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PREFACE

This volume contains the texts of the invited papers and the
supplementary papers presented to the Fifth European Conference
on Controlled Fusion and Plasma Physics.
The invited papers were selected by the Paper Selecting and
Programme Committee and by the Organizing Committee from a list
suggested by the Responsibles of leading plasma research groups
through the world.
From the list of presented subjects,it is apparent that they
deal with a large part of the world effort in Plasma Physics
as related to Research on Controlled Fusion.
These papers are printed in the same order as they were presen-
ted to the Conference,except for Dr. Kovrizhnikh's paper which
was not presented orally. The invited lecture by L.A.ARTSIMOVICH
was presented by B.B.KADOMISEV.
Last minute arrangements during the Conference permitted the
presentation of the following two additional invited lectures :

. M.N. Rosenbluth : Problems in physics of Laser-Plasma

interaction.

. E. Velikhov : Comments on pulsed thermonuclear systems.
The Organizing Committee would 1ike to thank warmly Professor
Rosenbluth and Dr. Velikhov for accepting the heavy task of
giving these important contributions within a very short dead
line.
Some minor editorial work was carried out. Reproduction by photo-
graphic processes means that the authors must bear responsability
for their texts.
We wish to thank authors for carrying out the relatively rigou-
rous instructions necessary for this type of publication.

The Organizing Committee,
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Experiments on the ST Tokamak Device

W. Stodiek
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08540, USA

Abstract: Experiments in the different operating regimes of ST tokamak are
discussed. The optimum regime is limited at low density by electron runaway
and at high density by radial shrinkage of the current channel, resulting in
macroscopic instability.

At the last European conference we reported that quasistationary dis-
charges had been produced in the ST tokamak.l Long confinement times and
long time stability for these discharges for a given plasma current could be
obtained for g wvalues at the limiter of about 3 or larger and for the
density regime from 2 x 1012 to: B lO13 cm—3.

The operating regimes of the ST tokamak, depending on density and

limiter ¢ value are summarized in Fig. 1. For currents of about 50 kA and

large enough g values, discharges at

1 -3
WITH PREIONIZATION: densities around 1x 10 - cm show
14 N PREIONIZATION:
Ixio = || HIGH ENERGY RUNAWAY the best longtime stability, this con-
{| ELECTRONS, ANOMALOUS
/ )| SHIFT tinues to lower densities, but here the
CURRENT SHRIWKAGE electron velocity distribution has the
w | DISRUPT INSTAE,
Me 2 tendency to develop into a runaway
2
|163 ; g;gmgm electron distribution. At densities
= 12 -3 ’
G around 1x 10 cm most discharges
S
% terminate by current inhibition, and for
DISTORTED EL, DISTR, ‘
RUNAHAY EL gas pressures correspondlngl;o elgctron
densities lower than 1x 10 em ~ , it
o [ cumrenT Indis. ]
o [ 0 101 AT TON J is difficult to initiate a discharge at
é ; é all. At high density the current channel
4 has apparently the tendency to shrink,
Fig. 1. Operating regimes with the result of low central g values.
of ST tokamak for about 50 kA
plasma current. Kink-type oscillations are observed,

which frequently develop into the so-
called disruptive instability. The density regime for these processes is very
dependent on the conditions of the discharge tube. At higher density, but
with good preionization to reduce the initial high voltage, a low temperature
discharge develops. Without sufficient preionization apparently most of the

current is carried by very high-energy electrons in a relatively cold main plasma.
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The work on ST has been concentrated on detailed investigation of the
plasma properties and development of diagnostic techniques. This survey
will report on three main efforts. In the optimum density regime, the known
characteristics of the discharge and the still open problems, especially in
respect to the scaling of confinement with plasma parameters are discussed.
In the regime of larger density or low g wvalues the problems of macroscopic
stability are of interest. Thirdly the electron velocity distribution has
been determined in all operating regimes, but especially in the low-density
regime, where a non-Maxwellian distribution is found. The accurate deter-
mination of the relevant discharge parameters is very involved; this can best
be demonstrated by describing a particular discharge and its time dependence.
Figure 2 shows the current and voltage traces of a discharge in the optimum

density regime,3 which

TTINT 1 ! I v 7 was produced in a toroi-
dal field of 37 kI' with-
in an aperture of 13 cm
radius, limited by a

tungsten rail limiter.

VOLTS
104 AMPERES

The working gas was hy-
drocgen at pressure of
6 % lO12 cm—3. The

ramping time-shape of

the current from 5~ 35

Fig. 2. Measured Ohmic heating current I msec was designed to

and the loop voltage V. The curve IR 1s minimize the expenditure
the voltage corresponding to a resistance R,
determined from the Spitzer resistivity with a
toroidal correction. The dotted curve is the CrEHSTETHeE Gore BY o
resistive voltage calculated from the electron
temperature profiles assuming negligible skin
effects. The arrows indicate the time at rents at early times,
which radial profiles of Te(r) and ne(r)
were measured.

of volt-seconds of the

voiding too large cur-

where the temperature

and conductivity are low.

The dashed curve labeled Vm gives the loop voltage, which consists of a resis-
tive voltage IR and an inductive part determined by the leakage inductance be-
tween plasma and vacuum vessel. The IR is the computed voltage corresponding to
the Spitzer resistivity with toroidal correction. The dotted curve is the re-
sistive voltage, as calculated with the help of the electron temperature profiles
assuming negligible skin effect. The arrows at the top indicate the times at

which the radial temperature profiles, which are shown in Fig. 3, were determined

from Thomson scattering. The very initial phase (which is not shown) develops,




apparently due to the current skin

somsec effect, into a cylindrical shell
AR p with maximum temperatures nearly

i / \ T three times the central temperature.

In the slowly varying part of the

current rise the current penetrates

to the center and the temperature

Te
(kev):

distribution becomes monotonic. At

' 25 msec a peak temperature of 2.2 keV

Lo ¥ . is reached. While the current grows
! y
;/ \ ' further, the profile gradually widens.
‘ i » "
/ 0 ¥ ¥ The density profiles are roughly pa-
\
SEl- / \Q | rabolic; that is, distinctly wider
L .~ /\ b §
x;/f \:\\ 3 than the temperature profiles. 1In
i ) AN\ these discharges, the total rate of
d . \\\ 5 —’,/ ____\“
- “ e | b H = i - 2 -
J zﬁ{ o e H, and impurity line emission and
“14-12 -I0 -B -6 -4 -2 0 2 4 B B 0 12 14 .
£ the Doppler width of Ha and of
Fig. 3. Radial temperature various impurity lines has been mea-

profiles, at indicated times, on
the horizontal midplane of the
torus. Major radius increases total ionization rate and hence the
to the right. The profiles are
symmetrized about the short ver-
tical arrows attached to each the effective charge of the ions for

= P 2
RS momentum transfer 2 = (EZlni)/(ZZlni),

sured. From this we deduce (a) the

particle confinement time, TP, (b)

(c) the total power loss by radiation,
(d) the ion and neutral atom energies at various locations. The impurity con-
centration was found here to be rather high, 12- 14% oxygen; the other impuri-
ties are negligible compared with the error in the oxygen concentration. The
probable radial distribtuion of 7 was computed.

Two points are of particular interest: the resistivity and power input and
the energy balance and particle confinement. We conclude from the previous
figure that after 15 msec there is no skin effect and therefore the knowledge
of the resistivity and of the total current allows the determination of the
radial distribution of the current density and power input. We assume that the
local resistivity is the Spitzer resistivity corresponding to the temperature
and Z profiles, and taking into account the effect of trapwil electrons.

Figure 4 shows the profiles of these quantities at 35 mi:ec. The lower
curve shows the electron conductivity [n(r)]_l multiplied by r/R. The area
under this curve is the total conductance. Also shown are the electron temper-

ature profile, the density profile, the profile of the average Z, the ion

_4




temperature, (at the center ‘

| from charge exchange and fur-

/ ther outside from Doppler

55 " / lao broadening of oxygen and car-
i " ;
g fq’ z bon), the g wvalue and the
o
\( energy confinement parameter
{7
15 1 ] S 15 430 Té defined as the local
e / . .
q
Kf.__ﬁ___‘_ 7 r energy content divided by the
o /e ms | 7 local power input by Ohmic
/
1.0 ; -10 420 heating.
' . .
\\\ T ne ; The low g-value implies
n, -
N q; (10"%erv) that the current at the hot
0.5 18 5 Lo central part exceeds the
Ha
\\\ 43 Kruskal-Shafranov limit. It
—2
i seems quite likely (and we
00 5 10 15 have other data which con-
RADIUS (cm)
firms this idea) that the
Fig. 4. At 35 msec the (symmetrized flattening of the T (r) and
radial profiles of electron density, ) . e
electron and ion temperature [0 from its failure to grow after 20

charge exchange, [], A from Doppler

broadening of the A1623 OVII and A1548
CIV lines, respectively], the mean ion the g < 1 condition.
charge E} the inverse rotational trans-
form g, , the energy confinement para- _ .
meter Ty, and the electrical conduc- these discharges is probably
tance per cm shell thickness.

msec is directly related to
The total power input in

fairly well determined by

IZR. This quantity is shown

in Fig. 5 as Pin' The total electron kinetic energy is We. The difference
in_-we (the dashed curve) represents the total power loss from the plasma

electrons. The lowest curve gives the power loss by radiation (mostly from

OVI and OV) emerging largely from the periphery of the plasma. The electron

power loss to the ions by Coulomb collision is given by Pei' The remainder ‘
of the power loss is expressed as an energy confinement time2 Ty, = We/(Pin
- We - P - P ) , which in this case is nearly equal to the particle con-

ei rad ‘
finement time, which is alsoc shown.

Half of the ionization rate in this discharge is due to oxygen. The hy-
drogen ionization rate is deduced from the total Hu intensity measured at
various locations around the torus. The basic difficulty with the determin-
ation of confinement times, is that the source function of particles and
power input as a function of radius is not well known. The impurity atoms

enter only at the periphery of the discharge and move inward as ions. Most




neutral atoms of hy-

drogen or helium found
near the periphery,
far from the limiter,
have an energy of 2- 3
eV; but atoms with 25
to 30 eV are found to
be injected near the
limiter. A very rough
estimate of the radial

and circumferential

neutral distribution

of hydrogen is as

i 4
Fig. 5. Thg total electron_energy, ,We' follows : At the port
and average particle energy confinement times, ) o
Tp(A0) and Tg(+) , with total power input, opposite to the limiter
Pin’ total power loss rate by gle?trons, the central density is
Pin=VWe. the power loss by radiation, Prad’ g

and by Coulomb collisions with ions, P,y . found to be about 3x 10

3 .
cm from optical mea-

8 -3
surements, and about 4% 10 cm from charge exchange neutrals; at the edge the
7 : 10 =3 N ol
density is about 1x 10 cm . Within about 20 cm of the limiter the central

density from Ha flux and Doppler energy measurements is 3 X lOlO cm"3 at atom
11 -
energies 25- 30 eV; the edge density is about 1x 10 cm 3. The average

around the whole torus is then: central density, 1X lO9 cm_3, edge density
2% 1010 cm—3.

The main conclusions drawn from a number of ST tokamak discharges in the
"optimum density regime," as described above, are the following: The resis-

tivity measured in discharges in the optimum regime in H He and Ne in-

'
dicates no anomalous resistance factor when compared with2the Spitzer resis-
tivity. Here the current profile is inferred from the temperature profile,

and the measured impurity content is taken into account.5 The impurity effect
is due mainly to oxygen (often ~5%) and high-%Z material from the limiter (0.1-
0.3% for molybdenum). In neon discharge56 where impurities are less important
because of the high Z of the neon itself, very good agreement has been found
between the computed and measured resistivity values. Unfortunately, a direct
measurement of the current distribution is still not available; we can, there-
fore, prove only internal consistency with the assumption of classical resis-
tivity. The result may not be too surprising because the ratio of the electron

drift to thermal velocity in these discharges is about 5%, and the ions are

too hot for ion sound wave excitation. The plasma energy content was

___—
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Fig. 6. The total plasma energy
(electron + ion) per cm axial length,
as a function of the Ohmic-heating cur-
rent for a variety of conditions. Open
circles are T3-A data [Culham Lab.
Report R107 (1970)]1. Aperture radii
from 4 to 12 are included; two speci-
fic values of a are shown by A.

The straight lines indicate the val-
ues of By = 8wnkT/B5(a) for the
tokamak cases (poloidal field due to
toroidal plasma current only).

scaling reported for T-3. ST values
average about 0.75 instead of 0.5
(points at higher currents). Parti-

cle and energy confinement times

were determined in discharges in
hydrogen and helium at aperture
limiter settings from 4- 13 cm and
plasma currents from 1.7- 74 kA.8
The average particle confinement
time is plotted in Fig. 7 against
average electron temperature. In

the temperature regime above about

150 eV the ST tokamak confinement

time increases with temperature
T3/2 .
e

about as In the regime

determined from diamagnetics and
also from laser scattering for

the electrons, and charge ex-
change and Doppler broadening for
the ions. The total plasma energy
content per unit length is shown
in Fig. 6 as a function of the
toroidal current.7 The results
cover a wide range of minor radii
(6= 14 cm), different gases (H2,
He, Ne) and different toroidal
fields. BG is about constant
(although this is not strictly
true for fixed current and varying

density); this confirms the

100 T T T T T
By = 43k6
ST TOK. @ ]
+ 13
o2 +)
= ® g 5
X 6 o o/
vV 4 6 +/
. Cc-STELLO 5 -
10 ocP$/
X
ol rng' ® §/
(msec) l{/ /
NS o / |
“o & A
0F ¢ H.oe ©® o 4
0 ‘&\\ 3/2
g/ TQLT
£ \E{/ o
7%,
/ N
i By=11 kG |
0. 1 | | I |
10 100 1000
Te (ev)

Fig. 7. Particle confinement
time and temperature in the ST
Tokamak and the C stellarator, for
various values of aperture~limiter
setting and plasma current. The
T3/2 1line is drawn approximately
through the upper points. The Tzl
line is the Bohm-loss line for
By=43 and a= 5 cm (the C stel-
larator aperture).




below about 100 eV the stellarator results show TP ~ T;l. The confinement
3/2 ; 2 ;
time TP also obeys roughly the Te/ relation during the temperature in-

crease in the process of the discharge, and is inversely related to 2. In

Fig. 8 the observed overall par-

ticle confinement time is plotted
versus the computed pseudoclassi-
cal time9 with c2 = 1. The

points to the left represent dis-

Ty (msec)

charges of low current and low

temperature. At temperatures

above 150 eV the points seem to

(.rnsec)CzH

Tps-ci & i
follow roughly the 45° line.

Fig. 8. The observed particle These points represent discharges
confinement time plotted against the

computed Pseudoclassical time for
c2=1. The points at the right repre- currents and densities.
sent high current and high temperature.
The temperature at 1 msec is about

150 eV, and the points to the left are our data that above a certain
lower in temperature. Observe that the
points belong to very different limiter
radii. cle confinement increase with

of quite different plasma radii

We tentatively conclude from

temperature the energy and parti-

temperature and poloidal field
strength. The absolute wvalues of the confinement times are more than an order
of magnitude shorter than the neoclassical ones and (considering the shapes
of the profiles for density and temperature) they can also not be fitted to the
Bohm coefficient.10 Heat conduction in addition to particle transport may be
necessary to describe the observed profiles.

The treatment in terms of overall particle and energy confinement times
is probably too rough an approximation of the problem, and it seems necessary
to take the radial dependences more seriously into account than has been done
so far. For instance, in Fig. 4 the electron temperature gradient is largest
inside the guite flat part of the density profile. The energy input occurs
mostly near the center; thermal conduction may be important for transport of
heat to the outside layer; from there it can be taken to the limiter by par-
ticle transport, heat conduction, radiation and charge exchange. The outside
layer acts then only as a virtual limiter. The particle replacement time re-
ferring only to the region near the center can be much longer than the energy
replacement time. A detailed computer model has been employed to study the
discharge behavior as a function of radius.ll

Macroscopic instabilities are observed in the ST tokamak for high-density

discharges where shrinkage of the current channel to low g values occurs, Or

..




simply for low initial g values.12 They are low frequency oscillatory modes
with slow growth rates, often followed by the so-called disruptive instability.
The low frequency oscillations are magnetic field and density perturbations
detected with the ion-beam-probe or with magnetic pickup probes. Their mode
structure is (mé-n¢) , with m=6 to 2 for n=1. m/n is always less
than q at the limiter, so that the point g(r) = m is found at a radius r
smaller than the limiter radius a. It is concluded that these instabilities
could be tearing modes, that is, resistive MHD kink instabilities.13 These
modes have also been initiated by forced shrinking of the current channel by
pulsed injection of hydrogen gas at the periphery during the discharge, causing
m to decrease. These oscillations lead for m = 2 to the violently growing
"disruptive" instability,14 which is accompanied by a current channel expansion,
a negative voltage spike, and the loss of a large fraction of the plasma energy.

This is shown in Fig. 9. The instability mechanism acting here is still un-

20
v 4
{volts)

r
;I 2
kAl
QL L L |

REL. O : 1
UNITS y P

known. It may be re-
lated to magnetic sur-
face breakup. Although
the modes at higher m
have little effect on

the plasma confinement,

it was observed that

runaway electrons are

s 1L lost from the discharge
(knz) : «
% ; l 3 ‘ volume during this pro-
o d*ﬁq%ﬁﬁﬁﬁ%+ ,
(valts) ! cess. The occurrence
! I 0 i |

ar

: 0
105 of these instabilities

10 10.0
TIME (msec) TIME {msec)

is a severe restriction
Fig. 9. Effect of the disruptive insta-

bility on the discharge voltage and current, i Khe maxtmmmn Genm iy

and on u = BBout_ Bgin (major radius shift out- at which a long-time
ward is 9051t1ve!. Conditions are By = -15.5 stable discharge could
kG. The short-time effects are shown expanded

in time in the top right figure. H, intensi- be produced, and the

ties are for locations A (limiter) and J

(~opposite). The frequency and amplitude of the
m = 2 oscillation leading into the instability obtained without addi-
are displayed in the bottom right figure.

lowest g which can be

tional stabilizing fea-
tures. The detailed
mechanism of the current shrinkage is not certain.

The electron velocity distribution in the vicinity of the average energy

can be obtained roughly from laser scattering. Above this energy, Bremsstrah-

lung spectra have been used to study the velocity distribtuion from about 2 keV




15
to the MeV range.

cal spectrum is shown in Fig. 10.

From Bremsstrahlung

[t:l = gCn_{ny, + In,22ye.” 2

o iy 12307, exp (- L/Te)
2

B L yel3 -3
(nH + xnizi) = 2.3 10" "cm
n = 1.0 - 103%™’

6| . 2 13__-3
0. InyZ, = 1.3 - 10 em

- - g
nl—l for Z = 42,nr_!0— 7 x 107cm
From line radiation

N [% = —
!05 N ox N ong Myo <0V Wy
~ 3 l_l 5 =3 x10%em?
]

i

E(kev)
L5 10 15 20 25 30

IO2 |1 si || l| | l ! l

o 20 40 60 a0 100 120
CHANNEL NUMBER [0.233 keV/ CHANNEL )

Fig. 10. Representative x-
ray spectrum for an intermediate-
pressure hydrogen discharge. Elec-
tron temperature derived from the
low=energy end checks well with
Thomson scattering of a laser beam.
The high-energy end shows an ap-
preciable runaway component in the
electron-velocity distribution.

The K, and Kg lines of molyb-
denum are from impurity atoms
originating from the aperture
limiter.

outside.

on the filling pressure.

The distribution varies markedly with density.

This is seen in Fig. 11.

A typi-

It consists of a Bremsstrahlung continuum

with lines of the most prominent
impurities superimposed. For simpli-
city of discussion, the continuum
spectrum is characterized by sections
of straight lines whose slopes de-
termine equivalent temperatures. The
low-energy continuum corresponds well
to the Thomson scattering temperature.
There is also an enhanced tail above
10 keV energy, indicating that the
distribution is not Maxwellian. The
limiter material, for instance

molybdenum, gives rise to Ku and K

B
lines. A rough indication of the de-
gree of ionization of the M-shell can

be obtained from the Ka:K ratio.

g

In this case, Z 1is about 25- 30.
The absolute intensity of these lines
gives the Mo concentration, estimated

10

-3
to be about 1x 10 cm . Spectro-

scopic measurements16 (Mo XIII and
Mo XIV lines) give somewhat higher
concentrations, but this discrepany
could be explained by radial dif-
ferences, the K lines originating
from the hot center of the plasma

and the Mo UV lines from nearer the

The character of the velocity distribution depends to a large extent

Only the straight line

approximation is shown, and the spectra are normalized teo 1 at zero energy.

The velocity distribtuion for condition b) represents a discharge in the

optimum regime; with a gas pressure of 3% 10~ em

pressure instability region.

magnitude and shows a temperature of 800 eV.

higher pressure, and here negative voltage spikes occur.

. 3, it was just below the high

The spectrum was Maxwellian over may orders of

Condition c¢) is at somewhat

The spectrum has not

been followed over as large a range of energy as the previous one but it ap-

pears again Maxwellian, with 800 eV temperature and without hard x-rays. As
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the pressure is re-

duced, a continuous
Y HM) increase in the num-
S"L“\vn_,*‘J&{K ber of high-energy
_4JL{ :iﬁt electrons is ob-
5 served. The distri-

i (b) bution bends slowly

110 keV 410 *Torr

— | in the region of 10

;: \ keV and shows here

v { (c) large tails with

150 keV 1.1 x10”* Torr

a
I

(@ e
5¢10 Torr ~~ 25 n.ll}_qTorr
temperature of 10 to

b 1
(3310‘"70,, e 20 keV, followed by

o RS N TN S EPPURS [, ST Sms 1 a less intense high-
Ef{ kev)

energy group with a

Fig. 11. Electron-velocity distribution slope of 100 to 200
functions determined from x-ray spectra; various
gas-filling pressures. Typical current and volt-
age traces [sukfigs. (a), (b), (c)] belong to the taken at a pressure
correspondingly marked curves.

kev. For curve a)

of 4x 10_5 TOEL,;
the number density

of the runaways was estimated at 3 x 10ll cm_3 for the 21 keV group, and

3x lO10 cm—3 for the 110 keV group. The angular distribution of the x-ray
flux shows that the fast electrons are accelerated in the toroidal electric
field.17 The number density seems large enough to make a significant contri-
bution to the value of ﬁ]; a large part of the plasma current could be
carried by this beam of electrons. The runaway electrons originate predomi-
nantly at the hot center of the discharge, where the value of E/Ecr is

largest.

At very large pressures with insufficient preionization, the discharges

are dominated by very high energy runaway electrons. These discharges ex-
hibit the anomalous shift observed in TM-3 and T-3. It seems plausible that
the runaway electrons in this case make dominant contributions to the current
and B”, but a quantitative answer to this question is not available yet.

Discharges at very low density often show current and voltage characteristics

similar to those of the current inhibition cases observed in stellarators at
low density, where the current dies off prematurely.

The ST experiments have suffered from three main problems: the unknown
current distribtuion, the coupling of heating and confinement, and the rela-

tively low plasma current.
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To determine the current distribution, three methods are being developed

to measure the poloidal field as a function of the radius. The thallium ion
beam methodl8 uses deflection of the beam in the poloidal field. The space
potential and the electron density in the interior of the plasma column can
also be determined and the time response is so fast that also fluctuations of
these quantities can be measure.19 Preliminary results show that a reliable
current distribution measurement seems possible but has not been obtained yet.

The space potential on the other hand has been measured in a low confining

field discharge at low density and current. It is shown in Fig. 12. Local
fluctuations of den-

— 200 DENSITY SIGNAL sity which occur in

DATA VSR (cm) ARBITRARY UNITS

the presence of m = 2
oscillations are in per-
fect synchronism with
the signals of magnetic
B probes.20 The two

0
L other methods for ob-

taining the current

SPACE POTENTIAL VOLTS distribytion deter-

mine the direction of

e the field lines from
Fig. 12. Computer display of density radiation polarized
(IT12+) and space potential (V l) versus
radius on the detector line for a 21 kA hydrogen
discharge. These are the raw signals. The den- netic field vector. Mi-
sity profile appears skewed due to attenuation
of the primary beam.

with respect to the mag-

crowave exitation of the
extraordinary wave in
the plasma is used in
the microwave regimezl, and collisional excitation of Zeeman lines of neutral
~atoms of a cold beam is used in the optical regime.22

Ion cyclotron heating has been developed to work in the curved tokamak

geometry for additional heating and to study confinement separate from heat-
ing. The very encouraging results with low power equipment are reported else-
where at this meeting.23

In the near future the ST device will operate at the full capability of
the iron core, increasing the current to somewhat above 100 kA for 70 msec
duration.

