E
i

In this case of a collective ion accelerator the acceleration is given by

eN

bcoll. T N.M, 4N my o SN ZNi<< Ne
i1 e

3 %o 1675,

where ZNi/Ne‘is of the order of 10
5
Here N , N. are the particle numbers, M. is the ion mass and my is the mass of

relativistic electrons, and Z is the ion charge.

The acceleration of ions in equal external fields is then more efficient than in
an traditional system by the ratio

<1

i o
= —_— —
/bt H N M.
e 1

=

10coll

For practical cases this ratio will be of the order of 30 to 60.

This is true on the assumption that the electric self-field of the electron
cluster is high enough to trap the ions. First experiments in this direction
were conducted by Alfveén and Wernholm 3 more than twenty years ago, but without
positive results. At the CERN meeting on high energy accelerators in 1956 twg
papers opened the way to stable self-focused electron clusters. G.I. Budker -,
as well as W.H. Benett in 1934, showed that the repulsive space charge force in
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an electron cluster is reduced by a factor 1/y 2, using relativistic electrons,
and, furthermore, that the resi%ual force can be compensated by a small fraction
of positive ions when ZN, >N _/y . It was V.I. Veksler 3, who suggested using this
self-focusing property ot refativistic electron beams for collective ion
acceleration. His concept was a relativistic electron ring which can be
accelerated perpendicularly to the ring plane.

The force which binds the ions on the electrons, the so-called "holding power",
is given by the electrostatic field of the electron ring

alN
e

’ QﬂEEOR(a+b)

Here R is the ring radius and a and b are the semi-axis of the minor cross—
section. The factor n depends on the special distribution of the electrons and
ions “. It is 0.2 to 0.8.

Hitherto holding powers of the order of 10 MV/m have been achieved in
unaccelerated electron rings. According to the present theoretical understanding
a holding power of 50 ./. 100 MV/m seems possible. We have to compare these
numbers with maximum values of 5 MV/m in traditional systems, mostly working
with 1 ./, 2 MV/m.

Fig.l shows in a very simple manner the principle of the electron ring
accelerator (ERA). In a weak magnetic mirror field a relativistic electron beam
with an energy of a few MeV and a current of a few 100 A is inflected and bound
to an eleclron ring. The external magnetic field is weakly focusing as in a
betatron. The field index n = RAB /BdR is 0<n<0.5. At this early time no ions
are in the ring, so that the above-mentioned self-focusing effect does not work.
The ring is now adiabatically compressed by the fast increasing magnetic field.
The field rises from a few 100 Gauss to about 20 kilogauss. This increases the
electron density and the holding power by a factor of about 30. At the end of
compression, when the electron flux density becomes large (1022 cm—es_l), ions
will be trapped by impact ionization of the residual gas. This is a second
advantage of the electron ring accelerator: no additional ion source is necessary.
The ionization time for light ions is of the order of microseconds, while for
heavy ions with the required charge to mass ratio of about 1/5 it is of the
order of 10 ms,
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Fig.l: Principle of
electron ring
accelerator

axially
accelerated ring

electron ring
before compression

% after compression

Now the collective ensemble can be accelerated perpendicularly to the ring
current either by an electric field or, in a simpler manner, by Lorentz forces
¥ 'Brin a slightly divergent magnetic field which is needed in any case as a
guiding field for the electron ring. Part of the azimuthal electron energy will
be transmitted in the axial direction and energy gains of many hundred MeV for
protons or a few times ten MeV/nucleon for heavy ions should be possible.

The admissible acceleration force is limited by the holding power. The relation
is obtained from the equation of motion of the total ring and from that of the
ions in the electron ring. It is

Ni ym
v.«B < B *% —]\T“—PM—
e i

In practical cases Br will be of the order of 5 to 10 Gauss, this being comparable
with guiding fields of 20 kilogauss.

There are, of course, effects which limit the efficiency of such an accelerator.

1. In the early phase, before ion loading, the residual repulsive force of the
space charge must be smaller than the focusing force of the external magnetic
field. Therefore, the maximum electron number can be about 3.1013,

2. During ring compression several betatron resonances are crossed. They can
increase the minor cross-section of the elctron ring. Especially in the
extremely fast compression of the Garching ERA experiment each resonance is
crossed during few electron revolutions and no ring "blow up" can be observed.
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3. There are collective instabilities resulting from interactions between the
particles themselves or between the particles and their surroundings. These
are problems which are restrictive also for intense circular accelerators and
storage rings.

One of these collective instabilities results from the "ion-electron resonance"
when

kw + lw. = mw
e i 0

where(% is the electron betatron frequency,t& the ion frequency and w the
gyration frequency; k, 1 and m are integers.

This resonance depends on the ion loading and can be suppressed by a favourable
ion to electron ratioc and, furthermore, by sufficient Landau damping.

The most severe effect is the "negative mass instability" °, The reason lies in
the fact that in a focusing magnetic field, with a field index O<n<l, the
revolution frequency of the electrons decreases with increasing energy. Fig.2
illustrates this phencomenon.

test particle

simplified motion
of partlcs

Fig.2: Illustration of "negative
mass instability"

A relativistic electron in front of a small increase in line density gains
energy from the repulsive force and shifts to larger radius, the revolution
frequency is reduced and the line density in the bunch will be increased. An
electron behind the bunch goes the opposite way. There exists a limit in the
electron number for this instability.

YR(AE/E)2

Ne < or jZ /mZ
om0

A large energy spread AE/E is favourable but impairs the radial ring extent and
therefore reduces the holding power. Zm is the coupling impedance of mode number m
and ZO is the coupling impedance of the electron ring in the free space. The

ratio Z_/mZ is practically limited to larger values than 0.2. r is the classical
electron radius.
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It is mainly the '"negative mass igstability" which limits the theoretical possible
holding power to 50 ./. 100 MV/m ~.

What is the present state of art and what are the prospects of an electron ring |
accelerator ? |

The running Garching ERA experiment T was built to study fast ring compression

and the initial acceleration of rings loaded with light ions. This device combines
in a single-turn coil, very similar to a thetapinch coil, the ring compressor with
the acceleration part, existing in a slightly divergent magnetic field. Fig.3 gives
a schematic view of the experimental set—up. Owing to the fast field rise there is
constant flux along the axis. Therefore, the field distribution is controlled by
the cross—section of the coil. Within a section about 10 em long in the axial
direction, the Brmvalue is small enough for smooth acceleration.
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The electron injector, consisting of a commercial high-voltage Marx generator and
a specially developed field emission tube, produces electron beams of 1000 A with
an energy of 2 MeV and pulse length of 100 ns. About 300 A was inflected in the
ring compressor in an acceptance of 0.13 cmrad.
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Fig.h shows the time dependence of the ring radius during compression and the
very fast change in the magnetic field index. All betatron resonances are
crossed within less than 100 ns.

At the end of ring compression the ring data are:

This holding power would be large enough for a very attractive accelerator.

Towards the end of compression and during the so-called roll-out phase, when
the loaded ring is shifted in the acceleration part, the magnetic field index
becomes very small. This entails two problems:

1. Strong collective radial oscillations are observed with a frequency of
S =w (1- ), where v_is the ratio of the radial betatron frequency to the
gyro—?requeﬁcy. This oscillation corresponds to a precession motion and its
occurrence and growth depends strongly on the amount of ion loading and on
the magnitude of field distortion. The loading dependence can be explained
as electron-ion dipole instability, first studied by Koshkarev and Zenkevich
and, for the relevant parameters in this application, by Dommaschk 8
Fig.5 shows for four different times and three different gas pressures the
coupling coefficients Qi and Ql of the ions and electrons.

Fig.5: Coupling
coefficients Q.,
Q,in the stabiiity
diagram of the
electron ion

dipole instability,
plotted for
different times and
gas pressures
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The hatched areas are the unstable regions, with Landau damping taken
approximately into account. In accordance with the theory the instability starts
when the instability area crosses the Q;, Qj-values of the loaded electron ring,
and, furthermore, the collective radial frequency decreases with higher ion
loading. This instability can be reduced by small ion loading and by large

Landau damping coefficients 10 EAS/SAE. The latter depends among other quantities
on the radial variation of the field index dn/dR. This parameter can be varied by
passive, well conducting structures, so—called "n-spoilers", on the axis of the
configuration. Fig.6 represents a collection of the ring behaviour with

different field shaping structures and gas pressure.
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The upper figure shows the Landau damping coefficients for the different
n-spoilers. The width of the streaks drawn 1in the lower figure represents the
time behaviour of the amplitudes of these collective oscillations. The main
result is that these oscillations can be suppressed and the growth rates will
be reduced when the Landau damping coefficient becomes larger than about unity
or when the gas pressure of the residual gas, which determines the ion loading,
is smaller than a few 10~/ torr, corresponding to an ion fraction of about

10

2. Such small ion fractions are unsufficient for the above mentioned self-
focusing of the electron ring. On the other hand, during the acceleration in
the divergent magnetic field there is no axial focusing by external magnetic
fields. The missing space charge compensation inside the electron ring can be
replaced by image charges on walls close to the electron ring when image
currents, producing a defocusing effect, are avoided.

The so-called "squirrel cage" inside the ring (see Fig.3) accomplishes this
condition owing to the anisotropic conductivity, and with it we were able to
accelerate even pure electron rings as an intactly coherent entity

The acceleration was determined by magnetic probes, which measure the Ez of the
ring field when the ring passes by. There are several probes along the acceleration
direction, and at the end a Faraday cup determines the number of the accelerated
electrons. Fig.7 presents an example for the signals. From the evaluated velocity
and the width of the Faraday cup signal cone gets the axial extent of the ring;

it is smaller than 1 cm.

5ns

o ’-—
Fig.T: Addition of a Jéz—signal and a Faraday
t cup signal

/ —
Q; probe Faraday cup

Increasing the gas pressure in the range of 1O-T to lO“5 torr, the ion-electron
ratio becomes 1073 to several 10 2 The influence of the ion loading can
immediately be seen in Fig.8. The signals become smoother and the time difference
between the two signals becomes larger with hydrogen loading.
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The measured pressure dependence, in Fig.9 corresponds to the expected curve
(solid line) and is proportional to (1+MiNi/myNe}_

b2 e

Fig. 9: Ring acceleration as a function of the
05 hydrogen pressure
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d t? sec? Fig.10: The axial dependence of

the ring acceleration without
and with hydrogen loading
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In Fig.1l0 the acceleration of the ring with and without hydrogen loading is
plotted over the axial distance from the compression plane.

As the accelerating force increases monotonically along the axis, the ilons will
be lost at a critical value of dez/dtg. Together with the known B, distribution
one gets the holding power of the accelerated electron ring. In these experiments
it was 3 - b Mv/mll.

The collective acceleration of He-ions i1s further confirmed by nuclear track
recording with thin foils of cellulose nitrate. These tracks become visible

after an etching process when the He-ion energy is larger than 200 keV, and,
furthermore, the foils are insensitive to electrons and X-rays.

Fig.1ll shows an electron scanning microscope photograph of an irradiated and
a covered area.

Fig.1ll: Electron scanning microscope
photograph of a foil

In the running experiment the ion energy is limited to a few hundred keV gained
over an acceleration length of 5 - 10 cm.