We should like to thank Professor M. B. Gottlieb for his support and
encouragement. We gratefully acknowledge many fruitful discussions with

Professor H. P. Furth and members of the ST Group.
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ADVANCE IN THE TOKAMAK PROGRAMME
V.S. STRELKOV
Kurchatov Institute Moscow

The Tokamak devices are intended for the production and investigation
of a hot plasma. The current flowing through the plasma column in these de-
vices is known to heat the plasma and to play the main role in its insula-
tion. MHD instabilities are supressed by the strong longitudinal magnetic
field.

The plasma macroscopic equilibrium and stability conditions, the ener-
gy and particles losses and the heating mechanisms were investigated in the
early experiments. The measured energy confinement time was shown to be con-
siderably Tonger than that of Bohm and Bohm-type scaling did not describe
these discharges. Such a result showed the toroidal systems were of interest
from the fusion point of view.

The appearance of the so called neoclassical theory based upon the
works of A.A. Galeev and R.Z. Sagdeev cast a new light on transport problems
in a toroidal system. On the other hand there is marked progress in the
plasma temperature reached in experiments. Fig. 1 shows the dependence of
the electron and ion temperature on time over the last fifteen years. In

our largest machine T-4 we have reached electron temperatures of some keV,
a deuteron temperature of more than six hundred eV, an energy confinement
time of order of 1072 sec and a particle confinement time of order of 10"1
sec.

Table 1 shows the principal characteristics of the Soviet tokamaks.
One can see the main Tines of research are: instability investigations, the
dependence of transport processes on plasma parameters and plasma heating.
The Tast problem is of a great importance because the calculations show
/1/ that an Ohmically heated tokamak will allow as to reach fusion tempera-
tures only at very large fields and currents. The value B = 16nkT/H§ then
appears to be small and the reactor to be unprofitable. The next problem
of the reactor of such a type is the cyclotron radiation and the brems-
strahlung radiation due to impurity ions but the losses due to the former
mechanism can be reduced by the multiple reflections at the walls. Tokamak
of non-circular cross-section seems to be more preferable than the circular

__—_4




TABLE 1
Major Limiter Copper Magnetic  Peak . :
Name radius, radius, shell field current, E?erggégriines
R (cm) alem) radius, H(kOe) T(kA)
b(cm)
Ohmic heating,

T4 90 17 23 45 200 dependence of transport
coefficients on plasma
parameters
The same as T-4 plus

T™-3 40 8 12,5 45 40 electron-cyclotron
heating
Conducting shell

7-6 70 15425 25 15 70 efPect on hlamia
stability
Feedback stabilization,

TO-1 60 14 18 15 50 the magneto-acoustic
waves heating (MAWH)

T™-1-HF 40 8 1.5 IS 15 MAWH
FT -1 62,5 17 25 7 30 Hybrid resonance

heating

*/2/ splaL} dL3aubew

43MO| 72 A1L[LQe}S QHW 4831339 dY3 SO 9snedaq MaLA 4o jutod siLy3 wodj duo
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Now let us look at the progress made in solving the three above men-
tioned problems.

From the theoretical point of view it is possible to have a stable
plasma column at stability factor q = 1 at the edge of the plasma. However
the instability appeared at g = 3 in early experiments.It was the so called
disruptive instability which is characterized by negative spikes in the vol-
tage and by singularities in other traces. The hard X-ray radiation, hydro-
gen and impurity radiation appear at this moment simultaneously with non-
thermal atoms. The experiments carried out in the T=3a device showed
that the regimes with 2 < q < 3 could be obtained by specially programming
the form of the plasma current pulse. /3/ /4/.

A similar result was obtained in the T-6 device by varying the pro-
ximity of the plasma edge to the conducting wall. In Fig. 2 the current
amplitude is plotted against the stability factor for different limiter
radii. When the stability factor is large enough, the plasma is stable and
the current generator produces a pulse of fixed amplitude. When a gross

instability appears the column resistance increases and the current de-
creases.This occurs at q = 2 if the Timiter radius a is equal to 15 cm
(a/b = 3/5). If the limiter radius is 25 cm (a/b=1) the current amplitude
does not change till q has decreased approximately to one. Thus the expe-
riment on T-6 shows the possibility of improving the plasma column stabi-
1ity by approaching the conducting shell.

The plasma column at q = 2 does not contain energy as long as in the
regimes with Targe q. In future experiments the transport processes in
such a plasma are to be investigated..

The disruptive instability is also observed if either one increases
gas pressure to the high density limit, or if the impurity level increases
due to operating the machine under less clean conditions, or due to the
injection of neutral hydrogen.

The correlation analysis of magnetic probe signals and streak photo-
graphy of the plasma column give evidence for the existence of a kink
structure which changes at the instant of the spikes. The absence of corre-
lation at this instant seems to be the result of small-scale perturbations
/6/ . This fact as well as the stability improvement due to approaching
the conducting shell appears to point to the MHD nature of this instability.
T-4 experiments show that a shrinking of the channel seems to be a possible

_____—4
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explanation of the plasma column outward shift observed before a spike.

Such a constriction may be caused by the relative conductivity increasing in
in the centre of the plasma column. STow constriction of the current channel
is observed also in the stable discharges. On the other hand a similar
outward shift observed in the TM-3 device at Tow currents /8/.cannot be
explained in some cases by only the current channel shrinking. It is most
Tikely to result from a runaway electron current /9/.

Generally speaking the stable discharge region in TM-3 lies between
two lines in the diagram plotting the plasma current against electron den-
sity (Fig. 3). The disruptive instability takes place to the right of the
line 1. The anomalous outward shift is observed to the Teft of this Tine
and near to it. When the density decreases the plasma becomes stable up to
1ine 2. An instability similar to the disruptive one can be produced by
lowering the density to a critical value.

This instability is characterized in particular by regular diamagnetic
spikes in the diamagnetic loop traces. These spikes can be attributed to
the increase of transverse energy of the electrons because of the absorption
of a runaway electron beam.

A new type of instability was observed and investigated in the Tokamak
T-6 installation in the Kurchatov Institute /10/. The distinguishing feature
of these discharges are positive spikes in the voltage in contrast to the
negative spikes of the usual disruptive instability. An analogous instabili-
ty was observed also in the Ormak device in Oak Ridge Nationa Laboratory
and in the Tokamak FT-1 in the Ioffe Institute. Attention must be called
to the fact that these installations are characterized by the very good
homogenity of the main magnhetic field. Experiments on T-6 show that the
unstable discharge becomes of the usual type if an inhomogenity of 2-3%
is produced on the axis of the column. The phenomena observed seem to be
connected with the existence of a very energetic electron beam carrying
almost all the current.

The energy balance investigations show that energy Tosses due to elec-
trons are at least three to five times greater than neoclassical even in
the macroscopically stable discharges while the ion temperature seems to be
in accordance with this theory. Neoclassical ion energy balance in the pla-
teau region suggest the dependence of the ion temperature on plasma para-
meters T, ~ (nHZJ)l/3 provided that jon heating is due to the ion heat con-
ductivity /11/ . L.A. Artsimovich has called attention to the fact that in



17

the collisionless region the ion temperature is proportional to J2. The col-
lisionless regimes in the T-4 device should be produced at plasma currents

of more than 100 kA provided that impurities do not increase the collision
frequency. The dependence of the ion temperature on the current in the T-4
device calculated by Yu. N. Dnestrovskii is shown in Fig. 4. One can see

the transition between the two region becomes much smoother if one takes into
account the radial distributions of the plasma parameters. The dashed curves
correspond to Artsimovich's formula for the plateau. Preliminary experiments
carried out on T-4 at a current of about 150 kA do not permit us to choose
between the two mentioned dependences.

Experiments on the additional heating by high-frequency (HF) and radio-
frequency (RF) techniques have begun in the TM-3, T0-1 and TM-1-HF devices
in the Kurchatov Institute and in the FT-1 device in the Ioffe Institute.
Additional heating was observed also in the experiments on plasma stabiliza-
tion by RF in the toroidal installations in the Efremov and Sukhumi Insti-
tutes.

In the TM-3 device electron-cyclotron was identified by the increase
of the plasma column diamagnetism together with a change of other quantities
/12/.

In the TO-1 and TM-1-HF devices the excitation of fast magneto-acous-
tic waves was used for jon heating. In booth experiments the heating was
identified using the diamagnetic method and Doppler broadening of impurity
1ines.

To summarize the preliminary results we can say that HF energy is ab-
sorbed by the plasma and confined for at least the usual energy confinement
time. Nowaday one of the problems is to estimate whether thse methods of hea-
ting perturb the initial distribution functions of the plasma species. Such
a perturbation can Tead to instability which can be dangerous in future Targe
devices.

It is great interest to make use of the additional heating for inves-
tigate the dependence of the plasma confinement on the plasma temperature.
Using Ohmic heating alone one cannot estimate such a dependence because the
electron density, temperature and plasma current in tokamak are connected
by a definite relation. The additional heating allows us to vary them in an
independant fashion. Such a possibility was realized in the TM-3 device /13/.
Fig. 5 shows the dependance of the energy confinement time on the electron

temperature. The latter was changed by the variation of the microwave




18

generator power. The improvement in insulation seen in the graph does not
contradict the neoclassical theory but eh experimental transport coefficients
are much larger than the theoretical ones.

The conclusions to which these main Tines of tokamak.research lead
so far are :

1. The disruptive instability sets limits for stable regimes 1in to-
kamak as well as an instability which seems to be connected with runaway
electrons.

2. The approach of the conducting shell to the edge of the plasma
promotes the MHD stability of the plasma column and there is no evidence
of disruptive instabilities when the q is decreased to 1.

3. Phenomena are observed which are possibly connected with the elec-
trons carrying almost all the current in the machines with good homogenity
of the main magnetic field. The instability in such discharges is characte-
rized by a positive spike in contrast to the negative spike of the usual
disruptive instability. It is possible that we have a beam-plasma instabi-
1ity in this case. An additional inhomogenity of 2-3% of the main magnetic
field produces the usual tokamak discharges.

4, The experiments carried out so far do not contradict the neoclas-
sical mechanism of ion energy losses provided that the collision frequency
corresponds to the plateau region and the electron-ion energy exchange is
classical.

5. Using additional heating of the electrons we have obtained the
dependence of the energy confinement time

Tp on the electron temperature.
e is found to increase when the lectron temperature increases at Tow
density.

6. The first optimistic results on additional heating of the plasma
by HF have been obtained in some small tokamaks.




Fig.

Fig.

Fig.

Fig.

Fig.
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The dependence of the electron and ion temperature on time over
the Tast fifteen years.

The current amplitude as a function of stability factor q .

Boundaries between stable and unstable discharges on the TM-3.

The calculated dependence of ion temperature on the current
in the T-4.

The dependence of the energy confinement time on the electron
temperature.
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MEASUREMENT OF NEOCTASSTCATL DIFFUSION IN THE d.c. OCTOPOLE
by

Tihiro Ohkawa, Teruo Tamano, and Ronald Prater

Gulf General Atomic Company

San Diego, Californis 92112
Abstract: The plasma transport rates in the de Octopole device are measured
for various wvalues of collision frequency. The diffusion rates are propor-
tional to the inverse square of the magnetic field gtrength independent of
collision frequency. For short mean-free path regimes, the experimental
results agree with the Pfirsch-Schluter theory in magnitude of the coef-
ficient and dependence on temperature and density. For the long mean-free
path regime, the results agree with the neoclassical theory. The value of
the mean-free path where the transition from the clasgsical to neoclassical

diffusion, agrees with the theory for a wide range of temperature and density.

Introduction

Plasma transport processes have been studied in the dc Octopole device.

(1-3)

Many types of plasma loss have been observed. They may be clagsified
into two types that depend strongly on the magnetic field strength and that
are insensitive to the magnetic field strength. The latter include the loss
to the ring support, the loss due to the atomic processes, the logs due to
magnetic field imperfections, and the diffusion due to thermally excited

(1)

separately by choosing the machine and the plasma parameters so that the

convection cells (Okuda-Dawson diffusion). ZEach process may be studied
particular process is enhanced.

This paper describes the processes dependent on the magnetic field
strength. It was found that the diffusion rate depends not only on the mag-
netic field strength but on the collision mean-free path. It will be shown
that the dependence on these parameters and the magnitude of diffusion rate

(5)

fusion rate in the collisional regime is given by the Pfirsch-Schlluter

agree with the classical-neoclassical diffusion theory. Namely, the dif-
formula and is given by the neoclagsical formula in the long mean-free path
regime.

Section I gives a brief description of the device and the experimental
procedure. Section IT deseribes the diffusion in the absence of the toroidal

magnetic field. ©Sections ITT, IV, and V deal with the diffusion with the

toroidal magnetic field.
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1. Description of the Octopole and Experimental Procedure

The octopole field is produced by the six current rings, four of which
are internal to the plasma and are each held by three mechanical supports.
The outer two rings carry the return current. The field configuration is

shown in Fig. 1. The current to each ring is supplied by a bank of batteries

through a coaxial electrical feed. The M1 CROWAVE
1.0 ks HEATING HORN ®

total area of the supports is about

2 M| CROWAVE
100 cm . The maximum average magnetic
field on the stability limit line is =
= o
B, = ﬁ dﬂ/(§ d4/B,) = 520 G, where B 5

X X I
is the octopole field (poloidal field). =
This corresponds to 36 gyroradii from é
the separatrix to the stability limit h
line for 1 €V protons. 4{;:0‘““5 i INJECT 10N
. . . -1.0 - |
The diameter of the rings is from B

1.4 to 4.0 m and the effective plasma ! ! L |

. 7T 3 . 0 1.0 2.0
volume ig 1 X 10 ecm”. All the rings RADIUS (METERS)

are installed inside an aluminum vacuum Fig, 1--Octopole magnetic
tank, 8 £t high and 16 £t in diameter. Flue. contigueatlon
The volume of the tank is L X lOT cm3 which is evacuated below lO-T Torr by
four 10-inch diffusion pumps with liquid nitrogen traps and by a titanium
pump .

The toroidal field is produced by a 36-turn toroidal coil wound outside
the wvacuum tank. This coil is also energized by a bank of batteries, and
generates a field on the octopole axis of up to 450 G, which is comparable to
the octopole field. Nonuniformity of the magnetic field in the toroidal
direction is an order of one part in a thousand.

The plasma (hydrogen, or helium) is produced by a coaxial gun and is
injected as shown in Fig. 1. TInitial plasma density is up to lOlg/cmB.

After the injection of plasma, the influx of neutral gas from the gun increases

5

the pressure to about 3 X 10 © Torr in 0.1 sec.

Microwave interferometers (10 cm, 3 cm, and 8 mm) measure the plasma
density integrated over the path shown in Fig. 1. Langmuir probes are
employed to make localized measurements of the plasma density and plasma
temperature. Optical monochromators measure the emitted light intensity of
the plasma from which the electron temperature is determined.(6’7) A 10-cm

microwave source provides up to 1 kW for nonresonant electron heating.
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2, Classical Diffusion in the Pure Octopole Field Configuration

The test of the scaling of the diffusion coefficient is made in pure

octopole fields of the order of lO_2 Wb/m2 in the same way as reported in the

(1,2)

of the density is a linear function of time at every point on the profile.

previous paper. In the large collision frequency regime the reciprocal

% : -1
Namely, the nT profile is constant, or . 3(nT)/dt = 0, where T = = (1/n)

(3n/3t) .
The diffusion equation in the flux function coordinates is given by

dn p dAX B 2., dan\ _
= ?-w(ﬁm ax -ﬂ-) =0 5 (1)
\

where Y is the flux function, X is the magnetic potential, n is the plasma
density, D is the diffusion coefficient, and R is the major radius. By use
of the fact that 3(nT)/3t = 0, we obtain

¥

f@)a LS F

- 2 (2)
)~
By By

where YS is the value of the flux function at the separatrix. The right-hand
side is computed from the experimental data. If the diffusion is classical,

the left-hand side becomes

>
f(gi) ax T o+ 1)
2 = 62 - ’ (3)
‘jr(gé)cb(
By

where T is the perpendicular electric resistivity and Te and Ti are electron

and ion temperatures, respectively.

The right-hand side of Eq. (2) is computed from the measured nT curve
and from the magnetic geometry and the result is shown in Fig. 2 as a function
of ¥. The quantity'ﬁ(DRe/En)dxﬂﬁ(Rg/Bi)dX is almost a constant in Y¥-space,
which demonstrates the B-g-dependence of the diffusion coefficient since the

magnetic field is quite non-uniform in space.

__——_4
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The magnitude ﬁ(DRE/en)dx[ﬁ(Rg/Bi)dx is
about 50% greater than the theoretical

45%2 dx

g P20 0 GemedbULE]
classical value ﬂ(Te#Ti)/B for the ¢§'h m JouLe
plasma temperature of 0.1 eV (TeﬂTi).
The dependence of the diffusion 2.04
coefficient upon the magnetic field e
strength is also tested by changing .k
9 o 00000000000000 =}
the magnitude of the octopole field. i 11 00
v v, v v
The result shows that the nT value is £, TR G, £ J W f
2 2.6 2.4 2,2 2.0 1.8 1.6 1.4
inversely proportional to BX for a FLUX FUNCTION (1072 weBER)

wide range of magnetic fields. Since
the shape of the density profile does
not change for various magnetic fields, Fig. 2--Diffusion coefficient as a
it can be concluded that the diffusion Lirgaimnni i SR R
coefficient goes as the inverse square of the magnetic field strength.
Temperature dependence of the diffusion coefficient is checked with a
helium plasma. The plasma temperature is varied by use of the 10 cm micro-
wave heating system. The electron temperature is measured by the optical
method. The quantity‘ﬁ(DRE/En)dX[ﬁ(Ra/Bi)dX is evaluated from the nt profile
in the same way as for the test of the B-dependence. The quantity is a
decreasing function of temperature and the experimental values are in agree-
ment within a factor of two with the classical theory (T"%-dependence).
Thus, both the magnetic field and temperature dependence of the measured
diffusion coefficient in the low pure octopole field indicate that the dif-
fusion is classical in the octopole field.

3 Characteristics of the Density Decay with Toroidal Field

The experimental plasma decay rate with and without the toroidal field
is shown in Fig. 3. Here the instantaneous density decay rate (l/T) is
plotted as a function of RO/A, where RO is the major radius of the axis of
the octopole field and A is the electron mean-free path for electron-ion
momentum transfer. Each curve of Fig. 3 is based upon the decay of the
Langmuir probe current during a single plasma shot. Low magnetic fields of
the order of 10-2 Wb/m2 are employed so that diffusion processes are dominant
and other losses, such as support losseg and recombination, are insignificant
in comparison.

The decay is characterized by three regimes, In the high collision
frequency regime (RO/A > 5) the reciprocal of the density is a linear function
of time. When the mean-free path becomes comparable to the machine dimensions

(RO/A ~ 3), the decay becomes approximately exponential. For a longer mean-free

T e



path (RO/A < 1), that is, in a lower
collision frequency regime, the
reciprocal of the density again
becomes a linear function of time.
The dependence of the decay rate
upon the magnetic field strength is
shown in Fig. 4. Here the ratio of
the octopole ring currents to the
toroidal coil current is held constant
and the reciprocals of plasma density
are plotted as a function of t/Be,
where B is the total magnetic field.
With this normalized time axis, almost

exactly the same curves are observed
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3=--The observed instantaneous
decay rate as a function
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several different magnetic field strengths, although only two cases are shown

in Fige 5%
decay upon the magnetic field strength
in all the regimes.

4., Diffusion in the High Collision
Frequency Regime - Pfirsch-Schluter
Diffusion

In the high collision frequency
regime the curves 1/n vs t at various
points of the density profile are all
straight lines originating from one
point on the time axis as shown in
Fig. 5. Thig indicates that the decay
process ig collisional and the shape
of the density profile 1s constant in
time, i.e., 3(nt)/3t

= 0. Thus, local

diffusion coefficients can be evalu-

Thig feature indicates an inverse square dependence of the plasma
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If the diffusion is Pfirsch-Schluter
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diffusion as the theory has predicted, ik
then the left-hand side of Eq. (4) is . ot
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enhancement factor. The general

formula for the geometric factor F is
Fig. 5--The reciprocal of local
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where B¢ is the toroidal field. Here we have neglected the difference between
perpendicular and parallel registivities.
The quantity ﬁ(DRE/Qn)dX/Eﬁ(Re/BE)dX-F] is evaluated from the measured
nt profile by use of the right-hand side of Eg. (4) and Eq. (6) and the
result is shown in Fig. 6. The values

are found to be consgtant for the $(%) #? o
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B

the magnetic field strength B and the
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coefficient can be further tested by

varying the ratio of poloidal to

Fig. 6--Diffusion coefficient with
toroidal field as a function
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the clasgical diffusion coefficient is plotted as a function of (En/t.)2 in
Fig. 7.
agreement with the theoretical curve,

which is the Pfirsch-Schluter enhance- _

The experimental values are indicated by the points and are in good

ment factor calculated from the
Johnson and von Goeler formula e
[(Eq. (6)] for the magnetic field /’%%

D
0classicai

geometry ol the octopole.
The theoretical value for the
diffusion coefficient may be calcu-

lated by use of Spitzer's formula for

the resistivity T with the assumption
that T = T,.
= i

The absolute wvalue of "
27
the measured diffusion coefficient is ( )

about 50% greater than the theoretical Fig. 7-—Pfirsch-Schlﬁter factor

value for a temperature of 0.1 eV. 95 § TUHeuion of (Eﬂ/L)E
Inaccuracy of the electron temperature meagurement for hydrogen plasma may
be the main source of error. Also the difference between perpendicular and
parallel resistivities has been neglected and it may introduce an error of
less than 30% for the magnetic field configurations.

Temperature dependence of the diffusion coefficient is studied by use of
a helium plasma. The 10 cm microwave system is used to increase the plasma
temperature up to about 1.5 €V by nonresonant heating. In this range of
plasma temperature the ionization rate is much smaller than the diffusion
rate. This is also inferred from the fact that the reciprocal of the plasma
density is a linear function of time.
The diffusion coefficient temperature
dependence is shown in Fig. 8. Circle

points indicate the experimental wvalues

10.0
and the solid line show the theo- E 7.0f
retical curve for Pfirsch-Schluter 2 S&T\\\\\
diffusion. The experimental points j Zihk%A i
clearly indicate that the quantity g
$(DR® /en)ax /[(RE/87)ax-F] is a "“f‘ E
decreasing function of temperature, ::?i} b= R ; i 9 1

and all the data points fall within
a factor of two of the theoretical

1
curve which has T ° dependence. The

ion temperature is possibly lower than
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b
T, (107 °K)

Fig. 8--Diffusion coefficient as a

function of electron
temperature
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the electron temperature so that the experimental quantities may be larger at
most by a factor of two.

In summary in the high collision frequency regime the B-dependence,
t-dependence, and T-dependence of the diffusion coefficient all agree with
the dependence predicted by the Pfirsch-Schluter theory. The magnitude of
diffusion coefficients are in agreement with the theoretical values within a
factor of two.

D Diffusion in the Low-Collision Frequency Regime - Neoclassical and
Intermediate Diffusion

In the low collision frequency regime the plot of 1/T versus HO/A is
approximately a straight line through the origin. (see Fig. 3.) The slope
of the straight line in the low collision frequency regime in Fig. 3 1s 2.2
times grester than the slope of the straight line observed in the high
collision frequency regime. In Fig. 3 we have also plotted the decay rate
observed with no toroidal field. The poloidal field is the same in both
cases. For the large mean-free path regime the decay rate with the toroidal
field is enhanced beyond the Pfirsch-Schluter factor, and comparison of the
two curves indicates that the presence of the toroidal field hardly affects
the diffusion rates. This feature strongly suggests neoclassical diffusion
due to trapped particles.