In a new experiment we will extend the acceleration structure to about 1.5 m.
We then expect energies of about 5 MeV/nucleon for light ions and about 2 MeV/
nucleon for Xenon. If this experiment is also successfull the way will be open
for even larger energies. The diagram in Fig.l2 shows the potential of an
electron ring accelerator on the assumption of realistic ring data, i.e. a
holding power of 10 MV/m and an electron number of 5:1012, with e 30.
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Fig.12: Ion energy and ion number as functions of the acceleration length z and
magnetic field decay b

One obtains b = Bz(z)/BZ(z =0) and g = NiMi/Nemy. With a handy length of about
30 m, it may be possible to have proton acceleration to about 200 MeV and heavy
ions to about 50 MeV/nucleon. With an accelerator length comparable to the

"Unilac" of the GSI, Darmstadt, energies of more than 100 MeV/nucleon seem

possible instead of 10 MeV/nuecleon in that machine. The particle number results
from the guantity g. Ion numbers of lOlO protons and, for example, lOll Xe—-ions
per pulse are to be expected. The pulse duration is of the order of lO_l s, SO
that the instantaneous ion flux is of the order of 1020 to 1021 ions per second.

For cancer therapy only a few pulses would be necessary. A wide field of
application can be expected in the field of ion implantation for affecting
material properties. In nuclear physics new research with heavy ions, e.q. the
excitation of shock waves, needs energies of about 100 MeV/nucleon. We believe
that an electron ring accelerator could fill a gap in demand for particle
accelerators.
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THE IONS IN T.F.R. THROUGH ANALYSIS OF FAST NEUTRALS AND
NEUTRON EMISSION.

T.F.R. Group presented by M. Chatelier
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Dépariement de Physique du Plosnoe et de G Fusion Conteol
Centre o Etuddes Nueloaises
Mt FONTENAY = 1\ -ROSES (FRANCE )

Hoite Postale n® 0,

. Ion temperature profile :

tn part [ of our paper we described the measurements of the ion
erature profile by detection of Ffast neutrals emitted mostly in the me-
plane between 2 main magnetic field coils. We have now repeated this
urement , the electrostatic analyser making an angle of 8° with the magne-
axis, in order to decrease the influence of localized particles in the
peutrals signal. In the same discharge conditions as in figure 2 (Part 1)
jon temperature profile nearly becomes symmetric (Fig 1) with the same
mum temperature. This profile is very similar to the decreasing tempe=
re part of the profile reported previously. So the asymmetry cam cOrTect-
e attribured to localized particles. Our result is in agreement with the

1ts first obrained by Petrov {1).

. General Scaling of the central ion temperature :

All the experimental results obtained in Deuterium plasma con-
. the dominance of an ion conduction loss Following a "plateau" depen—
e. The temperature closely follows the relation ) =

T o [FerBg- TR} ™" (e 2)

. experiments have been done, keeping I?cons:anl but varying B, at cons-
- £illing pressure in which case the prnductnn B‘P stays nearly constant.
ion temperature alsoc stays constant.
.+ experiments have been made keeping I, and 'ﬁe constant but varying B‘f

I3 relation.

the ion temperature closely follows a 51
le analytical caleularions show that the profile can also be explained by
ateau conduction loss. In any case the simulation calculations (2) repro-
. the experimental measurements with this law.

.ver experimental resulte show some dispersion around the relation (1) and
re do not introduce an increase of the ion-ion collision frequency due 10
yrity the plasma should be in some cases in the "banana" regime. That is
we calculated the relation (1) in the presence of impurity more carefully.

a deuterium plasma wve Found (3) : ‘”5 i
- re -2 L 3
T~ (R By TR - p - (ReJR,)

s the deuteron density'whieh can be different from the electron densi-

Te » The same calculations done for a hydrogen plasma show a less impor-
- influence of the impurity on the heating of hydrogen ions. 5o the
repency from the relation (1) For hydrogen (Fig 2) could be due to this
-. But some other explanations cannot be excluded as the influence of
-ge-exchange losses or the formation of a more Usastable plasma in hydro-
than in deuterium. In any case (Dz or Hy plasma) the calculation of
ion energy confinement time requires the introduction of impurity.
simistically if we suppose that the observed Zeff is only due to a

?ind that the ion energy confinement is of the same order as the elec-

1 energy confinement time (10 - 20 ms).

M.P. Petrov, Plasma physics and controlled nuclear Fusion researclt
i. Vol 1. Tokyo 1974

C. Mercier. Soubarameyer this conference

Group T.F.R. Rapport EUR-CEA n779. to be published.
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FUNAWAY EIECTRONS TH ORMAK

— Foos o o bd
s D. A. Spong, and 5. J. Zweben

e Wationel Laborstory, Osk Ridge, Tennessee, U.S.A.

1 of strong rungwsy discharges in ORMAK

which the majority of the current was carried by

runaway electrons, were insdvertently produced during the initial operation of

OBMAK [1]. Since then there hae been some interest in using such beams (or

those produced by erpal injection) for supplementary heating and/or confine-
ment of normal tokemak plasmes [2]. Ve report here a preliminary experimental
investigation of the production snd confinement of runaway-dominated ORMAK

discharges.

¢ were produced by introducing & significant amcunt

of arge number of hydrogen atoms present) via a fast gas

valve 100 ms before the shot. empts to produce such discharges by lowering

the hydrogen filling pressure and/or eliminating the preionizstion were unsuce

Characterist

The voltege characteristic was genmerally similar to nermal ORMAK shots, but

ible damege to the machine liner.

he length was limited to = 25 ms to avoid n
The maximum current veried from 50-B0 kA smong the set of sbout 20 shots emitempted;

in all cases there were negatives current steps (= 1 kA}, positive voltege spikes,

and hard x-rey bursts cbserved simultaneously during the current decay [3]. A
large, fast current dump (up to 30 kA/2 ms) usually terminated the discharge. The
MHD pickup loops showed an absence of poleidal mode rotation; the line averaged
electron density was =~ .5 - L x 1013 initially. Ho temperature measurement was
available due to the large x-ray background, however, & radicmeter probe showed

a sharp decrease in power flow cut of the discherge after the voltage ended.

" Research spensored by the Energy Research and Development Administration under
contrnet with the Union Carbide Corporation.

*p
on

eave from Leboratoric Gas Tonizzati (Buratom-CNEN), Frascati, Italy.
Participant from the University of Michigan, Ann Arbor, Michigan.

j Participant from Cornell University, Ithaca, Wew York.

Conf'inement

An attempt to control the equilibrium of these beam-like plas was made

by programming the applied vertical Tield. Tt was observed that an increasing
vertical field lengthened the lifetime of the current (up to 50 ms past the
voltage end) and tended to reduce the final dump megnitude. A larger field than
usual wes expescted to better confine the high longitudinal momentum beam com-

penent; calculated Bpol. values increased slowly over the discharge up to a maxi-

mum of = 4 near the end. Withcut increasing the vertical field the plasma shift

signel chowed a strong outward movement; with o programmed incresse in field the

shift was stabilized or driven inward. The slowest current decay occurred for

which showed s gradusl inward plasma shift, such as would be expected to
confine an outward-shifting runaway component.

The herd x-ray diagnostic was used to show that the maximum electron energy
in these discharges was = 5-T MeV (™ 30-50% less than that expected from free
fall from t = 0). The observed energy compenents above 3 MeV contributed on the
order of 10 kA to the toroidal current, No information could be cbtained on lower
energy Components.

A distinctive feature of these chots was the appearance of the fairly regular,

?

with current-step, voltage spike signals. These dumps were not accompanied by any

t dumps of hard x-rays (rise time < 100 ps); most of these could be identified

chservable plesma shift, and in most cases constituted = 20-L0% of the total x-ray
intencity produced by the runsways. It is not yet clear whether zll of the current
step cen be attributed to runaway loss, nor is the physical mechenism of this proecess
understcod. These dumps persist even in the best-confined shots, apd therefore

contribute significantly to the runaway loss rate.

cur paper, runawey density v - was plotted using the "ORMAK

ction condition, instead of the "orbit-expansicn” conditicn. The latter

result is very nearly given by simply subtracting 1 cm from the given values of s

and keeping the curve a&s drawn.

). A. Spong, J. ¥. Clarks, T. A. Rome, and T. Xammash, Wucl. Fusion 14, 397 (197L).
. Mohri et sl.; Phys. Rev. Letters, v. 34, No. 10, 574 (1975).

(3] V. 5. Vlasenkov et =l., The Runmway Electron Discharge Regime in the Tekamak-6
Device, Nucl. Fus. 13, 509 (1973) .
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DEVELOPMENT AND APPLICATICNS OF THE ~On
C. Mercier, Soutbaramayer

ASSOCIATION EURATOM-CEA SUR LA FUSION
Département de Physique du Plasma et de la Fusion Contr8lée
Centre d'Etudes Nucléaires
Bolte Postale n® 5. 92250 FONTENAY-AUX-ROSES (France)

I- Simplified study of the stationary state with the transport laws used in

the simulation
Transport equationi are muced to the electronic temperature equa-
T

von L B a1  fo P
tion = 5= v I(e ar Mo B +VYs58=0
If we put : T n /2
g | 23
g=r8, =) J rar=22 g—rTdr
(5] '3 '10 o eff
T'ne toundary conditions are :
o(a) = g = totaluement gi(a) -0 g(0) =0

the electron heat conductivity K, is assumed to have the following functio-
nal Form
o K
K=k W1, (1+waq)

The density "e(”' heat sources or sinks and the profile Z (@) are sup-

eff
posed to be given. The non linear differential equation so obtained is
investigated analytically and numerically.W (P) includes the effects of
both the density and ?‘eff' The coefficient Ke used in the simalation of a
normal regime (no skin effect and q > 1) corresponds to :
2 1

Wen, &=-3 ®aig k=2
We take n_ = exp (- 5 ez)
The influence of the density profile is very characteristic in this case.
let us characterize the peaking of the temperature and current profiles by
+ The Figure 2 represents Q versus K for dif-

the quantity Q = q"mg{/qmtis

ferent values of P = . Only the dashed region can give q_ .= 1,

1
76 Vage
and this implies Kﬂlq. It is remarquable that stationary discharges with
quis’ 1 observed in TFR rorrespond to
¥4 Q=10 P~ oo

and this point coincides with the diagram 2.

The other discharges have density profiles corresponding to X ¥ 2. So the

- % I
axis
such cases an instability is developping and an average turbulent state is

steady state with this type of transport coefficient leads to q

established, characterized by the transport coefficient (4}
3 ot - ;
W \fue o ==3 3 5 w>0 with KW Ffinite,
I1- The results of the simulation of the discharge TFR (Deuterium, 400 Xamps,
&0 kG) without and with neutral heating (i.nject:d power ¥ 170 KVJ 37 kev)
are represented on the Figure 3. The agreement between computations and ex-

periments is quite satisfactory.

0z Tnyection
60 00 wm 250 300 350 t, ms
ThiPly

270

02 04 05 08 1 p=fa

Fig 3-Simulotion results | TFR, 100 komps, 68 K&
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FIRST RESULTS ON PETULA TOKAMAK

PETULA GROUP

ASSUCTATION EURATOM-CEA
Département de Physique du Plasma et de fa Fusion Contrdlée
Seaviee I6Gn - Centre d'Etudes Nucllaines
B.P.85 - Centre de Tai - 38041
GRENOBLE CEDEX (France)

The plasma current in PETULA has been increased to 80 kAmps.
(qlim“_“ = 3.1) with the plasma centered by vertical and radial DC magnetic
fields. Fig. | to 3 show typical resules for 73 kAmps. discharges, as well
as a numerical simulation of the discharge using the Mercier Soubbarameyer
code. The best fit is obtained when neglecting charge exchange (radial den-
sity profils has of course to be entered into the data) and when increasing
electron losses on axis as soon as q = | at 20 ms. The largest discrepancy
is on loop voltage which is found experimentally to vary from 3 to 5 volts
as the time of maximum current depending on wall conditions. Plasma resis—
tivity tends to inecrease with shot number. Energy confinent time is in the
range 1.4 to 2.ms and poloidal 8 is.25 while the ratio of plasma resistivi-

ty to Spitzer's formula is 4.5,

Ion temperature on axis (Fig. 4) as measured by neutral charge

VII

exchange (solid line) or by Doppler broadening of O line (broken line)

are in good agreement with Artsimovitch law (points).
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Fig. | Fig. 2

Fig. 5 shows intensity of 1623 & o'

line in arbitrary units as

a function of time for three plasma currents. Due to the faster increase in
electron temperature, the line appears sooner the higher the plasma current.
The maximum intensity remains constant which indicates a constant amount of

oxygen impurity.




* HIGH PLASMA IN TPE

Shimada, S.

-3

Y. Maejima and I. Hirota

Electrotechnical Laperatory, Tanashi, Tokye, Japan

The new results have been obtained in the experiments of

on TPE-1. The RFP configuration is set up by the fast pro-

ming of the currents ( Z and () in the rather higher plasma
-ent, - 120kA. The two cases of plasma currents, 114kA ( case
and 128%A ( case B ) are intensively apalyzed. Fig.l shows

pime histories of the magnetic field configurations observed
he six magnetic probes being in a line with the same charac-
stics. The motion of the centre of the plasma current was

rved by a set of four small pick up coils on the circumf
. of the same cross section of the torus. The ion tempera-
was estimated by the Doppler broadening of Hell4686A.

adial distributions of the electron temperature and density
rariable times are measured by Laser scattering technigue.
from Fig.l four characteristic phases of the formation of

on TPE-1; (1) the fast Z-pinch implosions obtained by the

t current rise time, 0. 4;15 in case A, 0 « 3 ns in case B

ime is from the start of main % ) and icns 1is heated, - 50eV;
in the centre region of plasma column the fast diffusion of
jue to some turbulent motion of plasma, at 3 ~5.s {a), 3.5
;s (B); (3) RFP configurations are established at 5 -6 us
3.5 -~ 4 us (B) and the field reversal ratio, P, and—,[1],
estimated at -0.53, 1.15 (A) and -0.51, 1.25 (B) and.»+0.6
0.65. 1In both cases the bias magnetic field ( 2.7kG ) might
large for generating the ideal stable RFP configuration.
these phases, (1)~ (3), a small oscillatory motion of the

tre of plasma current ( «500kHz) is observed by the pick up
1s, but it does not develop to destroy the whole current in
se phases. Whether the wall stabilization is effective in
se configurations from the both points of views of ideal MHD
k and tearing instabilities or not, was examined. The
malized ry is 3.3+ 3.4 ( FFBFM ) and 2.1 ( PPM } in ouxr con-—

urations. The growth times of m=1 kipk and tearing modes

He, po=50mTarr, V:=35kV (lpmas=114kA) He, Po=50mTorr , Ve=40kV (lpmax=126 ki)
Vo= I TkV(Brmos= 4.1 ThG) Ve: ITkV{Bimar=417TkC)
Baus= 2.TkG, B1=0.8 ysec Bess= 274G, Bi=06ps=
kG kG, kG
10r 10} o[
Peips T, Ty
o, Br telus tedyps
\\; o B 5 o, Ba
%(r"kﬁw\ et et
- S
o
T4 &~y 5
feBps

8

PN

e,
\\ e

e

Radius, cm Rodius , cm
(2) Fig.l (B)

20 ~ 30 jus ( magnetic Reynolds number « 100 ). (4) RFP con-
urations start to decay at .~ Bpis (&), 7 s+8 (B) and the
sma current column starts to move rapidly like m=1 helical
ion and then touches to the wall. The plasma current decay
e is estimated at 20 Zsﬁts from the observed I and ng and

netic field.

srences;

Butt E.P. et al. Sth IAEA Conf. Tokyo ( 1974 ) CHN-33/E9-2
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R LASER IMPLOS

0N EXPERIM

J. H. Nueckolls, J. L. BEmmett, H. G. Ahlstrom, C. D. Hendri .

Dahlbacka

L. W. Colemen, J. A. Glaze, J. H. Holzrichter, G.

University of California/Lawrence Livermore Laboratory
Livermore, California, U.S.A.

Abstrect: Gtrong evidence for thermonuclear fusion has been obtained from
implosions of glass microballoons Tilled with DT gas by 1/2 - 1 terrawatt

Nd glass lasers. Up to 10' 1L MeV neutrone have been produced. Diagnosties

with 3 Pm' 30 ps reésclution have been cbiained.

The energies of the reacting deuterons end tritons were determined
to be 10-20 keV by measuring the temporal spreading with distence of the
DT alpha particles. From the measured energy loss of the alphe particles
in traversing the imploded fusion cepsule it wes determined that the al-
phas originated in the imploded DT fuel. Velume compression ratios of
about 100 fold were meesured with a 3 micron reselution x-ray microscaope.
The Lawson number is 101201(35. These results are generally in good agree-
ment with the LASWEX MHD energy transport computer caleulations. An im—
rlosion time of approximetely 150 ps was measured with a 30 ps resolution
¥-ray strezking camera.

These implosion experiments were carried out with the Janus and CY-

Il

CLOPS lasers developed at the Livermore Laboratory. ght and one half cm
aperature disc amplifiers are used in the 2-bemm half terrawatt JANUS laser
system and 20 cm aperature disc amplifiers in the single beam, one terra-
watt CYCLOPE laser system. Focusing is by Fl lenses in Janus and F2.5
lenses in CYCLOPE. The pulse is & 100 ps FWHM geussian with less than 100
microjoules prepulse to avoid target damage. TIn the focel region the bean

has & partially hollow spatial profile. This improves the fusion capsule

implosion symmet The spatial profile has been carefully meamsured in
full power laser shots. In order to produce a cleen, brecise, reproduci-—
ble beam despite non-lineer effects, the "B integrel" has been limited in
the JANUS system (by limiting the totel thickness of glass traversed) and
in addition, spatial filters have been used in the CYCLOPS system.

The physics design of the fusion targets, and the postshot analysis
of the disgnostic data was carried cut with the LASNEX computer program.
This code is two-dimensional (axially symmetric), magneto-hydrodynamic; with
multi-energy group transport of x-rays, electrons, and fusion reasctor prod-
ucts; laser light transport and absorption; and centains approximations to
collisionless plasma processes. Several target designs using = glass micro-
balloon filled with low density DT ges have been tested. The microballoon
diameter varied from L0-100 m, and the thickness from 1/2 - 1 mieron.
The DT fuel density varieds from 5 x 1Dh to B x 103 .r.;,"clu . In order to
enhence absorption of laser light as well as implosion symmetry, in some

target designs the fusion capsule was mounted on a gl

55 disc, or enclosed
in plastic foam. These targets were precisely fabriceted and characterized.
When the glass capsule wzll is suddenly heated by intense laser light, its
outer surface ablates and zccelerates the glass inward compressing DT gas.
Meanwhile the glass is hested internally by x-rays and electrons from the
hot laser heated plasma, and deccmpresses or explodes. Eoth the glass and
the DT undergo large entropy changes and neither reeches high densities.
The DT ions are hested by rapid compression to thermonuclear temperatures,
This exploding pusher target design was chosen for initisl laser implosion
experiments because the neutron yield is relatively inseansitive to irradi-

ation symmetry, pulse shape (provi

he pulse width and cepsule design
are mstched), fluid and plasms instabilities and imperfections in the tar-

get fabrication.

*¥Research performed under the suspices of the U.S.E.R.D.A.
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A diversity of optical, x-ray, ion, and neutron detecting instru-
ments were used to diagnose these laser implosion experiments. OCur x-ray
microscope uses grazing incidence crossed cylindrical lenses to imege the
target's x—ray emission. Four energy channels are obtained by H-edpe fil-
ters. This microscope has a resolution of 3 microns. Pinhole cameras are
also used to image the target x-rsys. Our x-ray stresking camere consists
of an optical stresking camers with an x-ray photo-caethode. Five energy
channels are obtained via K-edge filters. The resolution of this instru-
ment is about 30 ps. Our alpha particle time of flight spectrometer con-

sists of a time of fligh

=

tube snd a magnet to bend the alphas out of the
line of sight into a scintilletor-photo-multiplier combination. This in-
strument measures the energy distribution of the alpha particles with a
resolution of 100 keV at a target yield of a few million (DT fusion events),
The spatiel distribution of light from the target is determined with a
diode array, and is integrated with a box calorimeter. A combinstion of
K-edge and crystal spectrometers are used to measure the x-ray spectira

frow the target over a range of 500 ev to 100 keV. PFlasme ions are mea-
sured with celiorimeters and spectrometers.

A dozen different target designs were imploded with one and with two
laser beams giving neutron yields varying from 250 te 11 million. Over
this Tive orders of magnitude, LASHEX caleulations are within a faetor of
3 of the data. Tn one beam experiments mounting the capsule on a dise
degrades the neutron yield 3-fold, and foam mounting degrades the yield
100-fold. Both the disc and foem absorb energy and reduce the DT temper-
ature, and LASNEX predicts the strong self-generated magnetic fields inhi-
bit transport of energy through the foam. A 30-fold enhancement was ob-
tained with the complex terget design. In 2-beam experiments, the disc
degrades the neutron yield 8-fold and the complex design provides a 2-fold
enhancement. Date from the x-ray streaking camera for = typical implosion
show peeks in the 7.7 and 9.7 keV channels about 150 ps after the onset of
detectable signals on the low energy channels. LASNEX calculaticns predict
such peaks zt the culmination of the implosion et approximately this time.
The experimental and calculated x-ray spectra beyond 3 keV are in good
agreement. The high energy portien of the x-rey spectra indicates the
presence of superthermal electrons genersted by collisionless plasma pro-
cesses and by inhibited electron transport in the plasma due to plasma
instabilities and self-generated megnetic fields. The x-ray micrographs
of these implosions typicelly show compression ratios of about 100 fold.
The measured alpha particle pulses at a distance of 9 feet from typical
implosions yielding about 5 x lO6 neutrons have & time width of about 11
nanoseconds. [1] This time width corresponding to an energy width of 330
keV. The measured slpha energy is about 3.3 MeV corresponding to an energy
loss of 220 keV in traversing the compressed target. These results corres—
pond to reacting DT energies of about 10-20 keV, and to uncorrected ion
‘temperatures of 3.5 keV., Analysis with LASHEX shows a Doppler broadening
of about 150 keV due to hydrodynamic motion of the assymetricelly imploded
DT fuel end varicus smaller effects. The corrected ion temperature is
about 2 keV. The LASHEX predicted alpha energy loss is 200 keV, in excel-

lent agreement with the experimental results.

next major step in laser fusion will be demonstration of imple-
sions in whieh entropy changes are minimized and very high densities are
achieved. High density isentropic implosions are sensitive to fluid and
plasma instabilities and require pulse shaping. Such implosions will be
carried out with the multi-terravett ARGUS laser during 1976. Experiments
which mey approsch breskeven will be carried out with the 1oh Joule 30 TW

SHIVA laser in 1977 - 1978.
REFERENCE
[1] v. w. Slivinsky, H. G. Ahlstrom, K. G. Tirsell, J. Larsen, 5. Glaros,

G. Zimmerman, and H. Shay, UCRL 76938, to be published in Phys. Rev. Lett.
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EXPERIMENTAL INVESTIGATION OF LASER-HEATED PLASMAS
IN A SOLENOTDAL MAGNETIC FIELD
PART II

Z.A. Pietrzyk, H.L. Rutkowski and G.C. Vlases

Dniversity of Washington, Seattle, Washingtom, U.S,.A.