Diffusion coefficients for the neoclassical diffusion is computed for

the octopole geometry by use of Rutherford's formula(9) given by

Dneoclassical ax
5 =g 23
classical B BX

1.

2 B—l -
3 ﬂ max AdA _i(- ]
= (f Bf) [ de(l _ ?\B)l/g/Bi] (f BEBS) (7)

Figure 9 shows the ratio of the neoclassgical to classical diffusion coef-

ficient as a function of | ¥ - 2 | evaluated by Egs. (6) and (T7) for the
particular magnetic field configuration used in the experiment. Here, the
separatrix and the stability 1limit line (or the flux line at the ring limiter)
are indicated by YS and YC, respectively. The method for calculation of dif-
fusion coefficient described in the previous sections can not be used for this
case. The plasma is in a different regime depending on the local plasma

density. When the plasma is collisionless at the wings of the density
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profile, the plasma may still be

collisional at the density peak. This .

makes nT profile time dependent. OUTSIDE SEPARATRIX

However, the diffusion coefficients do

neoclassical
D
P.S
w
T

not wvary much as a function of |Y—YS|

where the density gradient i1s large as

D

INSIDE SEPARATRIX
shown in Fig. 9. Therefore the

observed nT value may be used to esti- 'y 1 2 3 4 5 64
mate the diffusion coefficient evalu- |¢- WJ (x 107 weber)
ated at the flux line where the density

gradient is maximum. The observed Fig., 9--The theoretical ratio of
neoclassical to Pfirsch-

ratio of the slopes of the short and L frsdinn ooeiiitf ool

long mean-free path regimes in Fig. 3
is 2.2 which agrees with the theo-
retical value 2.5 within experimental error.

The transition value of RO/A from Pfirsch-Schlitér to the plateau regime
has not been calculated accurately for the octopole configuration. However,
a rough estimate may be obtained by equating the collision frequency to the
transit time between the trapped regions. The calculated value is five for
the case shown in Fig. 3 and agrees with the experimental value. The tran-
sition values are further examined experimentally by varying the plasma
temperature. Application of the nonresonant microwave heating gives a temper-
ature range of 0.1 eV to 2 €V. The results are shown in Fig. 10. The decay
rates are measured at the same density with various temperatures. The dif-
fusion coefficient increases with longer mean-free path. The region RD/A =3

represents the Pfirsch-Schluter regime

and RO/A < 1 the neoclassical regime.

T In eV

These values agree with the prediction
n~2.5x10° o3

o
T

by the neoclassical theory for the con-

figuration. ﬁg
E
Similar results were obtained at 2
the higher temperature and higher Hji 5|
-
=

density regime. Shortly after in-

Jjection the electron temperature is

8 eV and the density is 2 X 10Mt em™3,

The mean-free path is long and

RO/A < 1. The temperature cools

Fig., 10--The decay rates as a
function of the mean-

with the neutral gas. The mean-free free path

rapidly because of the interaction
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path becomes shorter and RO/A > 5. The measurement of instantaneous decay
rate shows the results similar to the one shown in Fig. 10.

When the plasma density decays to a low value (RO/A < 0.25), the decay
becomes exponential with time. The electron-ion collision frequency becomes
smaller than the electron-neutral collision frequency at these densities.
The decay rate is proportional to the inverse square of the magnetic field
strength. From these characterigtics this regime may be explained by the
neoclassical diffusion due to electron-neutral collision.

The reduction of the neutral gas pressure eliminates the above diffusion.
Instead, a new diffusion process that is tentatively interpreted as the
Okuda-Dawson diffusion dominates. This subject will be discussed in a sepa-

rate paper.

In conclusion, enhanced diffusion due to trapped particles (neoclassical
and intermediate diffusion) is observed. The type of diffusion experienced
by the plasma is determined by the mean-free path, which is a function of
plasma dengity and temperature. The experimental results are consistent

with the predictions of neoclassical theory.

Work supported by the U.S. Atomic Energy Commission, Contract No.
AT(0L4-3)-167, Project Agreement No. 38.
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ABSTRACT:

"Scyllac" research is currently divided among three major experimental
efforts: a) the 5-meter 120° toroidal sector [1] b) a 5-meter linear theta-
pinch with strong end mirrors [2] and c¢) a feedback stabilization experiment
on Scylla IV-3 [3].

In the sector the toroidal force and outward plasma drift are compensa-
ted by a combination of £ = 1 helical fields and £ = 0 bumpy fields. A per-
iod of equilibrium on the toroidal axis is followed by sideward motion of the

plasma column, predominantly in the plane of the torus, that could either be

an imbalance between the £ = 1,0 and toroidal forces or a long wavelength
m = 1 instability. Containment times up to 11 Wsec, comparable to times for
plasma end loss, have been observed.

Without mirrors the linear device produces a 2-3 keV plasma that shows
a "wobble" of up to 1.5 cm amplitude but otherwise remains centered more than
35 psec (~ 3 e-folding times for end loss). With simultaneously applied
mirror fields of 2.5 mirror ratio the plasma column shows evidence of anm = 1
instability that carries it to the wall at some point along its length early
in time. However, the column re-forms and the neutron yield is larger than
without mirrors for the entire plasma lifetime.

In the feedback experiment, £ = 0 windings are driven by a power ampli-

fier from a signal generated by plasma displacement as determined by an

———4
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optical sensor. Initial results confirm feasibility of the feedback con-
cept.

A. TOROIDAL SECTOR

The Scyllac toroidal sector, 5 meters of an eventual l5-meter circum=-
ference torus, came into operation prior to the Madison IAEA meeting in June,
1971. At that time [4] it was shown that the toroidal drift force FR =
BB§a2/4R, which in a smooth-bore coil drives the ~ 1 keV plasma to the outside
wall in approximately 2.5 psec, was balanced for about 4 psec by the Fl,O
force [5, 6] produced by a combination of an £ = 1 helical field (33-cm
period) provided by capacitor-driven coils, and an £ = 0 field formed by rec-
tangular grooves of equal period cut into the compression coil wall.

The Madison data were obtained from "land" regions of the £ = 0 field;
i.e. those regions where the coil is not cut away and the main field is un-
diminished. Subsequently it was determined that the plasma was hitting the
wall in every groove region, a type of local "ballooning' very different
from the expected long wavelength m = 1, k= 0 instability. This unfavor-
able situation resulted from the large groove depth (1.8 cm) which caused
a large Z dependence (34%) of the £ = 1 fields on account of the varying
image current strength with coil to wall distance. Also this groove depth
gives a 60 (relative plasma bumpiness) considerably larger, relative to the
presumably more stable 51 helical plasma displacement, than is desirable
according to existing theory. [7]

Experiments were subsequently conducted with a shallower groove depth

"

(0.9 cm) both with and without stainless steel "stuffer' inserts to delay

the onset of the £ = 0 bumpiness until after the shock implosion phase,
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and also at effective groove depths of 0.75 cm and 0.60 cm without stuffers,
but with thin copper shells over the grooves to provide an effectively uni-
form wall for the £ = 1 image currents. The £ = 1 field strength and timing
were varied until the plasma containment time, observed with image convertor
streak cameras, was optimized.

A significant result is that in each of these cases the plasma behavior
in lands and grooves is now approximately the same, i.e. long wavelength
effects predominate. Also it is a characteristic of all the streak pictures
(e.g. Fig. 1) that the plasma takes up a helically displaced equilibrium
position that persists for a number of Wsecs before the entire column moves
to the wall with an effective growth rate of ~ 1 MHz. The motion is predom-
inantly in the toroidal plane, and consistently changes from outward to in-
ward with only a slight increase in 4 = 1 current. This suggests a loss of
equilibrium, which may be due to changing P, changing plasma radius, poor
tracking of the main field by the £ = 1 field, or incipient end effects, al-
though a late onset of the m = 1 instability cannot presently be ruled out.

The longest plasma containment times ¢ 11 psec) were obtained in the
0.75-cm groove-with-shell configuration ( £ = 1 current of 62 kA and 0.3-
bsec onset delay). The improvement is presumably the result of better uni-
formity in tﬂe 4 = 1 field or the reduction in groove depth or a combination
of these. Also the 0.9-cm "unstuffed" grooves give longer containment than
the 0.9-cm "stuffed" grooves, presumably because of a more effective initial
60 loading of the plasma. The "unstuffed" geometries, however, show a more
precipitous drop in neutron production at times near peak field. (Fig. 1).

This is believed to be due to an energy transfer from land to groove regions

that lowers the effective ion temperature. Support for this interpretation
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is given by the detailed measurements of plasma properties derived from: a)
a coupled-cavity gas laser interferometer measurement of electron density inte-
grated along a chord of the plasma cross-section b) a loop and probe arrange-

ment that measures the amount of magnetic flux excluded from the plasma and c)

a 10-channel side-on luminosity profile that is unfolded to give radial density
distributions as a function of time. In the groove regions the value of plasma
P on axis increases, and the inflection point radius of a best fit Gaussian dis-
tribution decreases, for about 4 psecs. [1]

Values of 60 and 61 for the optimized containment times are derived, re-
spectively, directly from the luminosity profiles in land and groove regions
and from the measured P through the sharp-boundarymodel relation 61 =
B£=1/(Boha(l—5/2))-[2] The product 5150 is in good agreement with sharp-
boundary theory, although the density distribution is distinctly Gaussian.

In the most recent experimental configuration a doubly grooved coil, in
which both the £ = 1 and £ = 0 configurations are cut into the interior wall
of the main compression coil,has been used. (Fig. 3). The groove depths on
this first composite bore coil were intentionally underdesigned by 25% from
the optimum value predicted by the £ = 1 current-driven coil with unstuffed
groove results, and additional £ = 1 windings are energized to provide a fine
adjustment on confinement. Subject only to the smaller field corrections of
these & = 1 trimmer windings, the £ = 1 field now tracks the main field more
closely, and the 4 = 1 image current effect is greatly reduced. In this con-
figuration the reproducibility between discharges is significantly better and

the streak pictures are suggestive of an m = 1 instability preferentially trig-

gered in a nearly vertical plane at about 6 |hsec and striking the wall at about
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8 wsec. Computer fits to the observed motion favor a parabola (constant
force) rather than exponential growth, although an instability would be ex-
pected on the best available theory. Furthermore, instability growth need not
appear exponential once the column moves away from the equilibrium position.

Both feedback stabilization (see below) and conversion to a full torus are
planned in the near future.

B. LINEAR SCYLLAC

The 5-meter linear Scyllac has as its primary objectives the investigation
of end-loss scaling for collisionless plasma (by comparison with the l-meter
Scylla IV results) and the effects of strong end mirrors on MHD stability and
containment of high P plasma.

Initial operation without end mirrors at 10 mTorr and 45 keV gave a reason-
ably well behaved plasma of n~ 2.5 x 1016 cm_3, Ti_z 2 keV, T <~ 20 psec, B =
60 kG, P = 0.5 and approximately 5 x 106 neutrons/cm. Streak pictures often
showed a "wobble" [8] of up to 2 or 3 plasma diameters starting 3 to 5 psec
after initiation of the discharge, but saturating at a low level far from the
walls. End-on holographic interferograms showed a turbulent structure beginning
near the walls that progressively obscured the field of view and terminated the
usefulness of this diagnostic at early times. The explanation is now known to
be an end effect due to high energy plasma flow along magnetic lines that bom-
barded the quartz tube outside the coil. The discharge tube material that "boiled
of f" contaminated nearby wall areas for subsequent discharges. At the same time
that mirror coils were initially installed, enlarged quartz sections (20 cm di-

ameter, 45 cm length) were added to the shortened discharge tube just outside

the mirror coils to lessen the effects of wall bombardment. Figure 3 shows that

with the mirror coils energized there was almost no wall debris on the interfero-

grams as late as 10 psec. Even without the mirror coils energized, when some flux
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lines still connect plasma to the narrow discharge tube ends, considerable im-
provement is noted compared to the case without the enlarged end sections (in
which case, by 10 psec, the plasma column was completely obscured). Nonethe-
less, for the no-mirror case, the wall material at the ends makes it difficult
to get a good particle inventory (loss rate) from the interferograms. An e-
folding time of 15 Wsec is approximated from the streak pictures.

The mirror coils used are of high strength steel, 1l6-cm long and driven
by capacitor banks identical to the banks which independently drive each l-meter
section of the main coil. There is a 5-cm gap between the main and mirror coils.
At 45 keV bank voltage the mirror coil field rises to 150 kG in 7.5 psec. When
the main and mirror fields are applied simultaneously the plasma column, as indi-
cated by streak pictures at two locations, side-on luminosity at a third location,
and end-on interferograms, always shows motion off the discharge tube axis. For
times up to 8 Wwsec this typically has the form of a m = 1, long wavelength in-
stability of ~ 2 Wsec e-folding time. Generally the column touches the discharge
tube wall, probably at only one axial position, and then recovers with a "wobble"
that on average has bigger amplitude than in the no-mirror case, but does not re-
strike the wall. The neutron yield in the mirror case is enhanced over the non-
mirror case for the entire period of observation, particularly in the two end
meters [2], indicating no drastic cooling over any substantial length even when
the column grazes the wall. Streak pictures with and without mirrors are shown
in Fig. 4. The streak pictures labeled R-7 are stereo views 1.5m from one end,
while R-10 are single-plane views 0.5 m from the other end of the main coil.
The interferogram with mirrors at 10 Wwsec shown in Fig. 3 clearly indicates a
displaced column, which at least at some point along the integrated length is

connected to (presumably cold) plasma that touches the wall.
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If the present indication Of mirror-driven MHD instability persists through
subsequent parameter changes (e.g. time of mirror field application, tube clean-
up) it would contradict previous more hopeful indications from the Scylla IV 1-
meter device, but be in accord with recent diffuse profile 2-dimensional MHD
stability calculations of Freidberg and Marder.[9]

C. FEEDBACK STABILIZATION

An £ = 0 MHD feedback experiment, designed to control the m = 1 mode induced
by £ = 1 helical fields, is being implemented on the three meter linear Scylla
IV-3, prior to installation on the toroidal Scyllac sector.

The feedback force is the same Fl,O uniform transverse body force that pro-
vides the toroidal equilibrium in the curved geometry and has been previously
shown to exert the predicted push on a deliberately induced 4 = 1 instability
in the linear Scylla IV-3 geometry [4, 10]- Its magnitude per unit length is
given by sharp-boundary theory as

2

_ 2:2 3
o= (3-2B)/8] Bh"a™6,8

Fl,
where a is plasma radius, and 51 and 60 are the normalized helical displacement
and plasma bumpiness, respectively, and h is the common wavenumber of the applied
4L =1, L = 0 fields. The destabilizing force per unit length due to the £ =1
fields is

F, = ﬂaszi £
where p is the maximum plasma mass density on axis, £ is the displacement from
equilibrium, and Yy is the e-folding growth rate of the instability. The latter
has been measured [10] to be Yy = 0.54 + 0.09 x 106. Equating these two forces

for the given amount of feedback current (and thus the programmed 60) available

in the present experiment sets an upper limit of Emax = 1.3 cm on the maximum

displacement that can be stabilized. Computer modeling indicates the additional
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constraint that the electrical system delay T be less than l/Yl x 2 Wsec,
In Scylla IV-3 both the & = 1 field as well as the £ = 0 feedback fields
are generated by coils, whose configuration relative to the main compression
coil is illustrated in Fig. 5. The system [3] consists of the following three
basic components: 1) Plasma position detectors, bi-cell silicon diodes capable
of detecting plasma motion of < 1 mm to > 1 cm away from equilibrium position. 2)

Signal processing units which act as intermediate amplifiers while adding damping

and filtering to the signal, gate the position detectors off during the first 2
ksec when the plasma forms, and electronically select the plasma position at the |
time when the gates open as the null position for feedback. 3) Power Amplifier
Modular units, each of which consists of 3 separate stages of amplification end-
ing in push-pull operation of two ML-8618 power vacuum tubes operating at 35-kV
plate voltage. The output is an 8:1 step—down transformer that drives up to
6.8 kA for times up to 20 psec in the £ = Q feedback coils. Initial current re-
sponse to a plasma displacement signal occurs at about 0.2 Wsec and risetime
to 90% peak current is 1.3 Wsec.
In the present Scylla IV-3 configuration a single position detector moni-
tors the plasma motion in the plane in which, due to some assymetry, the £ =1
instability is invariably initiated [10], and the outputs of 10 power modules
drive 20 £ = 0 coils extending over 10 periods of 30-cm wavelength each. Be-
cause of the very large system power gain [3] extremely good noise shielding is
essential to avoid self oscillation. The power tubes are pulse operated well
above their nominal ratings after extensive conditioning.
Some degree of stabilization has been observed in preliminary experiments.
At the time of writing however, there have not been sufficient full bank discharges
with feedback followed by control discharges without feedback to document the
apparently promising results sufficiently well for publication. Figure 6 summarizes

the important parameters of the experiment.
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Fig.

Fig.

Fig.

Fig.

Fig.

1. Streak photographs of the toroidal sector plasma showing horizontal (top
and bottom) and vertical (center) motions at two filling pressures for
0.75-cm—unstuffed-grooves-with-shells, Main compression field and neutron-
scintillator signal for same case (lower left) and 0.9 cm stuffed grooves
(lower right).

2. Sector coil with both £ = 1 and £ = 0 grooves.

3. Holographic interferograms of Linear Scyllac plasma without and with
mirrors activated.

4, Streak photographs of Linear Scyllac without and with mirrors activated.
B=7 is 1.5 meters from one end, R-10 is 0.5 meters from other end.

5. Coil arrangement for £ = 1 and £ = 0 on Scylla IV-3 feedback stabilization
experiment.

6. Pertinent parameters for Scylla IV feedback experiments. All symbols as
defined in text.

*Work performed under the auspices of the Atomic Energy Commission.
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THE HIGH BETA TOROIDAL EXPERIMENT

D.C. Robinson, J.E. Crow, C.W. Gowe1s*, G.F. Nalesso+,
A.A., Newton, A.J.L. Verhage, H.A.B. Bodin
U.K.A.E.A., Culham Laboratory, Abingdon, Berks., England

ABSTRACT: The setting up and MHD stability of diffusing pinch configurations
has been studied. For a reverse field pinch the axial flux should not change
sign and decay for the maximum stable time. Conditions for setting up such

a stable distribution are discussed and experiments described in which con-
figurations are generated without instability. The plasmas have By 0.6 and
provided the axial flux is positive, the lifetime can be 30-40 usec which
corresponds to the computed classical resistive decay time of the fields.

The configuration is not perfectly MHD stable but the localised modes pre-

dicted are not observed and may be stabilized by finite larmor radius effects.

INTRODUCTION: Toroidal diffuse pinches are devices in which the longitudinal

magnetic field Bz is comparable to the azimuthal magnetic field BS’ gene-
rated by the current. In contrast to Tokamaks where Bz >> Be and average
magnetic well stabilization is effective with the current below the Kruskal-
Shafranov limiting value, the diffuse pinch relies on shear and wall
stabilization. From the works on infinite conductivity MHD stability

theory for such devices it was apparent that appropriate field configurations
could confine stable piasmas with high values of A. A number of experimen-
tal devices were designed to set up such configurations, in particular Ohkawa

(1)

et al presented results from a toroidal pinch in which the external

fields could be varied in times of a few psecs. Of particular interest also

(2)

was the large toroidal pinch device Zeta in which the fields varied much
more slowly and in this case a stable field distribution was set up
after a period of instability and wall contact. In both devices the most

favourable field configuration had the longitudinal magnetic and electric

fields reversed at the outer edge of the plasma.

#
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This review will be devoted to results obtained with reverse field con-

figurations on the HBTX at Culham(B)

, though screw pinches, high—B Tokamak
like plasmas and stabilized z-pinches have also been studied in some detail.
This device has a major radius of 1M, radius of the quartz vessel 6 cm and
the conducting shell 7.5 cm. The Iz current has been varied between 30
and 100 kA together with fast and slow BZ fields of 2-6 kG. The fields and

currents are established on a timescale of 2-4 usec. Deuterium at a filling

pressure of 30-40 mtorr has been used. Plasma parameters are determined

from laser light scattering, field configurations from magnetic probes '
(envelope sizes 9.5 and 4 mm) with a variety of BB’ Bz’ Br coils of diameter

< 2.8 mm. The growth and wavelength of instabilities are studied using

(4)

external Br’ B, coils, helical sine/cosine Rogowski coils and stereoscopic ‘

)
streak photographs taken through 8 mm diameter holes in the shell using

small lenses and fibre guides.

STABILITY AND DIFFUSION: The necessity of a reversed field for the stability

of diffuse pinch configurations to m = | current driven instabilities has

(2,5) (1,85 o

been established both theoretically and experimentally
arises from the fact that a plasma confined with an outer vacuum region
would possess a minimum in the pitch P = rBZ/Be if the field were not rever-
sed and this leads to a kink instability. Such a stable field configuration
has to satisfy other requirements (see Table I) notably that Be==4ﬂ££§%£ <1
which for an optimum field configuration gives B values approaching 307

T
and that the axial flux & = g » rBz dr > O to ensure wall stabilization. The

pressure profile must remain hollow or flat near the magnetic axis, if flat

1 dp - _ P d?p 5, . .
P =\ 5250 + 0, a critical shear o = — — <-g 1is required if
-0 2 dr?
p =0
T << 1., If the pressure profile is hollow a lower value of £ 1s required

for stability. The reversed electric field observed experimentally(l’z) is

associated with a reversed current which creates more shear and automatically

satisfies the Suydam criterion in that region.
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Due to dissipative processes within the plasma the field configuration
will evolve in time, thus we must consider the compatibility of stability and
diffusion. For example, if the outer reversed field decays rapidly then

stability will be lost or if the central region of such a pinch is such that
dpo (6)

pp = 0 then we require 75;—3.0 for stability in time

Consider first the central regions of such a pinch. If we expand the

two fluid equations of motion in the neighbourhood of the magnetic axis, we

dp,
obtain an equation for Tﬁ% of the form
2 w1
dp, B2 b v,
= - (3 +4a)(y -1) +y8 —+K vee (1)
dt 3
b 9, b
1
for ps = 0. Yy 1is the ratio of specific heats, bj =<‘Be > i
B (o) v rBz =0
vy = L g being the radial velocity. K is a term related to the
Ez(o) r3

thermal conductivity and temperature gradient. As B8 + 0, the last two terms

in (1) vanish and therefore o < - % for stability in time. The stability

: : 2 4 ; :
criterion for pp = 0 18 o < - 9 consequently diffusion demands more shear
than MHD stability theory. The behaviour of p; in time is demonstrated in

(3 + Bg/b%)
Fig.l where a; = — ——————— 1is the generalization of the critical shear

L
2
to cases where py # 0 and By = SWPZ/BZ- The curve marked 'Zeta' depicts
the temporal behaviour of p, up to the time of improved stability observed

@)

in that device where pp -+ 0 The most desirable case of o < a; is hard
to attain in practice as current diffusion tends to limit @ > - 1. As the
value of B 1increases the imposed electric fields controlling V play an
important role. Axial flux conservation within this region reduces the neces-

sary critical value of the shear whereas an axial field maintained at the

outer edge increases the value. For classical cross field thermal conducti-

: nk
’ —)
vity (3.3 B 5, K becomes .2 21, T, st
- 20.8 - T—— - T—'(bz + ET—
bt 0 o - 0
4

where the temperature profile is given by T = T0 = Tn r?2 + Ty o+

This term imposes a limitation on B compatible with full current diffusion

#
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dp2

? i O, of 13%-

stability and
Let us now consider the overall behaviour of a reverse field configu-

ration and how it evolves in time. If such a configuration were to be main-

9B '

tained in a stationary state in cylindrical geometry then curl E = - 3¢ = O N
implies Ee = 0 and Ez = constant, but even a generalised ohms law resolved in

the 6 direction gives je = 0 at the point where Bz = 0 for any velocity field. |
Consequently there is no je to maintain the reverse field and therefore such
a field configuration is a non-stationary state. For example, a projected
device with the initial reverse field configuration shown in Fig.2 with the
Bz’ Be fields maintained at the outer boundary and Te(r) = 640(1-(r/18)")eV
held constant, diffuses inwards towards the stationary state possessing no
reversal. Thus the computed field evolution leads to instability in a small
fraction of a field diffusion time, as & becomes negative and wall stabili-
zation is ineffective. If the axial flux is conserved and positive the
diffusion is favourable for stability as shown in Fig.3, until the field
reversal disappears. For appreciable positive values of the axial flux,
giving a better margin of stability, the reverse field disappears quite
quickly (see Fig.13), however this can be improved by allowing the axial

flux to decay at the same rate as the current.