The density, temperature, and streak photography measurements des-
cribed above have been analyzed in detail in an attempt to determine the
mode of plasma column propagation and to construct an energy balance. A
comparison of experimentally determined front trajectories with finite B
bleaching wave thenryl and detonation wave theury2 is shown in Figure 1.
The best fit slope of the experimental data matches bleaching wave theory
fairly well over several orders of the appropriate dimensionless para-
meter, but the cheoretical detonation trajectories are also close to ex-
periments. Bleaching waves are further suggested by the transverse den-
sity measurements, which indicate no compression over ambient, but the weak
dependence of breakdown velocity on filling density is more consistent with
detonation waves. It should be noted that the published theories do not
account for the effects the expansion wave propagating inward from the end
of the column, and thus may be too idealized to describe these experiments.
We therefore conclude that although the bulk of the evidence suggests the
waves are "bleaching-like," the question has not yet been resolved either
theoretically or experimentally, and further work is needed.

From our measurements, the mean value of the plasma parameters for
fixed (150 joules) laser energy and B = 100 kG are estimated to be fE = Ti
=130 eV, fe = 5 x 10'?, Z = 1.5, plasma radius 2.5 mm, and plasma volume
1.6 cm®. An energy balance was made which shows that 31%Z of the laser
energy went into thermal energy, 25% into kinetic energy, 7.5% into ioniza-
tion, 6% was transmitted, 4% backscattered, and 26% was lost by axial heat
conduction. Bremsstrahlung and transverse heat conduction losses were
estimated to be negligible, as was the change in B field energy for the
achieved § of 30Z in the 2.5 cm bore. This accounts for essentially all of
the laser energy. However, estimates of the heat conduction losses are
difficult to make precisely, and it is possible that some of the laser

energy is refracted near the orifice by the axially-expanding plasma.

References
1. L.C. Steinhauer, H.G. Ahlstrom, Phys. Fluid 18, 5 (1975).

2. S.A. Ramsden, P. Savic, Nature 203, p. 1217 (1964).
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CO2 LASER-HEATING EXPERIMENTS

- -
" A.E. Elkerbout,” and I.J. Spalding

Queen's University, Belfsst, R.K. Hogere Technische Schaol )I}ijswijk.
The Netherlands, and URAEA Culham Laboratory, United Kingdom.'

T.P. Donaldson,® J.W. van Dijk

Abstract A strong modulation in axial density profile is measured in a

CO2 laser-generated plasma. The density cavity occurs near the critical

density and is probably driven by non-linear ponderomotive forces.

has been made at distances of 0, 50,
100, 200, 400 and 500 pm from a semi-
infinite carbon target. The axial
variation in electron density (ie
along the laser beam) is shown in
Fig. 1. The interferograms can
readily be measured within half a

fringe, giving an estimted error of

Further analysis of the holographic interferograms discussed in Vol I

e (units of 0™ )
3 -

I

+ 10% at peak density, and propor- ol e e

tionately higher errors at lower distance from target surface (um)

density. The axial expansion is Fig. 1. Variation of u, along
the laser (z) axie for a carbom

thought to be isothermal, because of

plasma at * = 25 ns.

the close similarity in the shape of

[ne\:)]a, plotted in Fig, 2, and the
Abel-inverted soft X-ray intensity -
{cerresponding radial variations in
this X-ray intensity for a Sioa target
are shown in Fig. 3.

in deneity ie observed, having a scale
length < 50 ¥m, ie of order 100 elec-
tron Debye lengths. The density scale
length of the cuter corcna is ~ 200+mj
the critical surface is not detected
by the interferometer, and is Lhus

within the target surface at the time

arb units
for (density)? na
intensity

Note that a very strong modulation

400
distance from target surface (um)

Fig. 2. Variation of ne" and
X-ray intensity (I) Vith z.
(n ®plotted from Fig. 1, I
taften from pinhole picture
of a ssoa target).

of measurement (t = 25 ns). The

radiation pressure of the focussed laser

beam approaches plasm kinetic pressure,
since the (unpolarized) free-space int-
ensity produced by the f/4 mirror is

~ 9 % 10*® w/cn®; its angle of incidence
ranges from d"to ~ ?D. s0 that resonant
abgorption near the critical surface
may be erpected(”. Under these
experimental conditions, ponderomotive
force effects may drive density pert-
urbationa
focueeing and filamentation my
occur . This observation provides
a laser analogue of the microwave
"caviton" experiment reported by
Wong et ul(S).

(2,3) , 3and accompanying self-

centre
iy
—radial datance

Fig. 3. Variation of radial
X=ray intensity at various
distances from the surface of
a 5i0, target.
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A PLASMA : A KIMRETIC APPROACH.

ang I. gretanni
Vrije Universitelt Brussal, Fakulteitb var de Wetenschapbpsn,

Brussels, Selgium.

Consideration is

the coupling of an external

asma waves and te the purely pamped plasma
madas of zern frenuency, & new type of thresholdless instani-

appears in this class of processes.

Eg. 4] in the main text describes the evolution of the arpli-
tudes Sk of the plasmadynanical (PO) modes under the influ-
ence of an external electric field. The z8ent work is res-
tricted to the astudy of the first term of eg.l4),
neglecting all celligional anc Vlassov non
We consider an form

t (5}

+
where £ is a real, constant vector.
The mast effective couplings af D0 modes Is obtained when 5 re-

sonanca condition can be satisfied

[nyme1,00014)

lwherz 3 n

i (t) includss the time dependence dum to the imaginary
.
the P

part af 0 fregusnzy w 1

"

This eguation cantains in particular the classical parametric
instanilitles, ©Besides, it contains effects which have not been
considered before. Indesd, resonant triplets can be construcs

ted, involving nne mnds of rero freguency and one high freguency

pla

sma wave, The farmer are p ay modes,

whose damping rates are determined, in a
by the friction and heat exchange transport cosfficients. Under
these resonance conditions, ten modas can be simultanascusly

coupled, Looking for seclutions of sg. (7)! Iin the form

% gy = EhE g

(I A
.k funted L)

ion eguaticn of tenth degree.

wa ochtain

g disper
In the BD approximation, (i.e. ke_/w_<<1] it has the following
form 1

2 2n M
gin”f
SR e

A(A+;14[A|A+{1 kzn§]¢(hl =0 t9)

where 4(A) is a third degree polynomiel, whose roots have nega-
tive resl parts and will not be discussed here., A Is the damping
rate of the plasma waves (ssa =2q.0(1}). In the PD approximation
it reduces to

t1+pl T ow {10

-
§ is the angle between the wave vector K and the axte d
g. The latter is expressed by the dimensionless parametear

2 2 3/ 2 11

£ = BTET u T kT L1 )

Gne of the roots of the bracketited factor in eq.

negative. The other provides the zaro mode instabilitv. For

all values of the external field it is definits positive, 1Its
growth rate for smsll k is given hy

= 22 2.
= taray ulrend 7T gke rw P etsan®ie, t12)

It can be shawn that under caon ons of interest in 1

this rats 1s by no means negligible compared toc other

stabilities. Furthermore; the main featuras of this inscenility

is the absence of any threshoid,

Errstum : The

replaced by @

. Bzlescu anrc I. Faiva-VYerstennicof¥,

lgsma FPhys.
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Stability of Tokamaks with Respect to 'Slip' Motions (Supplement)
nesp

E. Rebhan, A. Salav
Max-Planck-Institut fiir Plasmaphysik, B046 Carching bei Miinchen,

Federal Republic of Germany

Abstract: The relation between 'slip' wotions and general axisymmetric

percurbations is considered.

According to the main paper the 'slip' motions which minimize §2W are

special axigymmetriec perturbations. Obviously, they are minimizing among
all axisymmetric perturbations in the limiting case A(;Hﬂ- This case is
obtained if, for example, A + « for fixed BP and fixed safety facror q.
For finite :\o. lower values of ¢°W may be reached by more general axi-
symmecric perturbations. For these, ﬁwpl contains the additional term

42 Feurl? (£ x ¥8)dr , whereas oW_ and oW
o - 5 va

. are the same as for 'slip’

motions. The Euler equations now obrained by minimizing swpl for En given
on the plasma boundary may again be integrated amalytically and used to
reduce Wpl to a surface intepral

R24p?
wpl-vrwiTm) gdl

2 o a2
it Au,n' Py

f(R), which is obtained from this integration, is determined by the

boundary condition n + £ = En or

. ] R 2g2 2 R
fi[ﬂ(i_)+ﬂ‘_3]£_LLg- o R s
z  RR o?+R% R (a?+R%)? (a?+R? z n

(the det denotes differentiation with respect to the arc length on the
plasma boundary). For given antisymmetrie En. the minimum of \Sl-'Pl
vanishes both for "slip' motions and gemeral axisymmerric perturbations.
From this and the foregoing it follows that the corresponding stability
boundaries coincide exactly., For symmetric En’ the difference in 6",;1
leads to different stability boundaries. However, this difference is
practically negligible for A 2 4. Only for lower A and q € | does the
stable repion of general axisymmetric perturbations become visibly
narrowed as compared to 'slip' modes. Two examples of such cases are
shown in the figure below (the boundary for symmetric 'slip' motions is

dotted).

"This work was performed under the terms of the agreement on association

between the Max-Planck-Institut fiir Plasmaphysik and EURATOM".
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MULTISPECIES DIFFUSION COEFFICIENTS IN THE PFIRSCH-SCHLUTER
AND BANANA REGIMES FOR ALL TEMPERATURE AND MASS RATIOS

P.ROLLAND - F.WERKODFF*

ASSOCIATION EURATOM-CEA
Département de Physique ju Flasma et de la Fusion Contrdlée
Service IGn - Centre d'Etudes Nucléaires
BP 85 - Centreds TRI 38041
GREMOBLE CEDEX (FRANCE)

We have improved the results presented in the first ver-
sion of this paper, in which we have used a simplified Fokker-
Planck operator (5) based on the usual assumption that

of /av » af fav (18)
This assumption which has been used in most pspers concerning
this preblem, allows to simplify considerebly the F.P. operator
/8/ =nd leads to a friction force depending on the Rosenbluth
Potential for diffusion g and not on the R.P. for friction h.
However, the integration of the full F.P. operastor /2/ shows
that the friction force Rj depends upon the R.P. for friction h
and not on the R.P, for diffusion g /8/. We have :

Rﬁzg& -|-g§.',,I -rn_'[dvvC( +m. fdvvaf i fe) where  (19)

2
gga‘p_-_ 211mJT] gdv&p pv F.j ;:rhjh 5 Eﬁjk‘- ngj [ZOJ
#hereas the assumption (1B8) would give :
Ry -armF (ovdp phyda, (Rawne'Zz}lad/m? ) (21)

Eq‘(ZG) and (21) are fortuitously equivalent when m »m; .
Similarly, the variational principle using the sssumption (1B}
leads to expressions af the fluxes depending on & guantity F
{rg AB /2/) function of g only. Theses considerations have led

us to recaleculate the coefficients :

Ajl: =-m; id_v v.q (v'f

2
i Bym oy fdvy, 6 (' ) (22)
using the exact F.P. operator. We ohbtain
5
A, = sEre’LaNN, 728 | (mim (mirm ) T
k=3 TS5y ———=

32
(mT 4m,T,Y" m;

(23)

z
i [
(8
Bj'k= . M- {21‘.‘1 +55
m; (T +m ) T E

with these new coefficients, the expression (18) nf'T-'i in the

Pfirsch-Schluter regime remains formally valid. It gives :

z 3k . .
- T eV zanDNN Zl.( )(mq-m,‘ L:,zb: 17, Ny lfil _
©3 e g e 28,7 ),
Tz [N- T b‘ T bo™ - b ubqsb @)
ilwT T B T 1253 a5

we note that the bracket [ ] reduces itself to N'_ T if M M and
to N = ' if _jy.—_ NETY
In the banana regime, we obtain :

L
Tz lon (50 ) o EUAR/R ribALT
Z ¢ g' k 3 Eéﬁhﬁhaf1;

For 2 species with m, anu we Find z
b | i g P
1}=§ﬁ”‘—.eLnn'*,-N.%z.{a.»s(-LE"_«»wi RESIRGE
Zeh Z T Z % ZT
The expression given by Rosenbluth was, for e-i = /2/
E L : .
T .4 LN {-m{qf."_i)."‘_'fo_:.eL s038 %

3 eBi Te/ N g T
The heat fluxes [EJ- will be given in a future publication.
Reference :

/B/ = F.MERKOFF - DPh-PFC=Ncte interne n® 1140.

*Present address : Association Euratam-CEA - Lépartement de
Physique du Plasma et de la Fusion Contr8lée - Service STGI -
Centre d'Etudes Nuclésires - B.P., 6 - 92 FONTENAY-aux-Roses

(France).
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IMPURITY PROFILES IN A STEADY-STATE D-T REACTOR
J.A. Markvoort and J. Rem

Association Euratom-FOM, FOM-Instituut voor Plasmafysica
Rijnhuizen, Jutphaas, The Netherlands

In the model of the reactor in which the thermal force
arising from ion-ion collisions is introduced, i.e.
n. k
4

dp 3 BxVT
< a@ 5 &7 BT B
where 2
ms miw . z.eB
“j“‘—L 11,m1=:‘
(m,+m )2 m%mj i

*
m.m. (kT) 212n2%e?
and T,. = 2J

m,

1] VZT n.e'zZz21nA
i | E 5 |

we find radial distributions of the carbon [nc) and the
"deuterium" (nd) densities (Figs. 3 and 4 in the addendum) com-
pletely different from the case in which only Nernst terms due
to ion-electron collisions are taken into account (Figs. 1 and
2 of the paper).

From these representative numerical solutions of the com-
plete set of MHD equations it is seen that the impurity density
decreases towards the axis. This behaviour agrees with the ana-
lytical solutions given in the proceedings of this conference.

(1+z_/4) (1+dz
ncT = const. (n4 >> nd) and ncT = const.

(n4 << nd).

It must be noted that although the analysis refers to our
specific reactor model, the results are also applicable to any
low-f plasma column that is ohmically heated.

Conclusion: It is found numerically as well as analytically
that the thermoforce due to ion-ion collisions dominates and
will lead to an impurity profile which has a minimum at the

axis.
£
-~ 10 —~
5 | o T e e B | - 10® e
E E
2 2
o ]
S 4 B Ae
- = €
i ] ne [ w04k 4
6‘ T
-~ 10° E
a1 B = 103 .
E o
= n = =
2 2 & a
u
i 107k I E ’ 10tk 4
= 10"k - !! 10' |-
E 3
) 2
= -
] 1 1 1 1 1 1 1 i 1 1 i i i I 1
o] 02 o4 os o8B (o] 02 04 06 o8
—rim) —r {m)
Fig. 3. Fig. 4.
Radial profiles of for Ngs Radial profile of Nor Nge
and T. and T.
z =2 z =1
& 3 = 3
Taxi5 0.9%x10° K Taxis = 0.9%x10° K
Baxia =0.5T Baxis =0,1T
n n
4 4
axis -1 axis  _ g.p
naq ng
axis axis
Paxis = 150 atm. Plsts = 150 atm.
" = 1017 @3 n = 1017 p~3
axis Caxis

275




134

"
INTERACTION OF NEUTRAL HYDROGEN AND PLASMA INCLUDING WALL REFLECTION

J. F. Clarke and D. J. Sigmar
Oak Ridge National Laboratory and Massachusetts Institute of Technology

We present results from numerical calculations using the model we have
described. We first consider the scaling of the size of the neutral gas boun-
dary layer, as one proceeds to larger and hotter plasmas. We arbitrarily
define the inner edge of the neutral gas layer (denoted as vadius a”) as that
point at which the neutrals' source strength, Spc, has dropped to 1% of its
external value, The Table gives results for sizes from 15 to 170 cm, and for
temperatures from 700 ev to 5.6 keV, For these results we assume cqual
electron and proton densities.

As a second case, we consider the effects of wall reflection, us described
by the Robinson model, for a contemporary experiment: ORMAK. In Figure la we
show the ratio of total neutral density to edge neutral demsity, and the ratio
of mean neutral energy to the central ion temperature. We note a substantial
difference in the expected central neutral density. In Figure 1b we show the
neutrals' parallel velecity, both with and without effects of recflection. The
friction due to charge exchange, and the resulting non-ambipolar flux, are
both considerable.

Acknowledgment

We are grateful to D. E. Arnurius, of the Computer Sciences Division,
ORNL, for these numerical calculations.

Table 1: Neutral density effects at the edge of the neutral layer

- P
TNOI Niml Plasma Minor Neutral Layer -rcx{:l )
(ev) (cm=3) Radius (cm) Thickness b e
== S _— - (Msec)
(a”/a) e
00 5 - 100 15 .70/.70 34/28
woo 5 . 10'? 40 .84/.85 34/22
2800 10 60 .93/.96 18/7.1
se00 10 170 .97/.98 7.1/2.8
Note: The two cases are: first, 'I'l(u) = 10 ev, constant as T,(0) varies;
second, T.(a) = 0.1 T.(0).  The latter simulates ope-rﬁtion with a

divertor, 'with relativ 1y flat temperature profiles.

“Research sponsored by the U. 5. Energy Rescarch Administration under contract
W7405-eng-26 with Union Carbide Corporation and contract AT(11-1)3070 at
Massachusetts Institute of Technology.
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LOWERING THE IMPURITY LEVEL IN PULSATOR BY PULSED GAS INFLOW

B. Cannici, W. Engelhardt, J. Gernhardt, E. Glock, F. Karger,
0. Klilber, G. Lisitano, D. Meisel, P. Morandi, S. Sesnic

Max-Planck-Institut fiir Plasmaphysik, B046 Garching, Germany

In part I of our contribution we gave a comparison of discharges
with and without pulsed gas inflow. It was found that for a
given neutral influx, the increase in density was dependent on
the appearance of MHD-modes. Further experiments showed that it
is easier to attain high densities in discharges with higher
current (and consequently lower g-values). An example is given
in Fig. 1. In this case the maximum electron density reaches
more than 10‘M cm_3 whereas the electron temperature drops only
slightly. Fig. 2 shows line intensities of oxygen and molybdenum
for the same discharge. It is evident that oxygen stays constant
and molybdenum is reduced when the density is raised by the
neutral influx. Since the contribution of molybdenum to zaff is
small compared that of oxygen, we conclude that the reduction

of ze‘:.f is mainly due to adding hydrogen at a constant influx of
oxygen, whereas the suppression of molybdenum plays a minor role.
At late times (> 70 msec), for some unknown reason the impurity
influx of both oxygen and molybdenum increases again, which
probably prevents a further reduction of Zepge It seems, however,

that the relative content of impurities does not rise again.
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FILAMENTATION INSTABILITY OF AN ION-SOUND WAVE

E. CANDBBIO

ASSOCTATION ELRATOM-CEA
Département de Physique du Plasma et de fa Fuston Contrdlie
Seavice IGn - Centre d'Efuded Nucléaines
B.P.§5 - Centre de Tal - 38047
GRENOUBLE CEDEX (France)

In this supplementary paper we write the dispersion relation for
filamentation instability without imposing the restriction [w| << u . At the
same time, we correct an algebric error which occurred in the derivation of
Egs. (4) of the main paper (Vol. 1, p. 156). The main effect of this correc-
tion is the disappearing of the explosive character of the filamentation

inscability.

If ]m_n'kvtil and |m;'mul are arbitrary, while

242 = 25+ T 32 z
Ju |27k} = |uw £ o [2/0k £ k)P >> v,
the following Fourier coefficients of the ion density are obtained (instead

of Eqs. (4)) :

2
ed BT
4rre n.(o) = - kz'x,(n) { lb(l)) + =25 (—=) ﬁ)(“)J )
i i . 2
et
- ep w 2
4ue ni(I”= - k:xg'” ¢(£” F=2(2 { 4me (1 + :’—T)ui{u) +

w? 2w (o)
s L L I e I
wy '+

(o)

i

and xi(_i 9

where ¥ are defined as in the main paper.
The dispersion relation which can be derived, with the help of
Poisson Equation, from these equations and from the corresponding ones for

the electrons is :

3

—
T
e

et w 0+ @2 (% 52

sOexz o g g T

e’o o A
o 5

w
o
This equation admits unstable solutions only if |w| << w,+ Then,
defining y,F(y), and Q as in the main paper, we find :
2 2
Q((kafk} =3) (1 + 3(y/x)7)

T,
T o T 1=0
Te iag)? + 1 W) 0+ i) h?

Marginal stability (y = 0) corresponds to curve A in Fig. 1 of the main paper;
. - i ¢ 2
instability occurs everywhere below this curve in the (+ Vfi (klkO) )=plane.

On the other hand, the growth-rate never goes to infinity, and both curve B

and Fig. 2 should be disregarded.

1f 3 Q(ku/k)2>> |, the growth rate is essentially a linear function

of the pump amplitude, as :

- S, 2
¥oER e (kﬂ/k) .