Table I compares the stability and diffusion requirements and it seems
that diffusion necessitates a higher shear and lower B than MHD stability.
The resistive tearing mode also imposes a stronger limitation on the axial
flux to maintain wall stabilization.

INITIAL STAGES: It is not an easy task to set up a reverse field configuration

without instability for the pinch has to evolve through a period in time where
sufficient positive axial flux is created without field reversal and this can
lead to a strong current driven instability. In the case of a stabilized

(7)

z-pinch with no applied reverse field with Bz and Be at the wall of 2 kG
and the plasma away from the wall, thereby creating a pitch minimum, a cur-

rent driven instability partially localised within the minimum of the pitch

|
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variation is both predicted by solving the eigenvalue problem for the growth
rate and observed. The agreement between theory and experiment is within the
experimental errors giving a growth time of 1.2 psec and a wavelength of 33 cm
corresponding to pitch length close to the minimum in the pitch. The measured
eigenfunction is also closely in agreement with that predicted numerically.

As BZ at the wall becomes less than B, at the wall corresponding to the

0

initial application of a fast Bz field which will ultimately reverse the BZ,
so the growth time increases as the pitch length at the minimum becomes much
shorter than the wall radius. Unfortunately the real situation is not quite
as favourable as this might suggest because the wvalue of Be in such dis-
charges is about 0.6 and the pressure distribution is annular in form which
leads to pressure driven instabilities whose growth time is only a little
longer than the worst current driven instability.

These experimental and theoretical studies show that we have 1-2 usec
in which to effect field reversal at the fields and densities used in the
above studies.

In addition to generating a quasi-stationary reverse field distribution
without instability we must minimise the time for which the Poynting vector,
E Bz = EZB is directed outwards during the formation of such a pinch.

5] e

Fig.4 shows oscillograms of the Bz and IZ variation where such minimisation
has been achieved.

The strength of the EA B driving force must not be such as to give rise
to too high an inward radial velocity which will lead to overcompression of
the plasma and violation of wall stabilization. This control is effected by

crowbarring BB and Bz at the appropriate instants in time (E EZ -+ 0) to

e)
give a plasma of the desired size.
Diffusion of the magnetic fields during the formation phase must not

be so rapid that current diffusion near the axis leads to a negative pres-—

sure gradient there or that a large fraction of the trapped axial flux is

lost making it difficult to satisfy the condition ® > O. This has been




o s d|

~Time

Fig.1 Evolution of Py

52
STABILITY DIFFUSION
REQUIREMENTS REQUIREMENTS . “\" xy
B_ (wall) < 0 (no steady state)
Z Pz
B < 30% B < 13%
(ar >> 1) 0
T'w r‘w _
frBzdr>0 f I‘Bzdr>0 Zeta
o] 0
P P” 4 pp” £
(“7?' & =Y, = T
r-+0 r+0
12k t=0
Table 1
Iz t-0
L 6
t=20ms
<
By
6_
=, 0
<
= "
0 i0 20 -
(cm)
i -6
-6

Fig.2 Field diffusion ¢ < O

INITIAL STAGES OF A REVERSE FIELD PINCH

T
|
|
|
|

B : : \

Z M =y - - v -ctoi'pa+‘oc413 -----
h o | { |

Fig.4

Fig.3 Field diffusion & > O

~ Hs ke
S— 43
40 kA
Y




53
achieved by not using preionization and operating at filling pressures
greater than 30 mtorr, when a plasma sheath or skin current is readily
obtained. By taking account of these four considerations reverse field con-
figurations have been set up stably for currents up to 100 kA at present.

PLASMA PARAMETERS: Using Thomson scattering of ruby laser light we have

studied the temperature and density distributions of stabilized pinch and
reverse field pinch discharges, Both exhibit hollow density and temperature
profiles though in the case of the stabilized pinch the density profile fills
in just before instability. Fig.5 shows the temperature and density distri-
butions at about the time of crowbar for a current of 45 kA. Assuming that
T, = Te this gives a By value of 0.6, a value 50% higher than that usually

observed in stabilized pinches, presumably due to the extra heating caused

by the additional current associated with the reversal of Bz. The vari-

j@
ation of the mean temperature as a function of gas current at 30 mtorr for a
stabilized pinch and 40 mtorr for a reversed field pinch is shown in Fig.6
indicating a relation of the form 6812 = 2 NkT with BB = 0.4 and 0.6
respectively.

We have studied also the variation of Bg using magnetic probes. With
a probe envelope size of 9.5 mm the observed motion of the plasma is modified
leading to inconsistencies in deriving the electric field configuration and
'"long'-1lived plasmas are perturbed by the presence of such an envelope. A
gonsistent picture has been obtained using a 4 mm diameter envelope. The
evolution of Be is shown in Fig.7 for an uncrowbarred discharge, the normal
crowbar time is about 3-3.5 psec when Be v 0.6 (a value which is too large
for absolute stability for an annular form of pressure profile). The mea-
sured field configuration at 3.4 usec is shown in Fig.8, after corrections

have been applied to Be and Bz for the aperture in the metal wall through

which the probe is admitted to the system. Note the narrow pressure distri-

bution and current sheath formed in this case (v 7mm). As this field
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configuration exhibits no detectable instability — and in its quagi-
stationary form is observed to last for many growth times, it is of interest
to examine its stability properties in detail.

The plasma radius and axial flux are such that wall stabilization
should be quite effective, but pressure driven modes are to be expected, asso-
ciated with too large a value for Be. We have computed the growth rate,
wavelength and eigenfunctions associated with this field configuration. All
possible unstable modes arise from a region 4.4 =+ 5.2 cm where the Suydam
criterion is not satisfied. The shortest growth time is 2.3 usec for a mode
whose eigenfunction is localised about the point where Suydam failure occurs
and whose extent, 4 mm, is about an ion larmor radius. This field configura-
tion lasts for much longer than 2 usec, though modified by diffusion of
course, and no instability is observed electrically or optically. In this
case we believe that finite larmor raius effects are stabilizing the locali-

(8)

sed Suydam mode and we have used some results due to Stringer to estimate
the modified Suydam criterion in the region of failure. The pressure gradient
can be up to three times larger than that obtained from the usual criterion
and this is adequate to stabilize the modes in this region.

The diffusion of such a field configuration is controlled by both g
and o, and during the formation of the pinch we have studied both these quan-
tities. The electric field configuration derived from the changing magnetic
one (Fig.8) and using the measured volts per turn is shown in Fig.9. The

internal negative E, is due to compression of the trapped axial flux rather

5

than paramagnetism in this case. From these fields we then obtain the 9,
variation shown in Fig.l0 - again note the thin sheath and the close
agreement with the Thomson scattering results for the temperature (Fig.5).
Almost no anomaly in the conductivity is indicated; the ratio of the
drift speed to sound speed is less than unity everywhere in this case.

The behaviour of the transverse conductivity o, or the ratio of qL/ql

is of direct interest as a small value of this ratio can lead to rapid
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erosion of the trapped flux and a collapse of the plasma column, similar to
that observed in some early reversed field experiments. Resolving Ohm's law
in the transverse direction gives a radial velocity with corrections due to
cross field diffusion as shown in Fig.]1. Independent measurements of T
from the density profile obtained from continuum measurements and also from
the evolution of the pressure profile support the conclusion that 0, cannot
be very different from o .

PLASMA LIFETIME: Stereoscopic streak pictures taken of the plasma with the

crowbar, Fig.l2, show plasma lifetimes extending to 30 or 40 usec though a
gross but weak m =1 instability is sometimes seen at about 20-25 psec. The
most reproducible discharges are obtained when ¢ X 0 and the current is crow-
barred sufficiently early for wall stabilization to be effective. For the
same total current the e-folding decay time of the current can vary from
25-37 usec depending on the size and therefore the inductance of the plasma.

As Thomson scattering data show little change in the temperature or
density for the first 16 usec we have studied the decay of the field con-
figuration using a one-dimensional diffusion code with the temperature held
constant, as an apparent balance between heating and losses is set up.
Starting with the field configuration at 3.4 psec and the measured conducti-
vity the predicted decay of the fields at the wall is shown in Fig.13, and
compared with that measured experimentally. The agreement is sufficiently
good to indicate that the field diffusion is described by purely classical
effects. At later times field reversal disappears and the pressure becomes
peaked on axis which will lead to instability, though at these later times
the current has decayed sufficiently to make the growth times rather long
(3 5 psec).

On the basis of the I and Bz decay times we can evaluate the energy '
confinement time assuming that the velocity is sufficiently low that any adia-
batic heating or cooling effects are negligible, obtaining 12-16 usec, for

this particular case. This is close to the rate expected for classical losses.

—



CONCLUSIONS : MHD stability criteria impose strict limitations on the set-
ting up of pinch discharges. More severe restrictions are encountered if
stability is to be maintained in the presence of magnetic field diffusion.
Reverse field configurations with BB v 0.6 have been set up experimentally
without wall contact or instability. Good agreement between theory and
experiment for the growth and character of gross instabilities has been
obtained but in the case of the reverse field pinch finite larmor radius
effects appear to allow a somewhat higher B than predicted on MHD stability
theory. Their lifetime, provided the diffusion condition that the axial
flux be positive is satisfied, can be 30-40 usec corresponding to the clas-
sical resistive decay time of the fields. The behaviour is comparable to
that observed on Zeta where the larger radius (48 cm) permitted lifetimes
of 3 msec but in that case the field configuration was not set up in a con-
trolled way. Of the configurations studied on the high-f toroidal experi-
ment the lifetime of the reverse field discharge exceeds that of other
configurations.
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Toroidal Confinement in Screw Pinches with Non-circular

Plasma Cross-Section

H.Zwicker and R.Wilhelm

Max-Planck-Institut fiir Plasmaphysik, Euratom Association

Garching bei Miinchen, Germany

Abstract: Toroidal Screw Pinches with elliptical or bar shaped
plasma cross-section can be operated below the Kurskal-Shafra-
nov limit also at high-f values. In this case piston heating
can be used. Experimental results are given. They show a belt-
pinch plasma which is grossly stable for about 100 psec. The
life-time is obviously limited by diffusion.,

The most simple toroidal confinement systems are of the
axisymmetric type with a toroidal plasma current. Besides
simplicity a further advantage is here that usually the toroi-
dal equilibrium is automatically obtained by compression of
the poloidal flux towards the conducting wall. Typical repre-

sentatives of this class are of the Tokamak and of the Screw

Pinch type.

A Tokamak by definition operates below the Kruskal-Shaf-
ranov limit and is therefore m = 1 stable. This implies, how-
ever, very small B-values and a compression ratio near one.
Consequently the temperatures can be obtained up to now only
by Ohmic heating with all its problems or, perhaps, by some
other methods which, however, are just now being tested really

in experiments.

The toroidal Screw Pinch on the other hand operates at
high p-values and at higher compression ratios. It can be
heated therefore rather effectively by piston or fast magnetic
compression heating. However, at high p-values, necessary for
these heating mechanism, the screw pinch is basically m = 1

unstable.

With respect to high—-B-confinement therefore the question
arises how to change the high-p Screw Pinch into a stable equi-
librium. One possible way is here to stay above the Kruskal-

Shafranov limit and to get stability by an additional dynamic

_—4
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stabilization. This principle seems to work experimentally but

technically it is rather complicated.

A second way is to go below the Kruskal-Shafranov limit
even at high-B-values in the Screw Pinch by changing the plas-
ma cross-section from a circular to a strongly elongated one.
Then one might obtain something like a high-p Tokamak which
operates without any limiter and which could be heated by pis-

ton or fast magnetic compression heating.

The basic principle for this transition to other cross-
sections is very simple. In a simplified sharp boundary model
one needs for the toroidal equilibrium a certain ratio of the
toroidal field Ez to the poloidal field %@ at the plasma sur-

face which is roughly given by

1/2
~ [ 288
(o)
P

A is the coil aspect ratio and & the relative shift of the

w

o
B
P

equilibrium position.

For stability with respect to the Kruskal-Shafranov modes
the pitch length of the helical field at the plasma surface
has to exceed the major circumference of the taorus. This re-
quires a second condition for the field ratio which can be

written as

B
z - 2rR | 2 2
- a (2)

Here R is the major radius of the torus and uP is the
minor circumference of the plasma cross-section. For a circular
cross-section with plasma radius rp the stability condition

is then in the usual form

- q. B (3)

For an elongated cross—-section of height h, we have
practically u, 2 h and the Kruskal-Shafranov condition be-

comes

= a5 - (4)
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Compared to the circular cross-section one can fulfill
here, at fixed B, the stability condition (4) for much higher
poloidal fields B_ because h can be chosen independently of R.
Consequently stability and equilibrium can be obtained simul-
taneously also for high-fB-values in contrast to the circular
case. In this way the critical B for an m = 1 stable equili-

brium can be increased considerably.

The equilibrium considered in equ. (1) is necessarily con-
nected to a radial

plasma shift which by
flux compression pro-

duces the restoring

force compensating for
the drift force.

One can obtain,
however, also an equi-
librium with the help
of an additional trans-

verse magnetic field

the j x B force of
which just compensates
for the drift force

without any radial

shift of the plasma.

Experimentally this

transverse field can
be produced easily by

Fig.l: Scetch of currents and poloidal
an additional toroidal

field in the compression coil.
current j2 which flows
in the outer wall of the compression coil which now has a rec-
tangular cross-section as it is shown in fig.l. The current jl
at the inner wall is the primary for the induction of the

toroidal current in the plasma.

The current j2 results now in a separatrix for the po-
loidal field. One has a last closed flux surface while the more

outer ones do not close within the compression coil.

Let us denote the distance of the separatrix from the
plasma by s and the other dimensions of the coil and the plas-

ma as indicated in fig.l. Then we define the following quanti-

4




62

ties:

R

o]
(a}

Simple model calculations in a sharp boundary model indi-
cate then, that also for the system of fig.l a high-p equili-

brium below the Kruskal-Shafranov limit should be possible if
B o gy J=Pe . Flo) (5)

where F(0) is a certain function of o.

For example with A = 3; € = 6; ¢ = 0,5 and B~ 1 it fol- !
lows from (5) h/ZR'3 i s

In a Screw Pinch with a rectangular cross-section of the
compression coil the plasma after the first implosion is usual-
ly not in axial equilibrium. It starts with height h, and is
subject to an axial contraction to the final height h. The de-
gree of this axial contraction h,/n can be estimated only very
roughly in the simple model under certain assumptions.It turns
out that hg/h should be in the order of 2 for the parameters
mentioned above. Initially one should fulfill then ho_3 4 R

for these parameters.

This is only a very rough model which indicates some
essential features of a configuration with very elongated
plasma cross-section. More detailed theories have been done by
a number of authors [1,2,3,4,5]. Here are considered, however,
mainly special cross-sectionsof elliptical and triangular shape.
With respect to fast compression heating in a Screw Pinch one
would like, however, plasma cross sections with nearly flat
sides as in the belt pinch. For ohmically heated Tokamaks also
special elliptic cross sections may be advantageous because
they allow higher plasma currents and therefore higher ohmic
heating rates as it has been pointed out by Artsimovich and
Shafranov /6/. Besides stability with respect to Kruskal-Shaf-
ranov modes it is necessary to consider also localized and bal-
loning modes. For special ellipsis like cross-sections some
authors give positive results also for these modes [1,4]. For
non elliptical shapes Herrnegger [7] has investigated a special
analytical solution of the toroidal equilibrium with a nearly

bar-shaped cross-section. Similar calculations are reported al-
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so by Luc et al.[S]. It turned out that also for this special
belt pinch like configuration the generalized Mercier criterion
[9] is satisfied. Of course this is only a necessary condition
but these calculationsgive some indication that also bar shaped
cross—sections could be stable for localized modes. But never-
theless in this situation the stability behaviour of Screw Pinches

with non-circular cross-sections has to be investigated experimentally.

At Jlilich one is essentially concerned with elliptical
and triangular cross-sections of moderate excentricity and with
the influence of the shape on stability. Experiments are car-
ried out so far on the TESI installation. This is a special
hard core 6-pinch which produces the closed configuration [10]-
As an example fig.2 shows the magnetic surfaces2 psec after
ignition as they follow from very precise probe measurements.
They agree relatively good with calculations. The plasma be-

haves grossly stable
rlcm]

and disappears after " Thetapinch -coil J
about 25 - 30 usec main- AT I AR T T T
ly because of the decay 3
of the currents.
At Garching we are i
interested in very elon- 4 Quartztube
gated cross-sections
with nearly flat sides. s Kl%;a;;e
These belt pinch ex- 0 ; . : : ' : :
periments are carried 0 2 4 6 8 10 12 1% z[m]

out so far on the 11l0kJ
device ISAR IV [11,12].

e Eeroidal Borew Fig.2: Magnetic surfaces, measured 2 usec

pinch coil has a rec- after ignition in the Jiilich RESI
tangular cross-section, experiment.
a height of 110 cm which is somewhat more than 4 times the major
radius of 23 cm, according to the simple modelmentioned above.
The toroidal and the O-pinch currents are produced simultaneous-
ly by one bank in a screwed arrangement of copper layers which
form the compression coil as it is shown in fig.3. Horizontally
there are 30 copper loops in parallel which can be short-cir-
cuited by spark gaps. This allows an adjustment of the outer

toroidal current j2 for a proper equilibrium position and

———4
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for momentum compensation. The
bank is crowbared with a time con-
stant of 600 psec. The total
field is about 7 kG. Filling

pressure is from 20 to 50 mTorr 'a
deuterium. h
The influence of the j, rf LTS S N
variation by crowbaring the cop- ‘f“l_k Tl et
per loops on the equilibrium is Fig.3: Coil-system of ISAR IV
shown in fig.4. These are belt pinch.

streak pictures taken end-on

from the top of the torus through a radial slit. The top pic-

ture is with open loops. is too large, the plasma is pushed

J
inwards and then reflected? The
second picture is with short-
circuited loops. j2 is smaller
but the initial outward momentum
is not fully compensated. A chan-
ge of the crowbar time of the
loops gives the third case where
the plasma remains more or less
in the midplane. The discharges
are very reproducible and fig.5
gives a streak picture at 50mTorr
which is obtained from five sub-
sequent shots. The clear fast im-
plosion, a slow oscillation and
then a grossly stable behaviour
during the observation time of

50 psec is to be seen. The sharp

boundaries in the pictures indi-
cate a very straight plasma belt
but these pictures give only Fig.4: End-on streak picture.
local information. With respect Pg ™ 50 mTorr D,

to the gross stability behaviour

there are three further problems: the degree of axial con-
traction, the behaviour of the edges with their unfavourable

curvature and the deformations in toroidal direction.




For this reason
there were taken fra-
ming pictures side-on
of the whole plasma
belt through the per-
forated coil and end-
on of one half of the
toroidal circumfer-

ence. Fig.5: End-on streak picture. B~ SOmToer2

A typical result is shown in fig.6 giving three framings
of one shot again at 50 mTorr.

5 psec after ignition the formation

i

of a well defined sharp belt.

15 psec later the axial contraction
without any deformation at the ends.
After 25 psec the final state. The
ends behave more or less stable and

4

T

L TE T L CLLEEE LS

no serious deformation is to be

seen.

The bright region in the Fig.6: Side-on framing pictures.
midplain could be two colli- P, = 50 mTorr D,

ding waves as a result
of the axial contrac-
tion. Note, that here
we have a ratio of
h/2R of about 1 and

an axial contraction
factor around 2, which
is not inconsistent
with the simple model

mentioned earlier.

The toroidal be-

haviour can be seen in

Fig.7: End-on framin
rig./ g
pictures.

P= 50mTorxr D2
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fig.7. It gives a series of end-on framings at various stages
of the discharge. For technical reasons we cover only 1/2 of
the circumference. First implosion, axial contraction and then
a stable stage with no essential deformations except a small
deviation from a circle. But also this slight asymmetry does
not destroy the plasma belt. Its width is increased somewhat

but it can be clearly seen still after 85 psec.

In order to obtain information on the long time behaviour
of the ends and on

possible motion in
axial direction one
can take side-on
streak pictures
with the streak
slit all over the
height of the tube 2

at the equilibrium position. A typical example of these obser-

Fig.8: Side-on steak picture.po=50 mTorxrD

vations is shown in fig.8. One recognizes the axial contraction
and then the plasma stays essentially symmetrical for at least
100 upsec. Note, that also in this time scale at the upper and
lower edges there appear no serious instabilities. There are
some structures with respect to the height for which so far

we have no explanation.

Besides these optical observations there were performed
probe measurements of the mag-
netic field. A typical radial ErpExial Bz [kG)
distribution of the fields 08 B=85% 2

after the first implosion is 04 *\‘\‘h’/ﬁﬁifa-m\‘~.sz :
shown in fig.9. For technical

reasons it is only around 3 ﬁ?;] 0
the plasma centre in the
ngXS

toroidal midplane. Note, that
the point of symmetry of
B¢(r) is shifted by about

0.5 cm outwards with re-

Fig.9: Measured radial field

distributions after the first

spect to the plasma centre. implosion, Torus midplane.

The Bz—measurements give p_ = 20 mTorr D2'
at this stage a B of about

85 % at the axis.
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A second set of measurements concerned the axial component

B of the poloidal field at the inner and outer wall of the tu-

yl
be as a function of the distance from the midplane: By [y, t) s
Fig.l0 gives the measured distribution along the inner sur-
face for various times. After initial stages the axial component
decreases towards the end because of the field curvature. Then
the distribution contracts towards the midplane because of the

axial contraction. In certain regions, changes its sign.

B
Yy
This indicates field lines which leave the coil so that there

could be situated the separatrix.

-
o y.d
34\ .//
| o
\ // q=f(t)
5 \\ l,/o Po=50mTorr
\D__,——’o Uo=25kV

Kruskal-limit (§ =0,5)

0 20 40 60 ‘tps]

Fig.l0: Axial field component Fig.ll: g(t) as evaluated from
By(y) at various times after |optical and magnetic field

ignition. measurements.p0 = 50 mTorr.

The optical and the probe measurements allow also a first
evaluation of the development of the g-value in the configu-
ration. The rough result is shown in fig.ll. The first drop of
g down to about 1.8 is due to the axial contraction while the
further increase is the result of the different decay times
for the poloidal and the toroidal field. But all over the time
g is well above the value for the Kruskal-Shafranov condition

at reasonable p-values,

A further point of interest is the time behaviour of the
toroidal plasma current I,. Field measurements indicate an ex-
ponential decay with a time constant T of about 60 - 80 nsec.
Assuming classical resistivity in a simple model this would
correspond to electron temperatures of about 25 eV which on the
other hand is in agreement with pressure balance for a mean

- 15 -3

electron density of about n 5.107"cm as it follows from

the compression ratio.

__—A
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For the belt pinch geometry it turns out that there are
two different time scales for the decay of the toroidal and the
poloidal plasma currents in the sense that the poloidal 6-
pinch current decays faster than the current I, because of the
different L/R ratios. In other words, the containment changes
at our low electron temperatures from a 0- pinch after about
30 psec to a stabilized z-pinch and the decay time T, then
limits the plasma life-time to about &0 - 100 psec as is ob-
served experimentally. For higher temperatures both time con-
stants and therefore also the containment should be increased
drastically provided that classical diffusion can be assumed
and that energy losses at higher temperatures do not become
dominant. Radiation losses can be overcome by fast compression
heating. At long time scales, however, charge exchange and
heat conduction have to be taken into account. These losses
should be compensated by corresponding ohmic heating rates,
and,it might be, due to estimates by Bateman [13], that this
limits the energy confinement time. But this depends strongly
on the situation out of the plasma belt and about this at pres-
ent we know very little, so that precise predictions cannot be

made at this time.

A second guestion of interest is the long time MHD stabi-
lity behaviour of the configuration. Here we are still at the
beginning. W.Grossmann has performed an ideal MHD analysis of
a simplified belt pinch model [14]. He has shown that higher
m-modes with respect to the torus axis should grow faster than
the observed stable behaviour of about 100 psec at ISAR IV.
Finite Larmor radius effects yield, however, plausibility ar-
guments that these modes should grow serveral orders of magni-
tude slower than predicted by ideal MHD theory. Also wall sta-
bilization has been shown to be a strong effect in the belt
pinch geometry. But even here precise theoretical predictions
cannot be made and lots of work has to be done especially in
the Vlasov regime when one approaches the collision free situ-
ation.

Therefore experimentally the further steps are in 3 di-
rections. In the present experiment we are going to measure
temperature and density distributions by laser-scattering and

holography. I intended to give you the first results here but
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the technique of high voltage insulation was against us and we
had scme trouble which delayed the measurements. Secondly we
use a new coil system which will allow to go also to smaller
g-values in order to find the stability limit of the belt-
pinch.

The decisive question is, however, whether or not the
plasma life time can be drastically increased at higher tem-
peratures. In other words the guestion for stability and dif-

fusion processes in the keV temperature regime.

For this reason as a third branch we are building a new
device of 1 MJ with a discharge tube of 1.5 m diameter and
2.5 m hight. The experiment will operate at 40 kV charging vol-
tage. However, during the initial piston heating stage it is
planned to add a 120 kV pulse with the help of a small high
voltage bank which then is decoupled by a saturated transfor-
mer [15]. The main bank is crowbared with a measured time
constant of 2.6 msec at a field of about 8 kaG.

In this arrangement ion temperatures up to 1.8 keV should
be obtained at densities around lolscm_3. Part of the instal-
lation has just been tested successfully. Of course, we are a-
ware of the possible difficulties we may meet. But I think, it
is worth to do such an experiment now in order to find out

whether or not the belt pinch can be a useful configuration

for a long time confinement of high-B-plasmas.
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CONFINEMENT STUDIES IN 2XII

by

F. H. Coensgen, W. F. Cummins, A. W. Molvik, W. E. Nexsen, T. C. Simonen

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

Abstract: The containment of deuterium plasmas in a magnetic mirror well
has been investigated for mean plasma ion energies in the range from 1 to
10 keV. Evidence indicates that detectable plasma turbulence in this exper-
iment arises primarily from instabilities driven by the presence of two or
more maxima in the ion velocity function. Plasmas with no detectable tur-
bulence have been formed with mean energies in the range from 1.2 to 2.7
keV. The ion velocity functions of all quiescent plasmas have a single max-
ima. For these plasmas neither the magnitude nor the density dependence of
the loss rate was noticably different for runs which were theoretically
stable for the Dory-Guest-Harris mode and those that were unstable. 1In
both cases nt at high densities was below that calculated for collisional
losses by a factor of two to three and decreased as the density fell. Al-
though losses induced by other instabilities (e.g., drift-cyclotron, loss-
cone mode) cannot be ruled out, the high density data from quiescent decays
appear to be in agreement with the Ba]dwin—Ca]len[1] theory of "collective
scattering".
EXPERIMENT - The 2XII experiment at the Lawrence Livermore Laboratory was
constructed to further investigation of plasma containment in magnetic
minimum-B wells. As in the earlier 2X experiments, an energetic plasma is
formed in the well by trapping and subsequently compressing a portion of a
plasma burst which is injected along a uniform steady magnetic field. Trap-
ping is achieved through the use of an appropriately programmed set of pul-

sed magnets. These pulsed magnets are short circuited at time of peak dis-

charge current and plasma behavior is followed during the exponential
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decline of the magnetic field. As the lifetime of the plasma is much less
than that of the magnetic field the contribution of the field decay to
plasma loss is assumed to be Timited to the density change calculated for
adiabatic plasma expansion. Characteristic field and plasma parameters of
the initial 2XII experiments are compared in Table I with those of the pre-
viously reported[21[3] 2X experiments.

TABLE 1

Magnetic Field and Plasma Parameters for Z2XII and 2X

2XI1 Initial X 2X
Parameter Operation Ref. 3 Ref. 2
Maximum dc guide field (kG) 2 2 2
Maximum central magnetic field (kG) 6.5 13.2 16.3
Longitudinal mirror ratio 2 1.33 1,33
Radial well depth measured at wall (%) 21 2.5 2:8
Plasma to wall distance along 300 20 20
magnetic field 1ines (cm)
Pulsed magnetic field rise time (usec) 400 160 160
Magnetic field decay time (msec) 8 8 8
Distance between mirror points (cm) 100 160 160
Plasma diameter (FWHM. cm) 12 6 6
Maximum plasma density 6 x 1013 b % 1013 3 X 1013
Maximum mean ion energy (keV) 1 -10 8 6
Electron temperature (eV) 80 - 250 200 200
w_; (sec™) 3.1x 107 6.4x10 7.9 x 107
(mp.]/mm.)2 at n, = 10'% en” 900 210 130

A11 field lines which thread the 2XII plasma exit into the 1.5 meter
diameter end chambers where adequate pumping is provided for non-trapped
injected plasma and for plasma lost through the mirrors. As predicted, this

feature has reduced the influence of the central chamber walls on plasma
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containment. The field lines are convex toward the center at all points

between the magnetic mirrors, so there is absolute hydromagnetic stability

rather than " erl/B stability". Adiabaticity is assessed by calculating
particle orbits[a:| through 50 or more mirror reflections. Deuterium ions

up to 100 keV are found to behave adiabatically for the 6.5 kG central mag-
netic field level. Stability against interchange instabilities in the fully
developed magnetic well is predicted for all values of g by the Cordey-
Watson criterion[5].

Seven 2-inch washer-type plasma guns are located 340 cm from the center
of the containment chamber. When driven by a low inductance 30 pf capacitor
bank, each injector provides an energetic deuterium plasma of approximately
2.5 keY mean ion energy. The output of a single injector is proportional to
the square of the capacitor bank potential and at 10 kV, is approximately

5 x 10!/

ions/pulse. The equivalent total injected ion current exceeds 105A.
When used intermittently (as in operation thus far) the injector electrodes
tend to Toad with hydrogen from the residual background gases. Consequently
the concentration of hydrogen ions in the energetic plasma is in the range
from 30 to 50%. Although the velocity ranges of the hydrogen and deuterium
ions are nearly the same, the velocity distribution of the hydrogen compo-
nent is not necessarily the same as that of the deuterium component. The
mean energy of the trapped and compressed plasma can be varied in the range
from approximately 1 to 10 keY. Limited control of the plasma ion velocity
distribution is achieved by firing groups of the plasma gun array at dif-
ferent times.

8

? %0 10 torr. Fo muuve

Base pressures are in the range of 2 x 10~
clean, "active-pumping-surfaces", titanium is deposited on all interior
surfaces just before each plasma containment run.

MEASUREMENTS - The central electron density is measured with a 70 GHz stab-

ilized wave interferometer and a second 4 mm interferometer is occasionally

__—
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used to determine the density 5.7 cm off axis. The ratio of these two agrees
with the radial distribution estimated by assuming that the radial distribu-
tion of the trapped plasma ions was the same as that measured for the injec-
ted plasma burst and that the motion of the trapped ions is adiabatic during
magnetic compression. Longitudinal density scans are made with a moveable

35 GHz pwave interfeormeter. Two 10 GHz pwave interferometers are used to
monitor plasma densities external to the magnetic mirrors.

The magnitude and frequency spectra of the fluctuating electric fields
during periods of plasma turbulence are determined from forward angle scat-
tering of 4 mm uwaves.

The intensity and radial distribution of 1line radiation from heavy ions
is monitored through the use of a dual-channel, grazing-incidence, vacuum
ultra-violet monochrometer. Time dependent intensities of radiation in the
visible range and the Ha line are also recorded.

For the operation discussed here we have no direct measurement of
electron temperature. A Thomson scattering measurement is now installed
and evidence from initial operation indicates that it is possible to deter-
mine Te at least early in the decay.

Time dependent energy spectra of the transverse fast atom current at
the center of the plasma containment chamber are determined by allowing neu-
tral particles to pass through a nitrogen gas cell (nf = 2 x 1014atoms cm'z)
then through an 11-channel tandem mass analyzer. Particles which are ionized
in the gas cell are deflected in the magnetic field of the analyzer and
those in the proper momentum ranges enter one of the eleven separate electro-
static energy analyzers. An automatic data system comprised of an analog
disc, a mini-computer, a digital tape and a high-speed printer is used to
store and process the data.

Plasma ion energy spectra are derived from the neutral analyzer signals

assuming that plasma ions charge exchange with thermal neutral methane (i.e.
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the residual gas) flowing into the plasma volume. Both atomic and molecular

hydrogen may be formed through neutralization of part of the injected plasma

and contribute to a transient increase of neutral density external to the
trapped plasma. Atomic hydrogen would not appreciably alter the derived
spectra but the relative charge exchange cross-sections fall off at low ener- |
gies for molecular hydrogen so if it forms an appreciable component of the
background gas the relative magnitude of low energies in the spectra have
been underestimated.

We estinate that less than one-third of the fast atom current is formed
in the plasma interior by charge exchange with the flux of relatively ener-
getic neutrals (Franck-Condon neutrals) resulting from dissociation of the
thermal molecules in the plasma boundary. Since the mean free path for

ionization of thermal particles is 5_n1']x1012

cm, fast atom energy spectra
are dominated by conditions in a shallow low density boundary where inter-
action with the cold background gas is greatest. Plasma potentials derived
from the lTow energy cutoff of the energy distributions are characteristic
of the plasma boundary.

Except for low densities late in time the diameters of 2XII plasmas are
greater than the mean free path for the ionization of Franck-Condon neutrals.
Consequently the fast atom current is proportional to the neutral density
external to plasma rather than the plasma density. Based on absolute cali-
bration of the neutral analyzer the charge exchange rate is found to be a
factor of 10 to 100 too Tow to account for the lowest observed plasma Toss
rates. J. R. Hiskes[6J in an independent evaluation of the data has also

concluded that charge exchange is not a significant loss in 2XII.

OBSERYATIONS AND DISCUSSION - As judged from the density histories and the

energetic deuterium content of the fast atom flux the period of detectable

deuterium plasma densities in 2XII is frequently longer than 3.5 msec and

exceeds by about 1.5 ms that of the best 2X operation.
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In contrast with 2X data, short periods of very rapid plasma loss are
observed for some modes of operation. Typical examples of these "plasma
dumps" are shown in Fig. 1 at t = 1300 psec in the run B density history
and 630 usec in run C. However, such obvious plasma catastrophies before
2 msec are the exception and the density decay of the trapped plasma is usu-
ally similar to that of run A in Fig. 1.

From inspection of the data

o
o
T

we see that the plasma -dumps are

o2}
T

always accompanied by increases
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charge exchange current). In fact, broadening of the energy distribution as
indicated by relative increase of energetic particles in the charge exchange
current has been found to be our most sensitive indicator of plasma turbu-
lence.

No correlation has yet been established between the plasma decay rate
or the occurrence of plasma dumps and the magnitude or time dependence of
plasma external to the magnetic mirrors.

If the sequence of operation is timed to trap Tow energy plasma the
trapped ion energy spectra usually have a single maximum 1lying near the low
energy cutoff similar to that in the 420 psec run A spectrum shown in Fig.
IIT. As predicted shorter delays between injection and trapping increases

the relative number of high
140 -

; RUN A
energy ions but a lower energy -
Ll
group is also formed resulting X g0 4
= 420 psec
in two and even three maxima in 40 4
the trapped ion velocity func- 0
8 A RUN C
tions; e.g., the 420 psec run C 3 [
spectrum shown in Fig. III. w
° 4
2
Frequently, as in run C, T 5
during periods of rapid plasma 0
. 0O 2 4 6 8 10 12 16 18
loss the low energy maximum PLASMA ION ENERGY-Kev
disappears and evidence of FIG. Il ENERGY SPECTRA

plasma turbulence is no longer
detectable. This transition is accompanied by an abrupt decrease of the
loss rate (see Fig. II).

In run B the charge exchange current rises before evidence of plasma
turbulence (at t = 1300 psec) suggesting that this particular plasma dump is
triggered by the influx of cold gas. Run B energy spectra have two or more

maxima and the evidence from this run as well as that from run C suggests

-
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plasma losses resulting from doub]e-humped[]:I instability.

The correlation of detectable plasma turbulence with double-humped
velocity functions is not restricted to the case of obvious plasma dumps,
but rather such evidence is found in all runs where the velocity function
has more than one maximum. In weakly turbulent runs where only a single
maximum is evident, a second peak could escape detection due to the large
separation between analyzer channels or because the observed spectra are
representative of the plasma boundary rather than its interior.

The mechanisms leading to the formation of the Tower energy maxima
have not been identified. However, intense r. f. fluctuations occur in
every run during trapping and into the magnetic compression. Thus when the
cycle is adjusted to trap high energy ions lower energy ions streaming along
the field 1ines will be trapped in the magnetic well if they can acquire
sufficient rotational energy in one transit time. The fluctuating electric
field E necessary to provide one keY rotational energy to a one keV deuter-

jum ion which is moving directly along a field 1ine may be estimated by

e =
j\/viina1 = (e/M) E‘\ftr where t is the transit time (v 3 psec) and Tt is
the electric field correlation time which we take to be one cyclotron period
(v 0.2 psec). The required field, E ~ 90V/cm, is much Tess than the values
deduced from the intensity of the uwave scattering during plasma trapping.
Fluctuations at this level, which may escape detection, provide a mechanism
for accumulating low energy ions. Since the ionization mean free paths are
much less than the plasma radius this mechanism could Tead to double-humped
instability losses localized in the plasma boundary. This mechanism may
account for the observed variation of loss rates in runs in which the energy
spectra are quite similar.

Infinite medium k||= 0 stability analysis[gj of the 420 usec run C
energy spectrum shows unstable frequencies around ]']wci for the densities

above 6 x 1011 cm"3. As suggested by the appearance of the spectrum the

—




79

instability results from the presence of two maxima in the velocity function.
FolTowing the plasma dump when there is no detectable pwave scattering or
energy spreading, unstable frequencies were found in analysis of run C
spectra due to the limited spread of ion velocities; i.e. Dory-Guest-Harris
mode[gj.

With the exceptions of the occasional appearance of a component in the
frequency band about wcf/Z the scattered vwave frequency spectra associated
with these plasma dumps are consistent with the double-humped instability.
The lower frequency component may indicate a secondary effect due to an in-
flux of cold heavy ions which drive a Tower frequency double-humped insta-
bility.

On the basis of Timited analysis of data from runs with double-humped
energy distributions we observe that the nt values at 425 psec decrease with
increasing relative depth of depression between the two maxima. From insta-
bility analysis the bandwidth of unstable frequencies and wavelengths are
found to increase with increasing slope of velocity function between the
maxima. We conjecture that marginally unstable cases would be stabilized
after flute averaging the dispersion relation and including stabilizing

electromagnetic corrections. These results may also contribute to the ob-

served variation of nt from a value less than 108 during plasma dumps to
5 x 107 cn™° sec in weakly turbulent runs.

Quiescent plasmas such as that of run A have been generated with mean
ion energies in the range from 1.2 to 2.7 keV. The velocity functions of
these plasmas are all single peaked. Observed nt values in the turbulence-
free plasmas at the end of magnetic compression are only a factor of two to
three less than the nt values calculated (through the use of Fokker-Planck
codes) for coulomb collisions. However the plasma decay in these "best"

cases is in obvious disagreement with collisional Tosses as nt decreases by

13 3

about a factor of ten during the density decay from 2 x 10~ to 2 x 10]2cm' .
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[1]

In an earlier discussion of plasma containment similar to that of

run A we advanced arguments that the anomalous loss rate resuited from

[9]

either the Dory-Guest-Harris

(8]

or the drift-cyclotron loss-cone instability
mode Infinite medium k|| = 0 stability analysis of run A spectra shows
instability for the zero frequency DGH mode. Inclusion of the hydrogen

term in the dispersion relation shifts the predicted threshold density to
higher values in this example and in other cases leads to predicted absolute
stability for the DGH mode. Deuterium velocity functions in two turbulence-
free runs were found to be DGH stable. Thus, in the absence of recent theory
of "collective scattering" for loss-cone particle distributions we would

have been inclined to attribute the anomalous Tosses to the drift-cone mode.

,[10]

However, as shown in paper 9 of this Conference, it appears necessary
to add to the classical jon-ion scattering loss rate a correction. Such a
correction has the right functional form to fit the observed dependence of
nt with density and indeed the initial comparison of experimental data[10]
with theory suggests that the anomalous loss rate could arise solely from
this process.

In comparison of 2XII data with theory it is convenient to rewrite Eq.
(2) of Ref. 10 in the form

- 2 2 1/2
dn A

= + exp f dzo
£ . 2 242 |
classical [1 + Whe /0.q ]

where dependence upon the jon velocity function is included in the factor «

1 dn
n2 dt

i
i
2 2]
/
/

-

and A is inversely proportional to the 3/2 power of electron temperature.

If the density is expressed in units of 10]3 and magnetic field in units of

4 2 2 . n 2 2
107 gauss then Wpe W Eg-. For large values of (wpe /0 ) where the

exponential is independent of density (provided that the velocity function
2,-2
)

is time invariant) the curve n~2 dn/dt vs (1 + n/B should be a straight

1ine which intercepts the axis at the classical value of (HT)-]. High den-

sity data from Tow energy (1 to 2.7 keV) plasmas Tie close to straight lines

— 4]
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and nT values derived from the intercepts show an EB/2 dependence within the
accuracy of experimental uncertainties. In runs with higher energy plasmas
the velocity functions are found to change with time so that the comparison
with theory is more difficult and has not been completed.

CONCLUSIONS

e Tlurbulence in 2XII appears to arise primarily from double-humped
instabilities.

e Plasma loss rate resulting from the double-humped instability appears
to increase with increasing relative depth between maxima in the
velocity function.

e Plasma losses from quiescent plasmas are greater than predicted for
coulomb scattering and do not have an n2 dependence.

@ Charge exchange effects are negligible.

@ [t is unlikely that Dory-Guest-Harris instability mode contributes
to the anomalous loss rate.

e Theoretically 2XII is unstable to the drift-cyclotron loss-cone mode

but other than the anomalous Toss rate there is no direct evidence
suggesting its existence.

@ The data from Tow energy quiescent plasma decays is consistent with
the Baldwin-Callen theory of collective scattering.
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PLASMA DIFFUSION TN TWO AND THREE DIMENSIONS

by
J.B. Taylor

Culham Laboratory, Abingdon, Berks., England.

]

Abstract: Investigation of diffusion in two dimensional plasmas has shown
that at high magnetic fields it is always proportional to 1/B. When this
investigation is extended to three-dimensions a 2D-like contribution to
diffusion is found which dominates the classical, (1/B®) diffusion at high
fields. This 2-D like contribution diminishes slowly with the size of the
system and is susceptible to shear. Its importance in experimental plasmas

is discussed.

1. INTRODUCTION

One of the cornerstones of plasma confinement theory is the calculation
of diffusion across a strong uniform magnetic field. It is generally
believed that for stable plasmas this is proportional to 1/B2 and in thermal
equilibrium is given by 1)

-1 1 .3
B = (18n%) 2 pz w ——log (nA™) (1)

|

where pi is the mean square electron larmor radius, wpe the plasma frequency

and n\? , (» 1) the number of particles per debye cube. Equation (1) gives
the mass diffusion (Flux/Density gradient) or the e}ectron 'test-particle!
diffusion; the ion'test-particle'diffusion is (M/m)® times greater. There
has often been discussion of a larger, anomalous, diffusion proportional to

l/B for which Bohm originally proposed the expression

D 1 ckT (2)

~ 16 B
but it has always been assumed that such anomalous diffusion is due to non-

thermal fluctuating electric fields.

(2)

puiding-centre plasma. This can be envisaged as an assembly of charged rods,

Some time ago the author investigated diffusion in a two-dimensional
aligned with a strong magnetic field, which move under the influence of their
mutual electric fields with the guiding centre drift velocity. The results
of this investigation were somewhat surprising; it was found that in this

two dimensional guiding centre system the diffusion coefficient always has

the 1/B variation with magnetic field - even in thermal equilibrium. Far

from being anomalous, therefore, a Bohm-like diffusion is the classical one

for this system.

------llllllllllIllIllIllllllllllllllllllllllllllIIIIllllIIllIllIlllllllllllllllllllllll
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This surprising result led to several further investigations, both of
the two dimensional system itself and of the role played by this two-
dimensional phenomena in real, three-dimensional, plasmas. 1In this paper I
shall try to review the original results and some of the extensions,
endeavouring to keep clear what is in some sense exact, what is approximate,
and what is speculative,

2, THE TWO DIMENSIONAL MODEL
In this model the plasma is represented by rods with a charge ei/6 per

unit length (ei =+ e), aligned with a uniform magnetic field B. The guiding

centre equation of motion for these rods is+
R, = c(B x Vo)/" (3a)

and the potential ¢ is determined by
e.

Vo = U > E-l- &(r-R, ) (3b)
—f

where the sum is over all particles. Together with an initial probability
distribution these two equations completely determine all the plasma proper-

ties. In thermal equilibrium the appropriate distribution would bhe

\ ' e.e,
wfRi} ~ exp (— -%;% log IRi"le>
1#]

These equations can be reduced to a universal form by the scale trans-
formations, ¢ = 4ney and t = (Bﬂ/éﬂec)m and in the scale variables the
problem involves only N, the total number of particles, and m = KT€/4ﬂ92 the
number of particles per square debye length (A? = KT&/Qﬂnea). It is apparent
then that all plasma properties can be expressed in the scale variables as
functions of N and m alone.

To make use of this result in determining the diffusion coefficient we

write it in terms of the velocity correlation as

D = /< Vi(O)Vi(t) sdt = % < f(i(o) J'ci(r) > dT (%)

which, in accordance with the remarks above, must take the universal form

1 g—gjlf(n,N) (5)

We see therefore that, if a diffusion coefficient exists, then even in
thermal equilibrium it can only be proportional to 1/B. Furthermore this

result is an exact consequence of the guiding centre two dimensional model.
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To determine the function f(n,N) we again use (4), writing

2
D = ;—2 / < E(0,0) E (r,t) > dt (6)
0

where r(t) is the orbit of a test particle. Using fourier transforms the
electric field may be written as the sum of contributions from each field

particle,

T YN Yare, k
E(x,t) = — ik+[R.(t)-
Exot) = ) ) —b 5 e (iR (¢)-x]) (7)
I 3
so that
O 16x2eie. T 'k k
CHOOpr0) > = ) ——Eh ) E2 g n ) (5)
i k
where
H = < exp(i k-[R,(0) - Rj(t)J)exp(i k-[r(0) - r(t)])> (9)

It is at this point that an approximate procedure must be invoked., Originally
Taylor and McNamara concentrated on the correlation function at a fixed point
< EKD,O)EKO,t) >, which they calculated self-consistently using the hypo-
thesis that, for the calculation of particle velocities, the time history of
Egt) could be adequately represented by a single, jointly normal, distri-
bution 5 . The diffusion coefficient was then calculated as if the test
particle were at rest.

Within the same approximation the test particle motion may be retained

and Hk written as

H = (exp i k-[Ri(O)—Rj(O)] > Cexp i k-[Rj(D)—Rj(t)] > {exp i k+[r(0)-x(t)] )

(10)
Since they obey the same equation of motion, the averages involving test and

field particles are both of the form
exp(i ¢ k- /‘dt E x E/Bz) (11)

and the result of including the motion of the test particle is only to
= 1

(3)

change the final calculated diffusion coefficient by a factor 92, Using

the hypothesis that the field fluctuations are normally distributed, the

2)

average (11) becomes(a

(exP(ick-_/dt L EEB)>: exp <- Zli{i / tdq::L / tdfrz (B(7y)B()) > (12)

Then introducing
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R(t) =

t t
2
[ [(rrptm)d an o, (15)
2p?
using equation (12) and the approximation (10), one obtains from (8) an

equation for the field auto-correlation

o zij <Ei:>exp (-2R(t)) (14)

Integrating this equation, and observing that as t > o , R > » and dR/dt>D/2,

the diffusion coefficient is finally given by(2)

-5 [ ) L] (15)

Equation (15) is the fundamental expression for the diffusion of two-

=

dimensional guiding-centre plasmas. In thermal equilibrium the two dimensional

fluctuation spectrum is given by

huc
(B0 =% ) (16)

and, after replacing the k summation by the usual integral approximation with

a cut-off at k = 2n/L,

1 L 1
ek T 1 L |# cf 2T\ L ¥
Dy =B [zmxz log zﬂxT = B\ ¢ ) (1%’ mx) (17)

This expression shows the Bohm like (1/B) dependence on field strength;

it also shows a weak dependence on the size of the system. 1In terms of the

preceding discussion the function f(7m,N) is
1

£(n,N) = (2,%] log N/n>§

Before discussing the significance of this two dimensional diffusion,

(%)

extensions of the theory. These are of two types, (a) extensions of the

which Dawson has aptly termed "Vortex diffusion", we shall describe some
two dimensional model itself and (b) investigations of the importance of the
two dimensional (or Vortex) diffusion in real three dimensional systems.