The conclusions drawn in the main paper are still valid. More
details about low-frequenecy parametric instabilities in the absence of a
static magnetic field may be found in the reference.

REFERENCE .

E. CANOBBIO, Parametrically unstable ion-sound waves, Nuclear Fusion, in press.

166

Mass Dependence of Ion

Heated Plasmas

K. Adati, H. Iguchj,¥. Ito,

*
T. Oda, R. Sugihara and T.

Heating in Turbulently
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¥ *k *
T. Kawabe, K. Kawasaki,

kR
Yokota

Institute of Plasma Physics, Nagoya University, Nagoya, Japan

* Faculty of Science, Hirosh
** Also Plasma Physics Group,

Tsukuba, Ibaragi, Japan

ima University, Hiroshima, Japan

Physics Dept., University of

*** Physics Dept., Kyoyobu, Ehime University, Matsuyama, Japan

An additional experiment has been performed with THE

MACH II device in which the initial plasma have been produced

by a theta pinch gun, also furnished with the same mixture

gas. It can produce highly ionized plasmas from the start.

Two energy distributions

have been also found. Fig. 1

shows the mass dependence of the ion temperatures, Ti' in this

case: that of the hot component is of the form, Ti « u¥,
a is estimated to be between 1/3 Ti [T tea componem
ev)

and 7/9. The cold components

not shown clear mass dependence in B g
the heating. Fig. 2 shows the ve-

locity at the transition point from L]

the cold component to the hot

in the energy distribution of

ions, indicating almost constant

have 10’ .i S

il

one I I i

the ! e A KX
ey ] 100
Mass Number

Fig. 1. Mass dependence

value with the ion mass. Ratio of of ion temperature (Theta=

pinch gun)

the particle number of the hot component to that of the cold

one decreases with increase of

the ion mass (Fig. 3).

On the basis of these experimental results, a possible

explanation about the mass dependence of the ion heating is

as follows: 1In the case a ¥ 1 (the result of the experiment

with the Ti-washer gun), the ion being trapped in a certain

wave in the plasmas are accelerated to its phase velocity.

In the case a < 1, the guasi-linear diffusion in the wvelocity

space of the ions due to excited waves dominantly produces

the high energy tail.
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Fig. 2. Velocity at the transition point.
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HEUTRON YIELD ENHANCEMENT

IN A FOCUS - LASER EXPERIMENT

S.Kaliski, J ara.nnwkix/ M,Borowieckj, S.Denus,
M.Gryzinski®{ K.Jach, A.JerzykiewiczX{ M,Kielesirigki,
5.Kowalski, J.Kubicki, Z.Kurzyﬁsk%’ J JNowikowskiX,
P.Parys, T.Rusinowicz, M,Sadowski™] J,Wawer, J.Wolski,
J.Wotowski,
‘Institute of Plasme Physica and
Laser Microfusion, Warsaw, Poland
THTRODUCTION

As part of the studies on laser heating and plasma compre-
ssion / 1 / the construction was started at the Institute of
Plasma Physice and Laser Microfusiom / IFPLM / in Warsaw of
a combined Focus-Laser system according fto the concept of one
of the authors of this paper, The aim of this system was to obtain
better parameters of heating and a higher total neufreon yield
than is the case with the Focus alone, This system, described
later in this paper, is based on a F-150 plasma-focus machine
of an energy of 150 kJ and a €0, laser of an energy of about 200 J
in a pulse of some tens of nanoseconds. Similar work has been
taken up at the Lebiediev Institute in Moscow / 2 /.

The theory / 3,4 / developed on the basis of an approximate
one-dimensional average description enabled a statement to be
made that for assumed combined system an increase by 200-300 per
cent in the neutron yield, in relation to the Focus, is possible
/ 5 /. In accordance with the results of the theoretical computa-
tions we have obtained experimentally an about threefold increase
in neutron emission from the F-L system, i.e., up to 1010 neutrons
per shot, and about 108 neutrons per 1 J of the absorbed laser
energy., This means a 105 - 106 times higher neutron output than
that from the solid targets heated by lasers. An extension of

this experiment on a MJ-Focus and kJ-lasers may enable a critical
16

condition to be reached, i.e., assure 10‘I5 - 10 neutrons per

discharge.

X/ Institute of Nuclear Research, Swierk near Warsaw , Poland

THEORY

The general equations of the P-L system have been given in
the paper / 3 /. Assuming the approximation of a one-temperature
plasma and one-dimensional system r/t/ we have obtained, according
to the paper / 5 / the following approximate, averaged equations
of the Focus heating by the laser beam:

. 4 .- Lit
d.'_df[{)rx) +5+§-5!nx]—ga ({—._A‘,{_p

3 2 2
5 ta 1, Lt
00“ 5, ' s —L'}—“ =

3
4

i)

where: Q, = laser radiation intensity, Go = Focus mass,
I, =1I,/r/ - current /constant value/, T = t/tg 4 x = o/r
The following parameters of the F-L system are assumed / 5 / :
Q=10 erg/sec, r  =0,1 em, 1=1,0 cm, n, = 109 em™3 %
T, =2keV, t = 107 sec, v, = 2 & 107 cm/sec / mean velocity
of the axial plaéma flow through the Focus/, If instead of Q
we assume VQD the critical condition x = 2 for T = 1 gives
V1,4 2 2,8,

Por a more detailed analysis, the delay time,before the uniform
expansion occurs,must be taken into account. This is approximately:

23 ,Z)L where -D’y;' i:;{ ) :a = {42107 em Jfore

which gives: I,% 20 ns

On this asasumption it can be shovm that taking into account
this delay time only without the uniform expansion we obbain
the experimental results. That is, if we assume the laser energy
E; to be 200 J in T = BO nsec, then in time of 20 ns the energy
absorbed,without the expansion,is~50 J,and the increase in tempera=-
ture 15: 47 = B/# k W, = 10%/1,5 k N = 1 keV. Thic gives the
approximate estimation of the increase in the neutron output by:

2,8 2,8
”z*F'tN,e-/?) '=NF /’:5.) =3'NF

where:

?s.&Tw_T_::/’j

SXPERTHUENTAL SYSTZM AND RESULTS

A diagram of the FP-L system end the basic diagnostic
apparatus is chown in Fig.1, The CO, laper beam is introduced
from behind the Focus chamber through = NaCl lens and an 8 mm
orifice in the central electrode along the Focus axis. Control-
ling the two systems is done by means of a current pulse genera-—
tor with a ftime-delay units, The synchronization was verified
by comparing the position on the oscilloacope screen of the laser
pulse in relation to the X-ray pulse or the current singularity
/with a time jitter of t 10 ¢+ 20 nsec/, For registration of laser
radiation & semiconductor CdHgTe detector was used supplied from
a 30 V pulsed supply unit. The neutron yield was registered by
means of a set of G-li silver counfers and a fast scintilation
detector located at a distance of 7 m from the focal point.

A soft X-ray double scintilation counter was utilized for
determining the electron temperature, The X-ray photographs of
the Tocus were taken by meens of a pinhole camera.

The most important experimental results are plotted in Pig.2.
This diagram shows that the Focus discharges without the laser
were performed alternatively with those with the laser pulse.
Information on the synchronization and the laser energy has been
given.for each shot, The results presented in Fig.2 indicate
a two- or threefold increase in neutron yields. The agreement
with the simple theory is quite satisfactory.

To the best of our knowledge, the result obtained in our
laboratory ils the first one, in which a significent increase
in the neutron yield in a combined Focus-Laser system has been
achieved, Further work on this experiment is in progress.
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The femporal evolution of a

tigeted numerieally and anplyticslly. 4 cold relativistic
bear permeating an infinite and uniform plzsnma crives through
the hydrodynemic two-streem instebility 2 monochromatic beam

mode. Saturation occurs by beam tran

G« At this stage the
amplitude of the wave is large enough to drive parametric
instpbilities invelving ifon fluctuations. Various nspects
general problem have been investigated by Thode and
in computer simulations. Our numerical approach is
of mixed type. We follow the beam particles individually by
solving the relativistic equation of motion wherezs the
background particles and waves are treated analyticeally by

using the linear dielectric function.

The totel hiph frequency electrie field E considered

here consists of three modes

lax- i(Bx-wt) fax - wpt)
E(x‘t)sA‘mem“ U"{)+A_(r)e.(’ T iame ’

where AD is the amplitude of the fastest growing beam mode,
A, refers to the amplitude of the parametrically excited
s;okes and anti-stokes modes, k+ = k; 1 K and k is the wave-
number of the ion density fluct;atien. The normalized ampli-
tudes of the high frequency modes are elowly varying quanti-

ties (T =¢&t) and are determined by
A,,_{f) = ""-'Anc

Ar) =-LAC"
Aty =-i(A,C+AC -TF)
where the amplitude of the ion demsity Tluctuation C -t%n
o

is determined by

C+AC -—p(A*tA:, +AtAn)

The free parameters A and p depend on k , the initial
beam velocity Vs and on the smallness parzmeter E:%a)a;-l

where ¥ = (1; U:/Cl} and n, iz the beam density.
Through F = MJ Z‘ exp ('&'-h“ XJ‘U‘.)), the TFourier transformed
‘beam charge dens;ty, the W beam particles enter into the
coupled wave ayatem. The position of the j-th particle xj(t)
is obtained by solving the relativistic eguations of motion.
In the nenrelativistic limit =nd for €0 the system reduces

"
to the single wave model of 0'Meil et al'<”,

.06
Fl6.1

1Al

1
0 33 T 6.6
Fig. 1 shows the time evoluti AT 0 =V
G shows the time ion of uD{ or E ="/38 1
OH=.04, p = B84, We can distinguish two different phases.

The first stege,0< T ¢4.9, is dominated by the relativistic

dynamice of beam trapping ss in the =

cle mode model of
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v & &rrengle '). The appesrance of a second meximum vhere

wave to generate the fast oscillations seen in fig. 1. Bince

the beam perticles cannot respond to this faster time scale,
the particle dynamics is simply shut-off. What remains is a
pure. wave coupling problem. The decoupling of the beam car
also be seen from figs 2, where the time evolution of the

A
fractional energy lost by the beam [%ﬁ(T)-m](N&) is plotted.

[

AKE [ (KE),

- -.125

‘-25 1 1 1
0 33 T 6.6

In this example the beam has lost 21 percent of its ini-
tial energy. The energy is at first fed into the high fre-
gquency oscillations, and then because damping has been neg-
lected transferred to the ion fluctuation. The growth of the
ion mede whiech is an abseolutely growing meode is alpebraic
(=<T" rather than ewponential. Fig. 3 showus lC('I.')'. together

with the stokes mode.

a)
FIG.3 ds
ICl
41 1 1 0
b)
.06 A lz
1 1 1

0] 3.3 it 66

The omset of the parametric stage, and with it the

energy extracted from the beam can be changed by changing p.

Maximum energy is trsznsferred to the plasma when the parame-

trie process sets in right after the second maximum of IAOI 3
Then the energy loss of the beam in the hydrodynamic stage

7 o

ca % independent of the Thode-Budan-para-

meter S provided 5> 2.5.

‘Perm?_nent address: Rubr-Universitédt Bochum, Theoretische
Pnysik I, #4630 Bochum, W.-Germany

(1) L. E. Thode and R. N. Sudan, to appear in Phys. Fluids,

(197%).