5. EXTENSIONS OF THE 2-D MODEL

The model used so far is one in which the inertia of the particles

(rods) is completely neglected. This is valid in the limit B = o or, more

(%)

extended the calculation to finite wp/wc. The most important change is in

specifically, when (wp/ wc)g « 1. Dawson, Okuda and Carlile have

the electric field fluctuation spectrum. Although the exact partition
function, and therefore the spectrum Ei, is independent of B, that part of
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Ei associated with frequencies below the gyro frequency does depend on B.
It may be calculated by observing that at low frequencies the energy

associated with a mode is not Ei/Sx but

2
i 4 4%902 EE
B2 87[

so that the low frequency fluctuation spectrum is given by

(8 ) = 5= (e T ) (18)

When this modification is incorporated into equation (15) the diffusion
coefficient retains the 1/B variation at large B?/impc® but at smaller
magnetic fields it becomes independent of field strength and takes the

(&)

value
D = (kT/2rpe )% (log L/Qm)% (19)

As the field is still further reduced the guiding centre model becomes
invalid and there is presumably a transition to the classical 1/B2 variation.

4. THREE DIMENSIONAL SYSTEMS

We now consider the role of the two dimensional, or vortex, diffusion
mechanism in a three dimensional situation. The model for this discussion
is one in which particles move across the magnetic field solely by the E x B
drift but are free to move parallel to the field. This motion parallel to
B introduces a rapid decay of all fluctuations with k # 0; however, the
k = 0 fluctuations continue to behave in an entirely gnD fashion and contri-
b&te to the diffusion exactly as they would in two dimensions.

The self correlation of the electric field is again given by
L |

L 1
(E(0,0)B(r,t)) = L 16”‘2‘31‘2.]‘2_, FHk(Ri ’Rj’r) (20)
ij k
and H by
Hk = {exp i k-[Bi(O)—Rj(O)]> <(@Xp i k.[Rj(O)_Rj(t)]> <exp i k-[r(O)-r(t)]>
(21)
the only change being that k 1is now a three dimensional vector. If we
consider, for the moment, only the ku = 0 terms in (20) the diffusion coef-
ficient may be calculated exactly as in section (2), with a similar result
f L 7z &
o, <8 [ o bt ] - (2] e
I

(5) 1l

as given by Montgomery, Liu and Vahala
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This expression is again proportional to 1/B. It tends to zero as
I, @ « because in 3-D the fraction of the total energy carried by the k =0
fiuctuation diminishes with the length of the system. '

If we again introduce the modification to the spectrum induced by
finite gyro frequency, as discussed by Dawson and Okuda , the vortex contri-

bution to diffusion becomes

D 2‘_'722

v B

[ kT log (L/27mA) 15 (23)

(1+4mpe? /B? )L
At high magnetic fields this is again proportional to 1/B but when (wci/wpi)2«1
it becomes independent of B, exactly as in 2-D, The ratio of 'vortex' diffu-

gion to classical diffusion is

i
2
Dv 6m

(24)

A
® - A (log L/27n)
D 2 /2 2 W L log(nh®)
c (1+wPi/wci) pe
and it should be noted that while K/L is typically small, the parameter n)\®
is equally typically large, and the two factors tend to cancel each other.
To calculate 3-D diffusion in full we return to egs. (20) and (21).

Assuming free streaming along the magnetic field and E x B drift across it

ke [R(t)-R(0)]=k v ¢ + k - /c(E x B)/B*dz (25)

The averages indicated in (21) can be carried out, using a Maxwellian distri-

bution for v and the "jointly normal" hypothesis for Ei. Then
1

(exp i k-[Rj(O)—Rj(t)]> = exp [- kiR(t)]- exp [- kﬁvztz] (26)

where R(t) has been defined earlier and 2v® is the mean square thermal velocity.

A similar expression is obtained for the average over the test particle
motion r(t). Rather than attempt to calculate R(t) in detail, we use the
approximation 2R(t) = Dt then, after integrating equation (20), one obtains
D directly in the form

D=o/D+p (27)
where
5 N
" 1 .
FaL ) L@y
k =0

and
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o0

2{: <Ei(k)2/.exp [_(kﬁv2t2+ kiDt)dt]
k #0 0

It is tempting to argue, as do Vahala(?) and other authors(5'6) that in
evaluating the kH # 0 term one may neglect kl' However there is always a
region of k space, kn Z ki D/v, where the influence of the transverse motion
may be important. Accordingly we retain k_L in evaluating p. After substitu-

ting the thermal spectrum for Ei and replacing the sum by an integral

__CKT a _J: 2
= /‘dt‘/ Fk. 1+k2h2 ey &P [ (kiDt + kﬁv2t 1.
An approximate evaluation of this integral, valid when KV/D >1, leads to

[1og(Av/D)]?
€ log(n 2®)

B =D (28)

which is proportional to 1/B® and close to the classical value. Vahala(6)
derived a somewhat similar expression but with a different logarithmic factor.
Thus equation (2?) shows that3~D diffusion consists of two
distinet contributions. IFirst there is a 2-D like term, proportional to 1/B
at high fields and independent of B when 4ﬂp02/B? « 1. This contribution is
given by equation (23) and is always dominant as B » o for fixed L but tends
slowly to zero as L » « at fixed B. The second contribution is a classical-
like term, proportional to 1/B2, which is independent of the size of the
system. The relative importance of these two contributions is given by
eq.(24).
5. EFFECT OF SHEAR

So far we have considered diffusion only in a uniform magnetic field.
Rosenbluth and Liu(s) have recently investigated the effect of introducing
'shear' into the problem. This will have a significant effect on the 2-D
like vortex contribution since, in the presence of shear, there are no
longer any modes unaffected by the parallel motion of the particles.
Rosenbluth and Liu's calculation is based on a W.K.B., solution for the
fluctuating fields. Here we give an alternative derivation following more
closely the methods used in the earlier sections of this paper.

We confine ourselves to the high field limit and consider a simple
sheared magnetic field B = B0 (% + §X/Ls)' We return to equations (8) and (9)

but now set
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(B;(t) - &, (0))

%
(yE+Z>Vit

(r;(t) - x,(0)) = zvt

and treat all the field particles as independent, then
E (0) E (t =1&¥n > o SR
(8,(0) B, (£)) 0,0, ), e
k

y Z x X

& ’
Cexp ilk - K ) X + (k, +k X/LS) Vt+kzvt]>

The kx’ k; integrations lead to a factor exp (—2K|X|) where k% = (k; + k;).

The averages over maxwellian velocities V, v can be carried out when
S;ﬁ I3 2

(B E = 16mne? ./AX ex 2 |X]) ex ( [k + k -—) + kg} v2t2> :

Ty y> n p (- I l) p- 2"ty Is g

The corresponding diffusion coefficient is,with (k + k X/L ) =k B,

8néne c? %
D=— L /dﬁ [p?+1] exp( 2l Ik | [p-1[n )

B v
In this integral the major contributions are from kz<zky , so that « ~ ky-

An approximate evaluation of the integral gives finally

Log(/p, )log(L /A)
=D
¢ Tog(a®)

(29)

as given by Rosenbluth and Liu(s) which is close to the classical value,

It should be noted that in deriving this result only electrons were
considered. If ions had been included in this model diffusion would he
increased by (M/m)%} However, because of screening, the independent test
particle model cannot be applied to the ions and (29) is probably a more
accurate assessment. The important point is that, while the numerical
coefficient may be in doubt, eq.(29) shows that a small shear can remove the
vortex contribution to diffusion. Only in shear-free systems, therefore,
can one expect an important 2-D like contribution to diffusion in thermal
equilibrium.

6. CONCLUSIONS

The central theme of this work is the recognition that in two dimensions
diffusion always exhibits a 1/B dependence at high magnetic fields rather
than the classical 1/B2. There is nothing 'anomalous'! about this - it is
true in thermal equilibrium and is an exact consequence of the guiding

centre model. The magnitude of this 2-D diffusion has been calculated in
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thermal equilibrium using a normal functional distribution hypothesis
for the fluctuating field and is given by equations (17) and (19).

Apart from its fundamental interest, this result is of importance for
real plasmas in two respects. Firstly, (and here we depart temporarily
from the discussion of thermal equilibrium) there are circumstances in
which real plasma may behave like a 2-D system. This is because equilibrium
is attained quickly along the lines of force but much more slowly perpendi-
cular to them. Furthermore all charges on a given flux tube tend to remain
together so the flux tubes and the particles on them retain their identity.
If therefore a plasma acquires an imbalance of charge between various flux
tubes, e.g. during its formation or as a result of an unstable phase, then
these tubes behave exactly as the charged rods of our 2-D model.

Secondly, even if the plasma is in thermal equilibrium, there is still
a two-dimensional-like vortex contribution to the cross field diffusion.

This arises from the k” = 0 fluctuations which, as in the genuine 2-D system,
have an exceptimmally long lifetime. The magnitude of this vortex contribution
may be calculated in the same way as the 2-D result and is given by eq. (23).
This contribution is dominant as B ® « but diminishes slowly with the

length of the system.

The total diffusion in a 3-D systém,is thus made up of two parts; the
vortex contribution and a classical, 1/B®, contribution. The ratio of these
two contributions is given by equation (24). In multipole experiments such
as CL]MAX(g) (T~ 50 eV, n ~ 10**/cc, B~ 2000 g, L ~ 100 cm) or the G.G.A.
Octopole(lo)(T ~ 0,5 eV, n~3 x 109,B ~ 150 g, L ~ 400 c¢m) vortex diffusion
would be comparable with the classical value and would become dominant at
higher magnetic fields. However as a small amount of shear is sufficient
to remove the vortex contribution it is only in shear free systems that
one can expect it to be important for diffusion in thermal equilibrium.

It is clear that the present theory, in addition to throwing light on
the ubiquitous Bohm diffusion, is closely connected with, and places on a
much firmer footing, the phenomena previously described as 'convective cells!',
As we have emphasised, such 2-D vortex like phenomena are to be expected
both in non-equilibrium situations, due to charge imbalance on different
flux tubes, and in thermal equilibrium. The fact that they are susceptible
to shear should be borne in mind when interpreting the influence of shear
on plasma confinement. This has hitherto been discussed solely in terms of
instabilities but we now see that when vortex diffusion is important shear

can influence plasma loss even if the plasma were entirely stable,
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Recent Developments in Computer Simulation of Plasmas

D. Biskamp and R. Chodura

Max- Planck-Institut fir Plasmaphysik, Garching b.Minchen

In recent years computer simulation has become a valuable tool of plasma
physics research. This was essentially due to the development of powerful
computers such as the CDC 6600, 7600 or the IBM 360-91, which combine
sufficient storage capacity (internal or external) with high-speed
execution. To begin with, let us briefly describe the general concept

of plasma simulation. The basic idea is to follow numerically a large
number of electrons and ions under the influence of their self-consistent
fields, in contrast to solving the only approximately valid fluid equations.
Now it is easy to see that if one intends to include the details cof the
microfields around each particle the number of particles, one can handle
even on the largest machines, is ridiculously small. However, because of
the long range of the Coulomb field, many particles interact with each
other simultaneously, the effect of small angle scattering dominates that
of close encounters, Thus the main contribution to the interaction is due

to certain average fields produced by average charge and current densities.

The simplest model based on this concept of average fields, is the PIC

1)2)

(particle—in—cell) method . Here the fields are computed on a Eulerian

grid whose meshsize Ax should be small compared with the wavelengths of the
D,Ax%AD is
sufficiently fine. This method has the double advantage of reducing

effects under consideration. For collective modes with A >> A

collisional effects, which allows simulation of collisionless processes
with relatively small numbers of particles per Debye cell, and of being
numerically very simple, which allows to use a large number of particles
i.e. to treat (relatively) large systems. Combined with certain inter-
polation procedures (area weighting=finite particle size, and field inter-
polation) this method is the one now generally used in simulations of
microscogic plasma processes (another name of this method is CIC=clouds-
1

Vi

in-cell Fig. 1 shows the Coulomb cross—section in 2D and 3D demon-—
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strating the smoothing properties of finite particle size or cell size AXx.

Note the particularly strong dependence in 3D3)'

Let us briefly indicate what kinds of systems can presently be treated by
computer simulation. 1D systems do not cause any troubles. Usually N = 10h
particles are sufficient. Only if very large system size is required, or if
very weak collective effects are investigated requiring a large number of
simulation particles per cell, N must be larger. 2D computations are
possible for a number of problems. Typical N's are several times ‘IOh to
several times 105. These numbers can usually only be handled by use of
external storage, and 2D runs are in general rather expensive (a number

of hours per run). 3D runs are just marginally possible in very special
cases and this situation is likely not to change in the near future. Even
if there are computers 10 times as powerful as the present ones, in 3D this
means only an improvement of a factor of 2 in the linear dimensions. Hence

real life simulation is practically not possible, and for a rather long

time plasma simulation will have to use appropriate 1D and 2D models.

To characterize developments in plasma simulation of the last one or two

years we would like to distinguish three main tendencies:

a) Inclusion of multiple length and time scales. Special topics are turbu-
lent electrical resistance and collisionless magnetic shock waves.

b) Development of fully electromagnetic codes including radiation. First
application: simulation of the Weibel instability.
Main interest: Investigation of plasma interaction with laser light or
relativistic electron beams.

¢) Investigation of collisional effects, to study collisional transport

phenomena such as cross-field diffusion.

This list is by far not complete, the different items given being Jjust
examples. There are of course multiple (time and length) scales in any
two-species code, and in cases where electromagnetic and electrostatic
effects are treated simultaneously. The emphasis in category a) is on
computations where either these scales are largely different,for instance if

a large mass ratic is required, or where a whole variety of different scales
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appear explicitely.

If the meshsize Ax of the grid is made smaller than AD’ discreteness
effects appear in the particle model, and in 3D, PIC reliably describes
physical binary collisions. This can be used to study collision dominated
transport processes, which corresponds to solving the Boltzmann equation
in a stable plasma. The most interesting results on cross-field plasma

L)

diffusion were reported in the preceding talk by Dr.Taylor. So we will
not touch the last topic c¢) here. We primarily discuss some results on
turbulent heating and on magnetic collisionless shock waves, and then
briefly survey progress in simulation of electromagnetic and radiation

phencomena.

Electrostatic instabilities excited by an electric current in a plasma are
well sultable for investigation by particle simulation. Since typical wave-
lenths are much shorter than any macroscopic plasma scale, these processes
may be regarded as guasilocal and the assumption of a homogeneous system is
a good approximation. First simulastion results on turbulent heating were
presented at the Madison conference a year ago. We think that the situation
is scmewhat clearer now. The presenﬁ status of the simulation work on tur-
bulent resistance is as follows:
1) No external magnetic field, BO = O
In 1D no substantial resistance exists in the ion-sound regime v.<vVv
5)6)7) s
In 2D appreciable electrical resistance is found, which is caused by a
broad cone of unstable icn-sound waves. The numerical value of the
however, is still too small to ex-

eff?
plain the resistance in turbulent heating experimentsT).

effective collision frequency v

In 3D computations are just marginally possible. It has been found here,
that Verr is about 2-3 times larger than in 2 D, because of the more
rapid thermalization of electrons in & 3-dimensional turbulent fields).

This value comes closer to experimental observations.

In all these cases the formation of an electron tail in the distribution

fuction gradually reduces the resistance.

2) External field parallel to the current qu:
Ths is the usual situation in turbulent heating experiments.

Simulations in 2D show a resistance comparable to the one in unmagnetized
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plasmas for ﬁce/wpe < 1,and a much lower value when gce becomes
greater than wpe. No appreciable level of electron cyclotron oscillatiocns
is observed that could isotropize the electron distribution and thus en-
hance resistance. Thus if strong anomalous resistance is found in ex-
periments in the regime Rce/mpe > 1, it cannot be simply interpreted
in terms of ion-sound instability.

3)Magnetic field perpendicular to the current, Bjj:
Electron runaway 1s prevented, when the current is flowing perpendicularly
to B, which is the case in high -f configurations such as shock waves and
magnetic sheaths. We want to treat +this case somewhat more in detail.
The discussion about the type of instability producing ancmalous
resistivity in collisionless shock waves was initiated by the experimental

9)

observations of Keilhacker and coworkers”'. These experiments seem to indi-
cate that the presence of anomalous resistance is not depending on a high
temperature ratio Te/Ti. Thus the usual ion-sound instability appeared to
be a somewhat doubtful candidate. The electron cyclotron drift instability
at first sight seems to solve the problem, since it predicts unstable wave
growth quite independently of Te/Ti' However, in a high density plasma,

Q << w__, this instability will saturate at very low fluctuation levels

ce pe
(Lampe et ale)

On the other hand computer simuletions show strong instability and efficient
electron heating in a parameter range where the usual two-stream instability

does not exist11)

. An intense discussion on this point came up. We believe

that these points are clarified by now and we want to describe briefly

the essential results of the j|B instability for emplitudes greater than the

saturation level of the electron cyclotron drift instability. The following

features have been found in the 1D case:

i) The instability threshold is not much different from that of the usual
two-stream instability, see Fig. 2, in contrast to the electron cyclotron
drift instability. The numerical simulations of Forslund,Morse and Niel~

1)

son1 reported at the Madison Conference had parameters just between

the two curves of Fig.Z2.

13:) Nevertheless ,the basic nonlinear mechanism suggested by Forslund, Morse
and Nielson is correct. In 1D electron heating occurs by a rather co-

herent process of trapped electron acceleration, and not by some

) and hence cannot explain the anomalous resistivity observed.
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stochastic (quasilinear) electron scattering . This is seen directly in
Fig.3. While the quantity W/nT = const, W = <E2>/8ﬂ,in the turbulent
phase, the thermal velocity and hence the effective collision frequency
increase linearily with time v < v = cht in contrast to the quasi-

the eff

linear prediction Yopp ™ W/nT = const.

iii) The electron temperature finally saturates (Fig.2c),when the drift

approaches a certain value v, . The theory of ion-sound instability predicts

ds

Noe, while the electron cyclotron instability predicts v, ~wv Qe/wpe

¥ ds "the

ds
(although the linear electron cyclotron instability does not play a role in
these cases, the strong dependence of the collision frequency on Qe may

suggest a dependence of the switch-off drift v._ on the magnetic field in

ds
the sense of the electron cyclotron drift instability threshold). Running

a number of computer experiments up to saturation of Te, we find that

Vas = 2 cg and that there is only very week dependence on B. If one assumes

the thickness A of a magnetic sheath to be determined by anomalous resistivi-
ty in the way that resistive magnetic field penetration occurs until the

current density approaches env we would obtain the usual A m(jwpi (for

ds’?
4 3 1 -
Be v 1),and not A %(c/mpe,(c/vth ) c/QCe (for Be v 1) as predicted pre

O).

e
viously on account the electron cyclotron drift instability1

In 2D the general behaviour is rather different from the 1D case., The
main result is that the strong coherent electron heating observed in the 1D
runs does not exist here, since a broad cone of modes leading to a short
correlation length effectively prevents longtime electron trapping. Fig.3
shows some results of a run with TeO/TiO=SO and mi/me = 1600. One finds,

that Vers reaches a maximum at about the same time as W/nT, and that after-

wards veff/(W/nT) becomes constant, indicating stochastic heating. The decay

of Vg after the maximum is a common feature of all 2D runs. It is roughly

ff

consistent with the following scaling:
P |

Veff pe 2

Vt.he

@ 2 5

Thus we find that the gross features of the development of the instability
in 2D may be described as an lon-sound instability with electron runaway
prevented by gyration. The strong trapped electron heating seems to be an

artefact of the 1D system. Nevertheless 1D simulations are useful, since
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they may give upper or lower bounds of certain quantities which cannot be
studied in 2D because of computer limitations. Thus, for example, the fact

that in 1D where magnetic effects are strongest, v, is found independent

ds
of B, suggest that this will also be the case in higher dimensions.

It seems that computer simulations have clarified the somewhat confused
theoretical situation. However, they can not fully explain Keilhacker's ex-
periments. It appears that to understand these high-f shock waves,additional
measurements of the local drift velocity especially at the upstream edge, of

possible magnetic.oscillations,and of the full ion distribution are required.

After describing the simulation results on turbulent resistivity especially
in collisionless shock waves, we briefly discuss some results about the
global structure of magnetic shock waves in the high Mach number range. Here
the mechanism of ion dissipation has been a major theoretical problem. The
question is: are there strong (electrostatic) beam instabilities between the
reflected ions and the upstream plasma or is ion thermalization due only to
gyration effects. To investigate this point one first omits the magnetic
force on the ions. In the case of shock waves propagating perpendicularly

3)

In the case of a wave propagating obliquely with respect to B, the whistler

s . ; . ; —_— s
to the magnetlc field one finds that there 1s no beam lnteraction »Fig. S5a.
precursor can trigger a nonlinear ion beam instability which leads to rapid
ion thermalization Fig.5b. In addition electrostatic subshocksare formed
giving rise to microturbulence which strongly enhances dissipation. These
computations have been performed with a two-species code including all

L)

electrostatic and electromagnetic length and time scales1 "

Finally we briefly touch recent developments in simulation of electromagnetic

properties of plasmas including radiation. An electromagnetic code has to

deal with a specific noise problem which does not arise in electrostatic codss.

Since in most cases of interest the radiation energy is much smaller than the
thermal energy, the plasma is in strong non-equilibrium with the radiaticn
field and collisions will tend to gradually build up radiation by brems-—
strahlung. This means that the thermal noise excited by collisions is not
constant but increases linearily with time, To reduce this noise production

is an important problem. Examples of good electromagnetic codes were given

15) 16)

by Morse and Nielson and Boris

. Interesting results have been obtained
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for instance by Morse and Nielson in the 2D simulation of the Weibel in-

stability15) and in describing the heating of the edge of a plasma pellet

by laser radiation. In the latter case strong collisionless absorption

was observed, leading to very high energy tails in the electron distribution,

a somewhat undesirable feature in the present laser fusion concept.

In conclusion we would like to say that computer simulations have

provided considerable insight into basic collective and collisional processes
in plasmas. They have enriched theoretical understanding by proceeding into
strongly nonlinear regimes where standard analytical methods are mostly in-
adequate. Topics not mentioned here,where computer simulations are and will
be very useful are problems of r.f.heating of plasmas and microinstabilities

in toroidal plasmas.
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

1

Coulomb cross section for finite size particles in 2D and 3D,

taken from Ref.3

Critical drift velocity for j}]B instability in 1D, as obtained
from simulations. The critical velocity for two-stream insta-

bility is given for comparison.

Computer run of the j|B instability in 1D: mi/me=1600, vd/v
/Tio = 2, The drift velocity v

theo=1’

'I'e0 q s kept constant during the

computatuion.W = <%2>/8ﬂ. 2 Jw = 0.0k
ce’ “pe
Computer run of the j|B instability in 2D: mi/me=1600,vd/v

theo=1’
TeO/TiO=SO 5 ch/mpe = 0.0L.

Magnetic collisionless shock waves, propagating from right to
left. The ions are not magnetized. Plots of ion phase space,
total magnetic field and electric potential. a) Perpendicular

propagation; b) obligue propagation 6 = L5°,
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ANOMALOUS RESISTIVITY IN PLASMA
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ABSTRACT

The critical discussion of present state understanding of
anomalous resistivity problem is given. Different types of
instabilities, invoked in the problem, and their non-linsar saturation

are considered.
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I - TNYRODUCTION.

[List of essentisl insztabilities - Canservation _squaticns for

perticle-wave interaction).

An ancmalcus rceslstivity sppeers, when the elecltric currsnt in
T

plasma exzeds soms critizal v

=
(0]
=
.

ue = 3 ¥ 3

ol

.s2 of anomaly

can be intevprited as a result of ssome of instabilities, leading

to an acdditional loss of momenta by electrons due to the coherent
radiation of a

nlasma instebilities is given, whose participation in anomalous
resistivity is suspected. It is completely adequate to the problem

ec
to divide all pnssible cases into two groups :

I - D.C. currents

IT - A:C. ecurrents

E--'
0
c

As it is seen from the table I, D0.C. currents instebilitis
can bz generated in A.C. situation, if charachteristic time scale
for an aeppropriate instability is much shalier, then A.C. period,
But besides them in A.C. situation another instabilities znhould

be considarad.

You can see here all familiar instabiliities. Buneinan instability
is esscential only for very high relative drift of electrons tiwwough
ions V27Vih , and is believed to evolve eventually into ion-
acoustic one. This last one represents the object of the most lLitense

and hard attack by experimentalists and theorists.

Magnetic field usually [°1{<G’] does not change these modes
gsignificantly, but brings new modoz. As an old example, the
Crummnond-Rosenbluth mode could be mentionad (2), .It is comparitively
slow growing mwocde and, probably, is easy saturated by simple
auasilinear platesu effect. In contrast to this instability,
inherent to the currents along ﬁz , the so called modified

Runeman instability is dr ven by perpendicular currant (3).

ppropriate waves(1),In ihe teble I the list of differant




This mode allows also generalisation to kinetic resonant type (4) and
dissipative one. The latter is believed to plsy an important role

in ionospheric phenomenas. These instabilitiss have very small

growth rate, but also a low threshold j .
=C

As a last example of D.C. current instabilities we have to
discuss current driven Bernstein modss. These modes are driven
with very high growth rate by perpendicular currents. But the
net result of it does not look very impressive, probably because

of quite sensitive resonant features (w = an].

A.C. currents in addition to all already mentioned instabilities
can generate specific modes, inherent to regular periodicity in
driving current. These are so called "oscillating beam” instabilities
with considerably hightiresholds, and parametric instabilities

with surprisingly low thresholds and therefore with more importance.

Most of these instabilities, though having different origin,
lead to guite general Tormulas for their net effect on anomalous
resigtivity, based on momenta =nd energy exchanges betvieen electron-

and waves.

It is convenient to start with definition of electric

conductivity
Nez
g = —
mv
where v - collision freguency of electraons in respect to the loss

of momenta. In unstable situation, when electrons generate the
waves, an anomalous transfer of momenta is taking place (i.e. to
collective modes, involving ions,from electrons). To get an
impression of v
g Zeff
momenta of a system, containing electrons and wavee (5,6). In the case

is sufficient to apply the conservation of net

of D C. current this momenta eventually goes to ions. So it is
reasonable to leave the discussion of at least some A.C. situations

for the last moment . The loss of momenta per unit time is

107
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mNV Vogp = F F (1a)

where F - collectivedrag force due to waves. If waves with spectral

energy density W,_ are generated, F is proportional to :

K, 3

wk [2w)3

Kk

here Yi - ihe contribution of electrons to imagzinary part of
frequency, Kj - projection of wave vector on j (electric current).

Thus we hava {(5,6) :

R (2)

If we would have in mind that YE should be understood in
quasilinear sense, the whole problem is reduced to the finding
of waves spectra Hk . The formula (2) can be derived also from

the guasilinear theory.

If plasma resistivity is anomalous, the Joule's heating of

plasma is anomalous :

Such a heating (which often is called "turbulent”) would heat
the plasma species (ions and electrons) at different rate,
generally speaking. As a rule, the electrons are heated faster
then ions. We can see why, using following arguments. The power

of friction force is an energy, dissipated in plasma per 1 -sec.

-] v B 1 -2 =
R = VF mNV veff
3 - =
d"K .V
=7 P\3 Yi W &J"]‘ (3)
(27) k

In a steady state, which is reached when nonlinear effects
saturate instability, the momenta of waves (and therefore their
energy) must be absorbed by ions. Hence in a state of nonlinear
saturation lons would absorb the energy of waves at the same rate

as electrons would generate it i
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dSK

Y20y =
(2m)

K
As a result the rate of ions heating is :

de,

i = e
7 i3 '\ W

- (4)

4 [2ﬂ)3

Now from equations (3) and (4) we cbtain

die ve,) £ y2w KV 43
gy 1 K Kk k
Uy ryew ak a
T "k
diee+e.)
(there we used @ = —— J. For an estimation by the order of

magnitude is sufficient to put :

(KV) 3, . <K>eV e 3
K ‘TdK <wk>>fYKWde (6)

B
J Yy W

whers <K> | <wk> - average wave number and frequency, representative

of the spectra. Thus we have :

dee ".K _

5E = 1 (73

This formula, as it written here, does not depend on
specification of unstable mode, and therefore has universal
character. For a majority of modes eq. (7) indeed leads to a
prodominant heating of electrons, since X usually >> 1 (Buneman,

m/K
or ion ecoustic, for example).

For this latter examples time expression (2) can be reduced
to a more conclusive form. The main contribution ot integral in

(2) comes from wave numbers, corresponding to the highest growth
=]

rate, so K £ PD

v

Substituting yi = wp U s

—

we obtain =

v N (8)

W
|
eff p RTB




Similar estimate is often used, when quick answer is needed.
In conclusion of this chapter we can stress again, that the

main preblem is in finding W .

IT -~ THE STATUS OF TON ACOUSTIC TURBULENT RESISTIVITY

Ion wave turbulence was especially promising, since it can be
qualified as a weak turbulence. But after a decade we are still
far from complete understanding. At the limit of sufficiently
high electric fields instability can rot be saturated by
gquasilinear effects and nonlinear mode-mode coupling should be
taken into account. B. Kadomtsev in a wellknown work (1),

considered induced scattering of ion waves on ions

(w, = w, = |K, = K,|.V,) as a dominant mechanism of nonlinear
1 2 1 2F i
saturation. Kadomtsev's spectra
e .-3
W K~ 1n K (9)

represents approximate solution for low wave numbers KrD << 1.
Therefore we must confess, that an enthusiasm of soeme authors,
who claim to confirm spectra (9) at KrD% 0.5, is too naive.
The spectra (9) results in an often cited -formula for anowalous
resistivity
b
=2 V e
\)E‘F'F 10 RD E‘_:i:.— (10)
s i
_ But still it has to be confirmed by experiments, where
T
%— and ‘? dependences would be deciphered.
s i

K d3K is divergent as

log K , and needs in cut off at small K. However, momentum loss
mmin ol

The full energy in spectra (9) JfW

(equation (2) for v ) is convergent. So we should’'nt worry

eff
about this unprincipal divergence.

Induced scattering on ions, of course, goes with small factor
T3
N'?“ , since it has to do with ions thermal motion. Therefore some
e
investigators made an attempt to find a stronger nonlinear

saturation effects.




Making routine weak turbulence expansion some authors have got a very
B (=}

strong nonlinear effect in electron contribution (essentially
for the beats w,+ w_ = (K _+K_JV ). Nonlinzar saturation lsvel

- 1 2 17 2 & "
for W due to this mechanism would be almost T times smaller. But
detailed analysis has shown that such elsctron resonances do not
play a role because of nonlinear broadening (7).

S0 Lhis question is completzly settled now.

All mentioned above about ion sound relates to sufficiently

high electric fields

3 1/4
g e AL g e
e p s
e i 1 . .
when Yio >> Vi (linsar damping by ions).

If it is not so, electric field is not strong genough to drive

electrons up to high G, so that Yi would be insignificant. Morecver
we could expect an opposite situation with electrons U almost at
the thresihold of instability. Such a case was considered in

a nuimber of papers (8) . The most complicate guestion lies
in the great sensitiveness of threshold Vc on the form of distribw.-
tion functicn for resonant ions, so to speak, from the far tail

of lon distribution. Even if it was given at t = 0 and was, for
example, maxwellian, it would be completely distorted after a while,
because only a small fraction (resonant ions) would interact with
waves. So the main difficult point is to know the evolution of

ions distribution.Two approaches were tried till now. One is by
reporter and coauthors (8) . They used an intuitive idea,
that long-time behaviour of plasma in a regime of anomalcus
conductivity would lead to an establishing of self-similarity, for
example, in a shgpe of distribution Ffunction. [%J1/4 amount of

ions in this case were always resonant getting thermal energy ~ T8
M,1/4 g )
'H] . Data on resistive

collisionless shock fine structure AL H are in preliminary

and keeping threshold on V ~ Cs[

agreement with this results. In numerical simulation works (14) the

nonlinear trapping of ions by waves was reported to give a
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a saturation Tor ion sound instebility. T think it is essentially
similar phanomena, hesides the fact, thal more harmonics are
nseded in nuimsrical plasmas to get an overlapping of ions trapped

oy different waves.

Thus, more work is neaded in interaction of ions with ions

sound turbulence

One of the most crucial problems in ancmalous resistivity
is an elzctron interaction with ien sound waves. Velocity dependence
N %3 of electrons -scattering on lon waves remind the situation
with Lorenz gas, with the electrons eventually going to "runaway"

. Would it lead to eventual increase of V ?

Of course it is not related to the currents H. But for the
currents to the very strong magnetic field it is certainly
the big problem. Yet is was impossible to avoid runaway in a
theoretical model withoul speculations about new modes of
instabilities or "macroparticles” (bunches) . Of course
in many real experimental situations, this runaway may not be
raached because of finitness of time, or due to the predominant

loss of runaway electrons.

ITI - MAGNETIC D,C. CURRENT MODES

Modified Buneman instability is described by dispersion

equation :

= Z 0l 2
wp Qg wp K™ 7 K
1 + —--é- == —--2- - 2 2 2 = U (11]
= KMl v
Wn w (w- K.V)™=K e
It gives the growth rate :
142
Y [wH szHJ 112)
V
at KPH A , K oK v
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The formula (7) has a meaning if V »>> VT « The opposite limit
i
is often called "an electron sound”. If mp>> mH the corresponding

to it growth rate is

Y L [(A) - KV) {13]
| S,
1

Both limiting cases lead to a much smaller srowth rate then
ion scund instability. Thersefore they may contribute to veff 4
generally speaking, only if ion sound turbulence is absent.
Instabilities (12) and (13) cannot be gualified as leading to weak
turbulence. So it is difficult to expect to get more then rough

estimation of corresponding - [strong turbulence type estimate).

eff
As usual we will put in nonlinear saturation regime typical linear
and nonlinear terms in appropriate equations for the problem.
Modified Buneman mode is described in fluid medel. Therefore, let

a\/
us compare - and (VV)V in equalion for electron fluid (8)

We obtain

KV v K& T$
Ha
or 7 Z
Ne |¢k| 2
— v m N VT (Kr, v 1) (14)
2Te Ha

But equation (14) gives the estimate for energy in turhulence,

and with the use of equation (2 ) we are getting (6)
V oon Vo v, (15)
v

From the expressiocn (7 ) we can also obtain the ratio of

electron to ion heating

T pa—
_amv_\f_
Ti Ti

The last example of D.C current instabilities is current driven

Bernstein mode instability.
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High fregusncy electron oscillations w lmH (K H ) are
sgen by ions as w’ = le - KV Qp and hence represent mixad

gloctron-ian modes.

Growth rate is quite high

'Y n, 0) -.-.-\{...-.
HV ?
Te
but . small nnnlinearity, developing as result of an instability

is sufficient to smear out Bernstein resonances. So the net result

is small (9)

I do not believe that such a resistivity was already observed.

IV - A.C. CURRENT INSTABILITIES

As it was mentioned any D.C. current mode could in principlas
ke excited by A.C. current. Besides V > Vc it is necessary to

fullfill the condition :

g )

—]-a

where vy - D.C. growth rate, T - A.C. period. In the right side
of (16) in fact, enters a factor, accounting for initial fluctuatiom
amplitude (noise). If there was thermal equilibria at t = 0, this

factor may be the same order of magnitude as Coulomb Log.

Specific oscillatory instabilities are representing the
eigenmodes for plasma with A.C. current. So they don't nsed such
criterid » The most important class of such eigenmodes is
parametric instabilities. Suppose in plasma there is A.C. electric
field :

EcJ sin(mut = KUrJ 5

which we would relate to so called "pump wave”". Plasma as an any

vWave media can be considered as an ansamble of cscillators-waves.

=




Nonlinegarity of plasma equations couples this waves to a "pump”
in a paremetric way. The situation is analogous to a parametrically
coupled system of oscillatory in classical mechanices. This znzlogy
leeds to Mathieau-type zones in the frequency-amplitude (of oump

wave) plane_ (G).

Condition of parametric instability is resonance (1st zone)

w =@, + oW (17)

K =K, *K (18)

oyl > ol fu, )

between "pump” wave and perturbation waves w, and W, is similar
to kinematics of decay processes. This is why in original papar

it was called "decay” instability (10). This width of the Mathieau
zones

Aw = w - w, -w
(y - growth rate of instability).

The first example of such an instability was a decay of "pump”

wave with g mp into m1 - electron plasma wave + m2 - lon ecoustic
wave. Corresponding growth rate is (10, 1) :
cng eyt
¥y g v
e
where Vv = BEy
M
0

When ED is becoming comparable or greater then ~

o Te m,1/4
-(ﬁﬂ

e

the width of the main Mathieau zone is becoming > w so another

2J
approach is needed (11). The parametric instability has a threshold,

if Wy and w, have a damping. It is ssen from expression for growth
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rate (12)

Y= - [ - = 1] (19)

[ve - damping in w, » v = in m2]

This formula from linear theory of instability could help

with a quick answer to the question of v which would be a

eff ’ n
result of instability on "pump wave”. Namely, we could expect

that in nonlinear saturation state veff of electrons is elevated

up to such a level, that

mp w, |ED|2
y v ( ) =———=11] = 0
2Ueff Vg 4ﬂNTe
it gives :
wp o ‘EDIZ ch)
Verfr T T2v_ ANy 20
) e

This is not a bad approximation for an early age of nonlinear

theory of parametric instabilities.

This paper could not pretend to give a comprehensive list of
references, since it was prepared for an oral presentation. Moreover,

a few referred articles contain most of necessary references.

In conclusion I would like to acknowledge the hospitaiity of
Prof. F. CAMBOU, the Director of Lannion Swnmer School on Cosmic

Physics, where this paper was written.
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List of plasma instabilities, involved in anomalous resistivity

I - D.C. CURRENT INSTABILITICS

Its threshold

Type of Frequency Growth rate
instability range
Bunzman .G > VTe i Q i Q
instability P P
: S v
Ion acoustic V > C < Q Y
S noop B VT
(Te 2= T4d e
Drummond- v s Es i RH - QH VV
- Rosenbluth [P
Modified n T, 5 o %:—??_
. E H H "H
Buneman inst.
= v
Bernstein modes V > VTi EmH Vo, v
e
IT - A.C. CURRENT INSTABILITIES
N 1
Any D.C. mode, if v >> —
T
Oscillating _
vV >V
beam type N Ty
Parametric Oepends on
damping ~ |V|

instabilities

UJG--—-)LUl + f.U2

V - matrix element
for 3-wave coup-
ling

-
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PROPERTIES OF SOME TYPES OF PLASMA SHOCK WAVES
E. Hintz

Institut filir Plasmaphysik der Kernforschungsanlage Jiilich GmbH
Assoziation EURATOM-KFA, Jllich, Germany

Abstract:

Shock relations for strong mhd-shock waves are summarized.
Generation of such shocks in the laboratory and their utilization
for plasma heating is discussed. Some results of experimental
studies on plasma heating by fast magnetic compression are
reported. The present status of theory with regard to the
steady state structure of plasma shock waves is described

for two special cases: a) collision-dominated shocks in a
magnetic~-field-free plasma, b) shocks in a plasma with

B<< 1 and Ou%e ?:'ei>5> 1. Experimental results on shock
structures are compared with theory. The significance of
these studies for the understanding of dissipative processes
in thermal and nonthermal plasmas is examined.

I. Introduction:

Plasma shock waves have been studied in order to improve our
basic understanding of physics and because there are important.
practical applications. In this talk we shall direct our
attention to both aspects but in particular to the latter one.
Shock waves have been used to compress and to heat plasmas
mainly in the various linear pinch experiments. Presently




120

several laboratories plan to use the existing knowledge and
experience on shock waves for heating plasmas in high-B-toroidal
confinement experiments. What are the main questions?

Apart from the question what temperatures can be achieved,

and how,one would like to know, in particular, what compression
ratio, i.e. what ratio of final to initial density and what
R-value can be obtained; both the compression ratio and the
B-value are important for the equilibrium and the stability
properties of the plasma. It is also of interest to know

the development of these quantities as a function of time.

Knowing what in principle can be achieved by shock waves,

the question arises under which conditions can the steady
state shocks be realized which are assumed to exist, when

the shock relations are derived. For this to answer we need

to know the shock structure, for example the width of the
various shock layers out of which the shock transition consists
and how the energy in the shocked gas is distributed among
electrons and ions.

A study of the structure of plasma shocks is of great interest
also from a basic physics point of view. It permits the
investigation of dissipation and relaxation processes in plasmas
which, depending on the shock strength, are removed from thermal
equilibrium by a variable amount. At small shock strength, when
shocks are laminar,we can examine the theory of transport
coefficients; at larger shock strength when microturbulence

may develop dissipation due to collective interaction, i.e.
anomalous transport can be studied.

In this talk it is not possible to present a complete survey
on the present state of knowledge on plasma shocks waves.
Only three areas shall be discussed:




a)

b)

c)

Ll

121

Heating and compression of low density, magnetic field

free plasmas in ©-pinches. This appears to be of great
interest for high-R-stellarators and for belt-pinches

(low density means in this context that the mean free path
of the imploding ions is of the order or larger than the
radius). For these experiments it is probably not justified
to assume that steady state shocks are formed. The free
particle model seems to be better suited to describe plasma
dynamics under these circumstances. We discuss these experiments
under the topic of this talk since it has become customary
to apply the term "shock heating".

e
Shocks in low-B-plasma with (,;%e‘ L eivﬁ? 1 and the direction
of propagation perpendicular to the magnetic field; for
simplicity we call these shocks resistive shocks.

Collision~dominated shocks in magnetic~field free plasmas
which we shall call viscous shocks. Viscous shocks might
be of interest in dense plasmas, e.g. in plasma focus
experiments and in laser induced plasmas.

Shock compression of plasmas in pinches

Let us first shortly review shock dynamics in pinches. In order

to

analyse the processes it is useful to make some simplifications.

First of all, instead of assuming the standard circular geometry

we

consider an elongated rectangular or elliptical cross-section;

this eliminates the cylindrical convergence problem. We can then

approximate the temporal development of the plasma by a sequence
of four steps, shown schematically in Fig. 1.

We start with a fully ionized plasma in thermal equilibrium.

By connecting a low inductance capacitor bank by means of
switches to a cylindrical, single turn coil a magnetic
field is switched on in the coil and an inward moving
shock is generated. Pressure equilibrium exists between
the pressure of the piston Bg/Bﬂ'and the pressure in the

m 2
shocked plasma n,kT,+ B, /87T .
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3. When the shock front arrives at the centre of the discharge
tube, the shock is reflected; the reflected shock moves
outwards bringing the plasma to rest, i.e. all flow energy
is converted into thermal energy.

4, When the reflected shock encounters the piston, the plasma
expands (n3 kT3;> B§/8ﬂ') until pressure equilibrium is
reached again.

5. A phase of adiabatic compression usually follows,it shall
not be discussed here.

For the following we assume the existence of steady state plane
shocks; the driving magnetic field shall be constant in time.
We consider only strong shocks, i.e. initial plasma pressure
and magnetic field pressure are negligible compared to the
pressure of the piston. One advantage of this approximation

is that the existence of a magnetic field in the plasma is of
no significance for the shock relations. Also - the shock
relations get very simple.

The following symbols will be used:

n = particle density B = BTTnK(Te+Ti)/B2

B = magnetic field T = temperature

u = flow velocity K = Boltzmann constant

R = plasma radius p = pressure

E = electric field L = coil inductance

C&ée = electron cyclotron frequency J = electric current

C“Le = electron plasma frequency V = bank voltage

The subscripts e, i, p, 1, 2 ... U4 denote electrons, ions, the
piston and the various states (1 ... 4) through which the plasma

passes, respectively (see also Fig. 1). f is the number of trans-
lational degrees of freedom of the particles.

Shock relations:

1. Initial state:

Ny, Tq, By
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Inward moving shock:

/n, 2 [

Wyt iy 1

/u2 = BE/B = f + 1; u_ = (f/f+1)u1;

P = (f/f+1)n1mi . u

2
2 2

y /[ 2 = (f/2)kT2

i.e. equipartition of energy takes place between flow

energy and thermal energy ;

= » 3\ 1.2, - z. = D
By =(20/(£+1)F)1E5 (£ = 33 By = S5 m

[h®]
=N
'

Reflected shock:

(f+2)/2

~
3
]

uB/u1 2/(f+1) n

f+ 3 i

~
3
1]

p3/p2 5 2(£+3)/(f+2)

Be = W((£43)/(£+2)°)R

3 2

RB/R1 = 2/ (f+2) (f+1); this expression shows that at
least collisional plasmas pass through a state of rather

high compression.

Equilibrium phase after expansion:

Instead of assuming an adiabatic expansion, as sometimes is
done, we let the plasma do mechanical work by displacing a
constant magnetic field B.

From energy conservation:

< - 2 2 5 P
ng R (£/2) kT; = ny Ry (£/2) kT, + (B/8T ) (Rj-R3)
TE _ 2-F (f+1) (£+2) (f+3) + 8
g (£+1) (£+2)°
ny (f+1)2 (f+2)3 . Loy
n, © 2T (f+1) (f+2) (f+3) + 8 ° (£ = 33 m 2.75)
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The expressions for Tu/'I'2 and nu/n1 become slightly modified
if we assume that in state 3 or 4 the plasma always passes

over into a two- or three-dimensional thermal equilibrium.

5. Adiabatic compression:

n T
paps 25 o B, 5 . .8
nu B T

The following considerations refer only to theta pinches.

For low inductance circuits it is appropriate to use an
electrical circuit equation of the form V = J-dL/dt; this can
be transformed into Ep & (1/c)'up-Bp. Together with

1]

2 ) 2 o
Py Bp/SF = (F¥1/78) nymiu; one obtains:

1/2 -1/1 -1/4
o = (e BDVE ((oen) /g (Brnymy)

u

Putting f =00 and f = 1 we obtain the well known snow plough
and free particle model results, respectively.

IIT. Experimental studies of plasma heating in fast theta pinches

We shall now turn our attention to the results of some experimental
investigations of the dynamic phase in low density, magnetic

field free theta-pinches /1/, /2/, /3/. We are mainly interested
in how the gquantities Ti,w? = g%, B and Te depend on the initial
density ny and the applied azimuthal electric field Ep. The
studies reported here were performed on a theta-pinch with a

coil of 80 em length and 40 cm diameter at initial electron

12 cmh3 and 1013 cmh3 and electric fields

densities between 10
between 400 V/em and 900 V/cm. The mean ion energy and the
compression ratio were measured as function of n, and Ep at
the instant of maximum compression, i.e. when R = R3' Fig. 2
and Fig. 3 show results /2/. The measured ion energy Vﬁ:-
scales as expected with n, and Ep and agrees in magnitude with

the values calculated by means of the free particle model, i.e.
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f = 1. The compression ratio has a value 422,10, as expected.
The ion energy was also measured at the time of maximum current
when pressure equilibrium exists /3/. In this case a scaling
W, A~ n~3/H

compression is followed by an adiabatic compression with f = 2.

was observed, (Fig. 4) as one expects if the shock

Measurements indicated that the electron temperature is large

in the current carrying sheath (2~ 1 keV), while on the axis

it is negligible compared to that of the ions ( € 50 eV); after a
transit phase Te seems to adjust itself in such a way that

energy transfer from the hot ions is balanced by thermal
conduction losses to the ends.