(2) T. M. O'Feil, J. H, Winfrey, and J. H. Malmberg, FPhys.
Fluids 14, 1204 (1971).

(3) M. Lempe and P. Sprangle, Phys. Fluids 18, 475 (1975).
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PRELIMINARY EQUILIBRIUM STUDY ON ERASMUS, AN ASPECT RATIO TWO
TOKAMAK WITH NO COPPER SHELL.

V.P. BHATNAGAR, G. BOSL\’. A.M. MESSIAEN, P.E. VANDENPLAS, R.R. WEYNANTS

Laboratoire de Physique des Plasmas - Laboratoriwn voor Flasmafysica

Assoeiation "Euratom-Etat belge" - Assoctiatie "Euratom-Belgische Staat"

Eoole Royale Militaire - 1040 Brussels — Koninklijke Militaire School

and
R.J. TAYLOR, B. COPPI

Mzssachusette Inetitute of Technology, Cambridge, Massachusetts 02139 U.S.4.

Abstract, Preliminary experiments on ERASMUS, the aspect ratio two tokamak

of the Ecole Royale Militaire, demonstrate the attainment of equilibrium

at very low aspect ratios. Flat top tokamak discharge current pulses of

40 kA and 3.5 ms duration have been obtained with a toroidal magnetic field

of 4 kG on axis.

ERASMUS is the tokamak of the Ecole Royale Militaire / Koninklijke Mili-
taite School characterized (see fig. 1) by an aspect ratio of 2, a large
vessel volume (v 0.8 m%) and no copper shell. Its design is similar in many
respects to the VERSATOR and RECTOR tokamaks of M.I.T. [1]. There are 3 x 8
ports of dimensions 32 x 5 cm® at eight locaticns around the machine. Pyrex
glass windows on several of these ports provide 100 Z visibility of the
inside surface of ERASMUS. This unusually large access to the tokamak will
be an asset in carrying out planned RF heating experiments on ERASHUS. The
machine pumped by a turbomolecular pump attained a base pressure of 4 x Tt
Torr.

The toroidal field coils are wound on the vacuum chamber itself. Neither
a copper shell nor a limiter is used but the vertical and horizontal fields
are provided by external coils placed outside the vacuum chamber (see fig.l).
An air-core transformer is used for ohmic heating. The configuration of the
machine enables a quick and simple assembly/disassembly operation.

Initial testing of ERASMUS was carried out at M.I.T. with the ener—
gizing supplies of the RECTOR wmachine. These supplies were insufficient to
fully energize ERASMUS ; nevertheless, we were able to obtain flat top
plasma currents of 40 kA for a few milliseconds. Final installation and
operation of ERASMUS will be carried out in Brussels.

Before the tokamak plasma operation, the machine was subjected to
"discharge cleaning". In this operation a 5 kHz, 25 kW power oscillator is
fed to the OH transformer and a plasma is produced in a mixture of 50 %
argon and 50 % hydrogen in the presence of a small dc toroidal field (v 100
Gauss). Plasma particles bombard and heat the inside surface of the tokamak.
One could visually watch and observe the gradual disappearance of "thin
film rainbow patterns" on the inner surface of the machine during several
days of discharge cleaning indicating that the latter is very effective.
Results. For the preliminary testing, only the magnetic diagnosties inelu-
ding the in/out and up/down position sensing loops were used. Typical oscil-
lograms obtained after a few hundred shots of operation and with densities
of 1 - 2 x 10'%ca™? (4 mm interferometer) are shown in figs. 2 and 3 and the
following observations are made :

1) In fig. 2, a slow increase of plasma current in the flat top region con-
firms that the equilibrium has been obtained. Wegative spikes in the
loop voltage at the end of the pulse indicate the destruction of the
equilibrium. Moreover, in/out and up/down traces show only a minor dis-
placement of plasma position in the flat top regiom.

2

During the experiment, in/out and up/down traces have been found to
respond correctly to the programming of vertical and horizontzl fields
provided by the external coils.

3) In Eig. 3, the third trace shows the light (photodiode) ocutpur decrea-

sing as a function of time and then peaking up again at the end of the
discharge when the plasma hits the walls giving rise to 2 large neutral

flux.

4) In fig. 3, the fourth trace shows that the level of hard x-rays is
insignificant during the pulse when equilibrium conditions are attained.

5

In figs. 2 and 3, the high value of loop voltage tends to indicate that
the machine still needs cleaning.

In conclusion, equilibrium has been obtained in an aspect ratio 2
tokamak with no copper shell and no limiter. This appears to be the first
demonstration of equilibrium at very low aspect ratios. Tokamak plasma
discharge current of 40 kA, 3.5 ms duration have been cbtained for a toro-
idal field of % 4 KCG on the axis of the plasma resulting in a g~ 6. We hope
to get better values of q as the operation continues and as a result of the
cleaning of the machine. Moreover, adequate energizing supplies are being
installed in Brussels to increase the current magnitude as well as the length
of pulse. The vertical field will be programmed and a feedback system on the
horizontal field will be provided.
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Fig. 1. Schematic drawing

of ERASMUS. 1 : OH winding,
2 : vertical field winding,

3 : horizontal field winding.

Fig. 2. Oscillogram of a typi-
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EXPRESSIONS FOR IMPURITY ILONIZATION IN TOROIDAL
MAGNETIC CONFIGURATIONS
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ABSTRACT : Analytic expressions are given for the mean charge of the impuri-
ty ions, the mean charge of the plasma and the effective charge when coronal

equilibrium is assumed.

In order to find the distribution of charge states Z in toroidal discharges

we can use coronal equilibrium /1/ :

5(2,T,)

T, 1)

where we balance collisional ionization by radiative recombination. The colli-
sional ionization-rate coefficient S(z,TE) and the radiative recombination=

rate coefficient a(z,T ) chosen, are given respectively by /2/, /3/

$(2,T)) = 8 x107° g e ey g
z; =9 xI0 - = (em™ § )
e (qu).n'z (4,88 + 11
z

atzl, T) = 5.2 1022 2 (0,429 + L iog 3+ 0ues 27ME @
xzﬂ (cm-35-|)

z

T
e

A=

1 o o 2
(eV) denotes the ionization potential /4/ and

In these formulas x:+
Tz is the number of electrons in the outermost layer corresponding to the
state of charge Z.

For @ two component plasma with hydrogen or deuterium and the impurity con-

centration Cy s

n, En,
P o Lz

where subscripts i,o and p denotes impurity,fuel and total plasma ions, we

have calculated from relation (1) the following plasma parameters :

1°) The mean charge Z; of the impurity ions

s 5 P 2?
T, i i (4)
i 7
Loy &
£ 1,2
In the figure I, Ei is plotted as a fonction of the electronic temperature

T_ for various impurities. We see that light impurities (carbon, nitrogen
e

and oxygen) are completely stripped when '1'e exceeds 500 eV and we have @

_ . M6

Z; =El-l'l' for T <500 eV (5)
1 c(c\i‘)

when M denotes the atomic mass number (for example M = 16 for axygen). For
heavy elements Ei = 24, 35 and 50 for iron, molybdenum and tungsten respec—

tively, at T, = 3 keV. For these elements the following relations hold :

7, =tulliy M2 gar 1, <15 kev
% “(ev)
Z=Ly20 W3 15 <1 <5 kev (6
1 * e
(e)
z, =t @37 V7 gor 15 <1 <10 kev
i 2 e(e\f) e

as we see on the figure 2.

2°) The average charge EF of the plasma :

- n
Z, ~= o (7
S
For small impurity concentration (ﬂi << np) we have
Z =1+LeE T, (8)
P i 1
For example when -15<T_ <1.5 keV, we get from relacians (6) :
= | 1/3 1/2
= =4 M'ieC. 9)
ZP I % ] 'l"1 EL 1 i
3°) The effective ionic charge Zogg given by :
= 2 2 - _
4 =iLGizz snn+uizi=1+ziﬁpl) e
L2 i%z 2z E n,t R i fp
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and from (8)

In figure 3 the effective ionic charge Z

£ calculated from relation (10),

ef
is plotted as a fonction of the average plasma charge fp for molybdnum impu-

rities. In this figure, temperature and concentration influence are shown
by solid and dotted line respectively.

The question remains whether an ionization equilibrium state is reached in
toroidam discharges like a Tokamak. In order to answer roughly this ques-
tion, we have determined Ei wvalues so that the ionization time T (ox nB'rz)
calculated from a method proposed by HINNOV /5/ is equal to the ion confipe-
ment Lime Tp {or n_t_). In the figure 4, the _ii values obtained for

"eTp = 10" g 10" s 8, are compared, to the];quiéibrim values given for
iron in the figure I. We see that for “,_I], 2 10 “cm “s(typical values for

§.T or T.F.R. machines)ionization equilibrium is reached.

I would like to thank Dr. P. BLANC for numerical evaluation of the coronal

equilibrium.
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/5/ — E. HINNOV, Princeton Plasma Physics Laboratory, MATT.777
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Fig. | - Mean impurity charge Z. versus plasma electronic temperature T
for various elements “(carbon, nitregen, oxygen, irom, molybd&-
}, num and tungsten).
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Fig. 2 = Mean impurity charge —5 versus T,

C

o 2
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Temperature dependance is also shown.
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SELF-GENERATED MAGNETIC & 1ELDS IN LASLEN ILASHMAG*

Attwood

d. J. Thomson, C. E, Mux, and D. ]

University of California, Lawrence Livermore Laboratory

Livermore, California, USA

ARSTRACT

Megagauss-level magnetic fields have been predicted theoretically and

observed experimentally. We discuss the field generas n due L0 resonance
gbsorption of laser light and thermoelectyic currents. We describe cur

experinent Lo measure these fields by Faraday rotetion of light (2660R)

Recently experimental and theoretical investigations have shown the
possibility of megagauss magnetic fields internally generated in laser
plas:nas.[l’ﬂ Fields of this magnitude can substantially affect plasma
transport properties. There is possible evidence for reduced thermal con-
ductivity in the plasma in the experimentally observed fast ions and abnor-
mally high hard x-ray production. Reduction of thermal transport has
serious consequences for laser fusion, and thus we have begun to study in-
ternally generated fields both theoretically and experimentzlly. We dis-
cuss here two kinds of magnetic fields: one due to thermal currents and
the other due to resonance absorption of laser light.

If laser momentum is transferred Lo plasma electrons, currents may be
set up, providing a source for magnetic fields. Let us assume the ions are
immobile for simplicity. The electron momentum equation is

Ger V) n¥ = T+ () + ¥+ O vty - apy]
(1}

where n = Sfdv, aV = [vfdv, v is an effective collision frequency, and
p= -e(n-nu), the charge density. We are interested in quasi-steady Tields,

so we time-average over the laser light period. Using Maxwell's equations,

we may derive an equation for <B>:[l’£]
m ety . em (2)
By v ox (% vies) + Viiv . (p+p)
it - lize ~ n .~ [ =8 =T

where Pe is the fluid pressure tensor and Pr is the radiation pressure

tensor:

. EE’] (3)

SHE E 252 1
F ; [817 <E+H>i—ﬁ(aﬂ

ER is the real part of the complex dielectric function. If the pressure is
isotropic, Pe A T 1, and the source term due to fluid pressure simply
= = )

becomes em (&)
§,=-— (Vlegn)x ¥ .
an - a

If the pressure is anisotropie, other sources are present. Consider a
planar target. The density gradient points into the target. Near the
center of the laser beam, the temperature gradient points out of the target,
and is thus collinear with Vn. However, at the edge of the beam, the temp-
erature gradient rotates to continue to point at the center of the bean,

thus giving rise to a Tinite VnxVT, For typical scele lengths of 10, and

temperatures of Wl keV, we find 10-2 megagauss/picosecond. Thus

dt

megegauss levels are expected over 100 picosecond laser pulses.

Two-dimensional hydrodynamic calculations using the code LASNEX typically
show Tield strengths of 1-2 megagauss extending over regions 20-40 in
diameter. This leads to a significant reduction in thermal transport in
the high field region, and may lead to a loss of implosion symmetry in a laser

fusion target.

* Research performed under the auspices of the USERDA.

Wext we consider the radiation pr ssure term:
cm
8 A "
S R w (5)
2 O - Ta - r

Stamper and Tidman have demonstrated that inverse brem

trahllung absorp-
tion of laser light will lead to magnetic Tield generation in underdense
plasmas. We have considered the situation in which plane polarized light is
incident obliguely upon & plasma, leading to the well-known phenomenon of
resonance absorption. The laser light turns at the density "c EUSE 0,
where nC is the eritical density and 8 the angle of incidence. But if a
sufficient amount of field leaks to the critical density, plasme waves are
excited, which are then damped by the particles.

We have considered this problem for the simple case of a linear den-
sity gradient; with scale length L, and find that the source term near the
critical density is approximately given by (6)

s 2

52 = ?ELZ (Lﬂ,"\)]g ;f?l sinf cosfexp [—(h/B)nDL sinlﬂ = 21(01-(\!,"::1}2]
where ku is the free-space wavelength, and v is the effective collision
freguency due to resonance absorption. The field is perpendicular to the
laser polarization plane. For typical laser fusion parsmeters, this term
is several orders of megnitude larger then the Vn x VT term of Eg. (4).

We have observed this phenomenon in particle-in-cell plasma simula-

tions. The magnetic field satwrates at & level of several megagauss due to
convection by particles expelled by the breaking of the resonantly exited
plasma waves,

Magnetic fields were measured in plasmas by Stamper et. alEJ;be rind-
ing the Faraday rotation angle of a probe beam. Their probe beam was at
double the frequency of their main Nd. laser beam. We have epdeavored to
improve their experiment in several ways: 1) we use frequency guadrupled
light (26603) in order to probe higher plasma densities; 2) we look at
both polarizations simultaneously to eliminate shot-to-shot variations;

3) we have done extensive hydrodynamic simulations of the exploding target,
including ray tracing of the probe li it in oroer to better estimate
8 u Ine E. + d&, the Furadsy angle, and k) we will rotate the polarization

vector of the main beam relative to the probe Leam, in order to separate

ation-dependent efiects.

In our experiment, light from the m; beam is split off and
frequency quadrupled. There is a peak-to-peak time deley between laser
and probe of 150-250 ps. During this time, hydrodynemic expansion has
decreased the sharpness of the plasma density gradient, but the magnetic

field is still near its peak value. The target is a 150 x 10p parylene

disk. The probe beam passes through a Wollaston celcite polarization beam

splitter ento hard film. The rotation angle is inferred from the relative
intensities of the two polarization components imaged onto the hard film.

The figure shows a preliminary experiment. The image at the left is taken
with the polarization angle sligned with the 26605; light, while at the |
right, the polarization angle is 9UD. The target is a 250 p steel ball,
struck slightly below center with a .5 joule beam. On the right, one may
see a thin filament of roteted light. This experiment is currently being

improved to gquantitatively determine the magnitude of the magnetic Tields,

REFERENCES
1) J. A. Stamper and B. H. Ripin, Phys, Rev. Lett. 3%, 138 (1975).
2) J. J. Thomson, C. E. Max, and K. Estabrook, UCRL-T6690, to be

published in Phys. Rev. Lett.
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KORLINEAR EVOLUTION OF TEARING MODES

M. Rosenbluth, B. Waddell, D. Monticello and R. White
Institute for Advanced Study, Princeton

New-Jersey, USA

With the usual Tokamak ordering % << 1, the non-linear evolution of insta-
bilities preserves their initial helical symmetry. Hence the problem reduces
te a two-dimensional one (r and kz + m8) which we treet numerically. Pre-
viously we have shown the evolution of ideal MHD kink modes into "bubbles"
and the suppression of bubbles by magnetic shear. Here we report on the
inclusion of finite resistivity which leads to the tearing mode and the

formation of magnetic islands.

When the island size exceeds the very small values at which linear theory
breaks down inertia becomes negligible and magnetostatic equilibrium applies

V"‘Ir ‘] (V) %)

Thus the current must be a function of the helical flux Y': kr AB + mAz.

In addition resistive diffusion and plasma convection leads to the equation

AR @

where the brackets indicates an average over a flux surface, and E is the

applied electric field.

To complete the statement of the problem a transport model must be piven for the
time evolution of the resistivity YL(V)

0.25

286

Equations (1) and (2) must be iterated simultancously to obtain numerical

stability. We have devised a numerical scheme which is stable for m 3 2, buc

so far has not converged for the stronger m = 1 modes.

The principal results are as follows:

1) For very small magnetic islands%’ s .01 (where w is the island width)
d
the growth is found to follow closely the theory of Rutherford, a—? = const
¥ ¥ a
x A fl where A is the usual discontinuity of logarithmic derivatives of

the linear eigenfunction.

2) In the case !‘t = const, the islands grow to very large size, in fact

eventually reaching the center.

3) PFor more realistic transport laws where the resistivity increases out-
wards we have observed island saturation., For ST parameters the m = 2 island

grows to about 10 Z of the radius, consistent with experimental observation.

In the Figure we show the flux surfaces in the final state.

0.63 075
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FEEDBACK STABILIZATION OF A SCREW PINCH

R. Keller, A. Pochelon, W. Bachmann

Ecole Polytechnique Fédérale de Lausanne, Switzerland

Centre de Recherches en Physique des Plasmas

Abstract: Results from a stabilization experiment operating on the kink
mode of a screw pinch by means of a magnetic feedback loop are presented.

Introduction: The correct behavior of a thermonuclear reactor will require
an evolved automatic control system, which allows for the adjustment of

a great number of parameters. One of the most important feedback loops
will have the task of maintaining plasma equilibrium and suppressing
dangerous MHD instabilities. Our aim is to demonstrate the feasibility

of stabilizing the fast kink mode of a screw pinch working above the
Kruskal-Shafranov limit.

The Pinch Configuration: The 8 coil measures 142 cm and has a diameter of
9 cm. The main field reaches 16 kGauss in 3.8 psec at which time the erow-
bar is switched on. The quartz discharge tube has an inner diameter of

5 cm. On the discharge tube are mounted the feedback coils and the magnetic
dipole probes. The time evolution of the axial Jz current is similar to
that of the main B_ field. Two electrodes, 1.2 cm in diameter, are 142 cm
apart, and are prnfected by limiters in order to concentrate the axial
current on the front of the electrodes. In this way, precise boundary
conditions exist for the pinch. Actuvally, probe measurements show a pinch
with a sinusoidal displacement vanishing at the electrodes L'I.]

A sharp boundary plasma column experiences an external kink mode where the
matter moves as a whole. In order to satisfy the conditions at the end of
the column it is necessary [2] to superimpose two modes with different
wave numbers. Hence the displacement of the axis is

n =% exp(-ih, z + iwt) + L exp(-ih,z + iwt) (1)
2 1 2 2
h, and h, are determined by the necessity of total reflexion at the elec-

trodes (the resulting axial energy transport is zero when both group
velocities are equal but opposite in sign).

This statement leads to the Following wave form

n =y exp(ib z + fot) - cos lLi (2)
with
nq wa B
< 1 z
ho" T8q %" 78 =g By £

There are now two gq values: q]= q + Aq; q1 q - Ag. The eigenfrequency
of the kink takes the value
Bz q 3
A
= i T ) @)
H,pa L

We obtain a new definition of the Kruskal-Shafranov limit: q = q.- The
corresponding axial current J_ equals 2020 A for a plasma radius a = 0.8 cm
measured from the luminosity profile, and with 8 = 0.1. The onset of the
instability occurs very close to this calculated value.

The feedback coils have a £ = 1 configuration. For acting at the m = 1,

= 1 mode in both degrees of freedom, the current distribution should be
sinusoidal in @ and z, in the same way as the real and imaginary part of
(2). For reason of simplicity we have choosen a short straight coil
(h o) built in two halves 30 cm long and 20 cm apart. The 12 turns are
equally spaced, covering two 90° sectors. The other two sectors are covered
with windings acting on the second degree of freedom. By Fourier analysis
we find an efficiency of 45 % for the n = 1 mode and a finite excitation
force of the harmonic n = 2, Below twice the Kruskal-Shafranov limit the

= 2 harmonic remains stable.

Magnetic dipole probes are used for detecting the displacement of the plasma
in the two orthogonal direction |3). Their windings are equally spaced and
cover 120° sectors. They are placed near the mid-plane, at about 10 cm
distance from the two parts of the feedback coils. At this distance the
direct coupling between the enforcer coil and the probe is not negligeable
and its value is negative. The theory shows that stability is only possible
if the coupling is positive and relatively small. We compensate for this
inconvenience with a loop connected in series with the probe, and coupled

to the feedback current in a correct way.

The feedback loop is similar to the system used in the Scyllae experiment
[4] . The probe signal is integrated and preamplified up to ¥ 20 V. The
driver stage reaches a * 400 V level at very low impedance, necessary Lo
drive the two output triodes Siemens R § 1041 connected in push-pull. The
available voltage and current sweep is * 20 kV and * 140 A. A ferrite
transformer couples the power to the feedback coils. The power amplifier
is switched on 5 psec before the pinch, and a reset opens the preamplifier
just when the kink starts growing. Only one feedback loop is installed

for stabilizing the degree of freedom in which the kink is growing faster.
The amplitude of the other degree of freedom may by held at a small value
for an extended duration by feeding the second enforcer coil with a proper
step function.

Results: The measurements are performed at 1.8 times the Kruskal-Shafranov
limit. To obtain stability the gain of the feedback loop must be set above

unity. The stable range is relatively narrow, a gain exceeding 1.4 drives
the system overstable.

The stereoscopic streak pictures of Fig. 1 and Fig. 2 show the plasma
displacement at 85 u D, filling pressure, without and with stabilization
respectively. The uppef traces correspond to the degree of freedom which
is stabilized. In this case the overall response time of the amplifier

is 0.9 usec and the measured growth rate y = 0.33 x 10 sm.-l F'g 3 and
Fig. 4 are similar pictures obrained at 40 p !Zi2 filling pressure. lh?
measured growth rate without stabilization is now y = 0.6 x 107 sec To
achieve stability it was necessary to decrease the response time to U.b
psec, by changing the ratio of the output transformer. In both cases the
upper degree of freedom continues to be stable when the lower trace already
shows wall contact.
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