Under the given circumstances §+on the axis should be close

to one if magnetic field diffusion would be normal. This is

not the case. The high electron temperatures observed in the
current sheath do already indicate that the electrical
conductivity is anomalously low, probably as a result of
current driven instabilities. Current understanding of turbulent
resistivity suggests that the electron drift velocity must

not exceed the ion sound velocity for the sheath to become
stable, i.e. the width of the sheath should be of the order

c /Cdpg This was also confirmed by experiments. The condition

for achieving high B-values is then Rp? c /a)pi, or

2
-G | (PO T R - AW i
?g‘;) ! nel\—3 10 (& = NC £ N = R nei- Flg. 5

shows A on the axis as a function of the line density N; one

sees that B decreases drastically as N drops below Nc.

IV. Shock structures

a) Resistive shocks

For small shock strength £ = (u1 - u2)/2uS a rather complete
theory of the shock structure does exist /4/. An important
result is that the plasma in general behaves as a single

fluid; there is just one shock layer. Just as for a gas-

+E is defined using the external B-fleld
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dynamic shock the profile is given by: p - (p2 + pl)/2 =
(p2 - pi)/2 tanh (£€-x/L). In general L is a complicated

Ptei’ B etc. However,

function of plasma parameters C“%e
in certain regions of parameter space just one dissipation
mechanism prevails. For the parameter range discussed here
B£<1; (k%e Pfei>3*1; the shock structure is determined by
resistivity and L :’czlqrn4 u, = (02/ a)ge).‘Y;i/ui where
¢ is the velocity of light, & the electrical conductivity
and ;= 1/ T
Fig. 6 we show an observed magnetic field profile for a
resistive shock with & X 0.2 and for comparison the tanh-
profile; the agreement is quite good. In fig. 7 we have
plotted the measured width / = L/¢ against 1/¢ . One ob-
serves a linear dependence, as expected, and the slope of
the straight line is in agreement with theory /5/ within

the experimental errors (20 % ind , L; 15 % in 176 ).

the electron-ion-collision freaquency. In

The physical processes occurring in resistive shocks are
roughly as follows. The electron cyclotron radius is small
compared to the shock width. As an electron enters the shock
front the flow vector is turned around; the new direction of
electron flow is approximately that of the current; i.e.
perpendicular to the direction of the shock and that of the
magnetic field. The ion cyclotron radius, at least for not
too small / , is large compared to A4 ; the ion trajectories
are little influenced by the jump in B. As a result electrons
and ions are separated; a space charge field builds up which
decelerates the ions. If the plasma is cold (B<< 1) the only
relative motion between particles which permits dissipation
of flow energy is that between electrons and ions; the rate
at which energy is dissipated accordingly is jzlé .Above a
critical Alfven-Mach-number MA,C ~ 3 /6/, resistive dissipation
is no larger sufficient to provide the dissipation for the

shock to exist and viscous dissipation is required.
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With increasing £ the drift velocity v4 increases
e . e - “1/2 < 2

(vd/ve,th X e lei 5 Ek ) -

value and the ratio of Te/Ti and &ée/C°£e one expects that

the plasma state becomes unstable against one of the current-
driven electrostatic instabilities. As a result of the
instability, microturbulence develops. The amplitudes of the

Depending on the B/-

electrostatic fluctuations can become much larger than in
thermal equilibrium and accordingly the effective electron-
ion collision frequency may be strongly enhanced.

Writing the expression for ‘V;i as follows:

HV;i't‘ (n- }Ig)_l . Ck)pe + 1n(const. - n - ;lg)

we obtain with <'E‘,2> /L!H"nkTe = W and Wt
thermal plasmas:

L. \3
n o Q) for

~ const
v~ w., - W _.1n (=)
el th pe wth
In case of ion sound turbulence one expects “f;ff;: w'Ch%e;
i 3 = |rN-—/'\.rrmv
this leads to the relation {;ff/'V i h/Lth.

Let us now consider some of the experimental results /1/. Fig. 8
shows density and magnetic field profiles and Te ahead of and
behind the shock front for a shock wave in deuterium at M, = 2.,
Te and n_, were determined by means of laser light scattering.
In fig. 9 we present the measured intensity distributions of the
scattered laser line ahead of and behind the shock, which are
identical with the electron velocity distributions and from which

the initial and the final temperature were derived.

For the given conditions the energy balance equation for the
electrons can be written as

3/2 n u1k dTe/dx = -nkTe du/dx + j2/é

1
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Assuming a linear increase of the electron temperature in the
shock the measured B~ and n ~proflles suffice to calculate
the data we need in order to evaluate é} from the above equation.

In the following table we have summarized some of the data

characterizing the investigated shock front:

2 P = N o l,"\._. 3
/t.s . gei)l f;ff/ réi ee Lerr Va/Ve Te/Ti n’RD
2 107 15 0.17 ‘22 5.10"
i

Here ‘LS is the rise time of the shock, v, is the electron

d
drift, v, the electron thermal velocity, /iD is the Debye-

length.

From this data we can conclude: the shock is '"collision-free";
the plasma is magnetized although the turbulent resistivity

is three orders of magnitude larger than in a thermal plasma.

The data are consistent with the assumption that the enhanced
resistivity is the result of an ion sound turbulence. The
observation that the measured Te agrees with the value

calculated from the shock relations indicates that only electrons
are heated.

Further results on resistive shocks at different CtLeIL'ei'

and B-values are presented in /7/. In these experiments
“V;ff/ Y. is varied by almost three orders of magnitude.

el
We have compared the measured “Vdgg with the predictions by
Sagdeev /8/ (\f' =R ——) . (V_) . CUP;)and Krall and
UJ e
Liewer /9/ (_V_KL<: 1(——) #51( CE) 0Upe). The comparison is
p

visualized in fig.10. Concernlng the proposal by Sagdeev we
find good agreement with respect to the scaling of'\r;ff; this
is confirmed by measurements reported by J. Paul (the data
point marked with "Culham") /10/. There exists a discrepancy
of about a factor of 10 with regard to the absolute magnitude
of Wf;ff. In contrast, the theoretical predictions by Krall
and Liewer agree quite well with the measurements concerning
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the magnitude of ‘Y;ff, concerning the scaling the agreement
is not as good.

Working at rather low electron densities it was not possible
at Jiilich with existing light sources to do cooperative
scattering measurements and measure amplitude and spectrum

of the enhanced density fluctuations. This was, however, done
at Culham /11/ for low-B, resistive shocks at higher electron
densities.

Some important results shall be summarized here. The fluctuations
are more than two orders of magnitude above the thermal level.
The turbulence is strongly anisotropic: waves are observed only
in directions lying within an angle of 50 degrees with the
direction of the electric current. The k-spectrum has been
measured within a certain range of k-values and does agree with
the form of the spectrum calculated by Kadomtsev for ion sound
turbulence. For a given ko a scattered line is observed with a
frequency shift Caé such that the pair of values CL%, k fits
the ion wave dispersion relation. The measured effective collision
freouency agrees auite well with that calculated by means of a
stochastic theory using the measured fluctuation spectrum.

Although most of the existing evidence suggests that the observed
turbulence is the result of ion-sound instabilities some obser-
vations cannot be explained by this proposition and it cannot

be excluded that other types of instabilities /9/, /12/ are

responsible for the observed enhanced resistivity.

b) Viscous shocks

We shall now discuss shocks in a collision-dominated plasma,
containing no magnetic field and with the ion-ion mean free
path large compared to the Debye length, but small compared
to the spatial extension ©f the shock. The fluid consisting
of two gases with strongly different masses which are closely
coupled by the Coulomb forces, three transport processes are
of interest for which the following characteristic length

scales exist:
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CONTATNMENT AND RF HEATING STUDIES IN
THE PROTO-CLEO STELLARATOR

by
D.J. Lees, W. Millar, R.A.E. Bolton, G. Cattanei” & P.L. Plinate #

(UKAEA Research Group, Culham Laboratory, Abingdon, Berks., U.K.)
Abstract: Experiments are described, using the £ =2 and 4 =3
helical windings, in which the containment of plasma injected
into the two systems is compared, both with each other and with
the predictions of neo-classical theory. Transit time magnetic
pumping (TTMP) has been attempted on the {4 =2 system. The
chief effect is a large reduction in confinement time, although
some heating is observed. Experimental results concerning the

increased plasma loss rate are given.

i 9 Apparatus and Diagnhostics

The £ =3 helical winding[l] used for these comparison mea-
surements has 7 field periods, a major radius of 40 cm and a
minor radius of 9 cm. The £ =2 winding has 6 field periods
with the same major radius but a minor radius of 9.3 cm. The
current in the windings is adjusted to give approximately the
same plasma radius namely approximately 5 cm. For the purpose
of magnetic pumping, 14 circular coils are disposed around the
torus, each of radius 22 cm and having three turns of 6.5 mm
copper tubing. The coils are in vertical planes, with their
centres on the minor axis of the torus, and lie outside the
helical windings but inside the vacuum vessel. The copper tub-
ing was covered with Kaptan insulation to give some protection
against possible flash-over. The coils are energised from a
60-180 kHz oscillator, in such a way as to add to the guasi-
steady ¢ field, of amplitude B,, a small field given on the
minor axis by bBgsinwtsinkgR in the same direction, where
the modulation factor b is variable from O to 5%.

The frequency and wave-number were chosen for optimum heat-
ing, i.e. wave velocity ~ion thermal velocity, with a hydrogen

ion temperature of 10 eV, although the resonance is very broad.
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The expected e-folding time for Tj increase[z], in the absence
of competing mechanisms, is approximately lmsec for b=5%, and
varies as b~=2. The critical density, below which heating be-
comes less effective, is about 2x 10*'em™® for b=5%, and varies
as 'b% .

Plasma density is measured by a 20 GHz microwave interfero-
meter[l:| and also with a double probe[l]. Electron temperature
is measured by a time-swept double probe[l:I and for £ =3 by a
conductivity method[3]. Ion temperature is measured with a
multi-gridded analyser[4] situated just outside the separatrix
Measurements of neutral background show that since Tg~4eV the

error in containment time due to recycling is considerably less

than 10%.

II. Scaling Laws for Containment

Fig.l shows graphs in which the particle containment time
7, hormalized to that for a collisional toroidal plasma Tps »
is plotted as a function of the ratio of connection length to
electron-ion mean free path. The full line on the figure is the
prediction of neo-classical theory for a similar axi-symmetric
system taking into account the fact that the condition pif/rp<1l
is not fulfilled [pif is the gyro radius in the poloidal field

and r, is the density gradient scale length]. The experimental
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Fig.1 Normalized particle containment time as a function
of the ratio of connection length to electron-icn mean free
path for (a) £= 3 and (b) £= 2 experiments.
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points shown on the curve take account of the measured 7, Tg, T;
and n. It is seen that for both £ =2 and 4=3 there is
reasonable agreement with neo-classical theory within the experi-
mental error, except at lower densities in 4 =3 where localized
particle effects could be important. There are no results for

£ =2 1in a comparable region of density.

III. Fluctuation Measurements

Correlated values of n, EB’ E& and ‘GE have been measured

as a function of radius in

<10 Blers
o - the minor cross section. The
‘I'To - . i . .
éfq\x results are shown in Fig.2.
L 1 1 Iy 1 1 L L 1 ]

It is seen that for both 4 =2

and £ =3 there is a peak of

Eg and n in the region of

decreasing density at the edge

Ee of the plasma (note that the
Ol o1}
wmorfy/x\kw ¢%m3mfxﬁuf“%p hole in the centre of n(r) is
o ' ' L J L 1 e l J

2 4m -5 o s possibly a probe effect).
v 9 o Measurements of the instanta-
(Volts)
= ! neous cross correlation
cm

(EG(T)H(T)) averaged over
time have been made in each

case. The results are as fol-

(a) (b) lows for the radii at which

Fig.2 Radial profiles of fluctuation measured in fluctuation is a maximum:-

(a) £=3 and (b) £=2 experiments. £ =3 Eg 0.10 V/cm

1l

r=3.0cm H/no = 0.036

(Note r is distance from centre of minor cross section)

1 =2 coefficient g = 0.05
r=+1.5cm ﬁe = 0.069 V/cm r=-4.5 Ee = 0.024 V/cm
n/n, = 0.048 n/n, = 0.016
a = 0.154 a = 0.15

(Note: There is a large shot-shot variation of fluctuation

level.) From these can be evaluated a radial flux <E8H> Bél
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and assuming that these measurements average around a magnetic
surface a containment time. The times so calculated are 0.4 sec
(4=3) and 0.l1l5sec (L =2) (compared with a measured ~ 5 msec)

i.e. too long to explain the observed loss.

IV. Density and Potential Contours

In order to assess the importance of convection as a mecha-
nism for plasma loss it is necessary to measure the surfaces of
constant density and potentia1[5]. It is known that no strong
temperature variation exists and thus contours of floating poten-
tial are expected tm3 — g
to be equivalent to N T2 Vorete st
plasma potential |

surfaces. For both

cases it is found

that in the outer

—-— Magnetic

regions of the et
plasma the n and (a)€=3 (b) £=2
Vf surfaces are Fig.3 Contours of density and floating potential
i ) superposed on a magnetic surface for (a) £=3
nearly coincident and (b) £=2 experiments,

with no evidence

of displacement. In the inner regions there are some non-
symmetric effects which may be due to the probe or to the filling
mechanism. For 4 =3 these regions have little effect on diffu-
sion since here <{ 1is small and thus D, large anyway. Fig.3
indicates typical contours of n and Vg compared with a com-
puted magnetic surface for both £ =2 and 4 =3 experiments,

with the errors of the experiment indicated. Assuming that the
Vg contour is orthogonal to the electric field direction a
diffusion flux can in principle be calculated. The errors inhe-
rent in the measurement are so large that the results are not
meaningful (in particular the fact that Vg is measured and not
Vp)
because of the good agreement between the contours of n, Vg

and thus it is only possible to state qualitatively that

and the magnetic surfaces, that we believe convection not to play
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an important part in plasma loss. It should be noted in parti-
cular that the errors are too large to resolve the small charge
separation potentials given by neo-classical theory for the

plateau region.

V. Discussion of Containment Results

The results so far obtained from 4 =2 show that the plasma
behaves similarly to 4 =3. It should be noted that in the
absence of a limiter there is considerable shear at the separa-'
trix for £ =2, comparable with that for £ =3 . This may account
for the absence of any broad resonances found in other experi-

ments(6:7] at integral values of t.

In both cases there are fluctuations of n and E centred
mainly on the region of steep density gradient. If wave-
numbers k, and k; are inferred from V¢ and E then we see
that %k, ~kj~lecm™ . This is not in accord with an interpre-
tation of the fluctuations as drift waves, in which the fastest
growing mode has k, aj=1 and k| <k, . It is seen that the
inferred fluctuation flux if averaged around a magnetic surface

is too small to account for the observed plasma loss.

There appears for both £ =3 and 4 =2 to be good agreement
both in magnitude and scaling of particle containment time with
neo-classical theory. In the presence of such good agreement it
is appropriate to seek some definitive experiment as independent
confirmation that plasma is in fact being lost solely by colli-
sions. One such experiment is to determine the existence of
the diffusion-driven current. The magnitude of this current has
been given in the plateau regime for an axisymmetric system by
Galeev[8]) and it is now believed that the current should actually
exist in stellerator geometry[gj. A search has been made for
this current using the 4 =3 system by two methods, (1) Rogowsky
coil, (2) using the helical winding as the secondary of an air
cored transformer with the current carrying plasma as the
primary. The limit of measurement is about 50 times less than

the current expected theoretically, but no signal can be detected
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which is attributable to the diffusion-driven current. It is
thought this may be due to the fact that the diffusion is an
equilibrium phenomenon and since 7T1;; 1s approximately equal
to the containment time, equilibrium may not be established on
the time scale of the experiment. In the absence of any cogent
reason for the lack of diffusion-driven current, there must
remain a few doubts that collisional diffusion is the sole source

of plasma loss in this experiment.

In this respect it has been suggested recently that for a

toroidal system the outward plasma flux due to fluctuations is

. ~ =1 ot e -1 . z
given by ~<Emr1> Bg rather than (Egn) Bcp - Since By <By
and ﬁéque this greatly increases the importance of fluctua-

tion in our experiments. More detailed correlation measurements

are necessary to resolve this point.

VI. The Effect of Applving TTMP

When the TTMP coils are energised, the dominant effect is
a serious reduction in confinement time. Some plasma heating is
observed, but it is not very significant in view of the large
decrease in density. The reason for the increased loss rate is
not clear at present, but the experimental results to be des-
cribed may help in finding an explanation. In this series of
experiments a number of different plasma guns were used, giving
a range of initial densities and a variation in the number of
neutral particles produced, which in turn affect T; and Te and
the natural cooling rate. Thus although conditions were approxi-
mately the same within each experiment, it should not be assumed
that they were so throughout the series. The toroidal confining

field Bm was 3 kG in all cases.

Figure 4 shows typical density decay curves, with and with-
out the heating pulse of 1.3% modulation. Each curve is the
interferometer trace of a single shot. The initial density was
5x 10** cm™®. The enhanced plasma loss is clearly seen. Fig.5
shows the time variation of electron temperature, with and with-

out the RF pulse. These results were put together from many
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IOIO 1 1 1 1 1 L

= A | 1 ]

] 2 3 4 5 6 7 (ws) O ] 2 3 4
Fig.4 Decay of density without and with
magnetic field modulation of 1.3%.

The RTI envelope is shown.

Fig.5 Electron temperature without and
with1.5¢% modulation. Ringed numbers are
density. The RF envelope is shown

shots, and the error bars show the effect of shot-to-shot varia-
tions. Note that here the duration of the RF pulse is the same
in each case, and that measurements are made at various times
after the end of, but not during, the RF pulse. Approximate

electron density values are marked at three points on the figure.

VII. The Enhanced Decay Rate

The following parameters were varied in order to study the
effect on plasma loss rate: initial density, modulation ampli-
tude and frequency, plasma gun loading gas u% or DE), phase
of RF coil current. The enhancement of decay rate was found
to be almost independent of initial density, over the range

5x 102 to 5 x 10** cm™3.

The affects of varying most of the other parameters is
shown in Fig.6. Here the loss rate 1/7, where 71 is the time
for the density to decay by a factor 1/e, is plotted against
the RF coil voltage, which is proportional to the vacuum
electric field at all frequencies. We notice the following

properties of these results:
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(a) The decay rate

e H; { =125kHz inphase
varies linearly % x Hy f =125 kHz
'/'r1 ® D =287 kHz | anti=
4 . (ms) 4 D =62 kHz | -phase
with the modulation 3 . S B e
. L + D = 125 kH.
amplitude over at " i o
least one decade. 2 .
. GP , _
: o} o
(b) The decay rate * " g
x X E‘ +
with H, in the gun | ail * .
; : es wa fo &
is not very differ- oy xpu 8
A
. X ;
ent from that with o X coil volts
1 1 |
00 100 200 300 4(1}0 5(I}0 b\!)[)
D,. A mass spectro-
Fig.6 Inverse of density confinement time, as a function
meter was used to of RF voltage. The modulation factors (ringed) are for
a frequency of 122 kHz, and vary as 1/frequency. The
show that the voltage shown is peak value, from either side of the

balanced 3-turn coil to the vacuum vessel
plasma from the gun

was predominantly D2 in the latter case.

(c) The decay, over the range of frequencies and amplitudes
used, is proportional to coil voltage and hence to plasma
electric field, if the latter is assumed to have the same

geometrical form in each case.

(d) Whatever the loss enhancement mechanism may be, it does
not seem to require the modulation to have a spatial variation.
Indeed we cannot say that we have found any effects strongly
dependent on the phase of the RF coil currents. It should be
pointed out however that wave-like effects may still be present,
because of the spatial variation in the confining stellarator

field.

The effect of varying the helical winding current, and
hence the rotational transform, is shown in Fig.7. The loss
rate is increased by RF roughly in the same ratio for all
values of the helical current, including zero. But we must
explain the long confinement with zero helical current and
zero RF , before we can draw conclusions about whether the RF

pump-out is an effect specific to stellarators.




143

In order to test

whether the TTMP field might r
be affecting the magnetic
surfaces, a quasi-steady modu-
lation of 2.5% was applied;

no change in confinement time )

was observed whether the

\wiThouT RF
coils were connected in the

same or in alternate direc- (;B
tions. This result is in
accordance with computer pre-
dictions, where such pertur-
bations were found to have
negligible. effeckt oh the ¢

magnetic surfaces.

A double Langmuir 0 05 — |
ifio
Fig.7 Confinement time as function of helical winding

c current., i_ 1s the optimum current used in the other
the electron dens:.ty pro-= experiments. In this case there was a probe placed in
the plasma, so the confinement was not as good as usunal.

probe was used to examine

file as a function of plasma

radius. It was found that the application of TTMP did not
appreciably alter the shape of the profile; that is, the
density decayed at almost the same rate everywhere. One
interesting result that was found with the probe was the exis-
tence during the TTMP pulse of a substantial non-oscillatory
local electric field in the ¢ direction. The field was
roughly proportional to b, and with a modulation factor of
0.6% (coils in phase) it amounted to about 10 V/cm at 2.5 cm
from the mirror axis, and was zero on it. It was found that
the field reversed in direction on changing the polarites of
the mean potential of the helical winding with respect to the

vacuum vessel.

When the coils were open-circuit and an RF voltage,

equal to that which would be used between each end of the
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balanced coil and earth for 5% field modulation, was applied
between the coils and the vacuum vessel, a pump-out effect was
produced. The decay time fell from 4.7 msec without RF to
1.7 msec with RF . Although this is a substantial effect which
calls for explanation, it is an order of magnitude down on the

field modulation effect.

VIII. Measurements of Ion Temperature

Using the ion energy analyser, we have measured ion energies
shortly before and shortly after the RF pulse. The analyser
yields a current-voltage characteristic which has an exponential
tail over a decade or so, and we define 'temperature' from the
voltage change required for an e-fold decrease in current.
Although by RF we have never produced a final temperature higher
than the initial one, we have always found that the final ion
temperature is higher than it is after the same lapse of time in
shots under the same plasma conditions but without RF . We have
found this over a wide range of plasma conditions, and with
alternate coils connected either in phase or in anti-phase. For
example with 1.5% modulation, and a pulse width of 1 msec, we
find T; dinitial 12eV, T; final 4eV with RF and 3 eV without,
Although the amount of effective plasma heating which this repre-
sents is not inconsistent with TTMP theory (except perhaps in
the in-phase case), we do not attach much importance to the re-
sult because of the large decrease in density over the time of

the pulse.

We have also attempted to measure T; during the RF
pulse. The resultant signal always contains a long RF compo-
nent of a certain waveform, which is not instrumental in origin.
The shape of the waveform is consistent with the assumption that
there is an RF electron field between the plasma and the analy-
ser. If we so interpret the analyser signal, then we can
define a temperature from the exponential curve which can be
drawn through the minima of the signal waveform. When this is

done we obtain surprisingly large values, greatly in excess of
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+he measured Ti taken

shortly after the Bl
pulse when there is no T apparent . *
RF component in the ' -
analyser signal. Some  Io- a’
(V) & o
results of this kind x

are shown in Fig.8. We

Pogy
(=]

X 075ms

deduce that during the & Gus
A 2ms
RF pulse the analyser

is receiving mainly

E
B =

(=]

| |
0 100 200 300 400 500

Coil Voltage (each side)

ions which are not

representatives of the Fig.8 Apparent ion temperatures at various times during
the RF probe, as a function of coil voltage. Loading

whole plasma. If how- is H,, f = 122Idz, coils in anti-phase

ever this way of
interpreting the signal is correct, the fact that such energetic
ions are produced may well be associated with the pump-out

mechanism.

Conclusions

(1) We have compared the containment properties of similar 4 =2
and {4 =3 stellarators and concluded that, from the evidence we
have, they are the same. From the practical point of view,
therefore, £ =2 shows a distinct advantage, since for the same
plasma size and B_ field the current in the helical conductors

is lower than in 4 =3 .

(2) In both cases fluctuations and convection are inadeqguate
to explain the observed loss and the magnitude of this is com-

parable with that expected by neo-classical theory.

(3) No detectable diffusion-driven current exists in the 4 =3
system.
(4) TTMP produces an unacceptable plasma loss, at least in

£ =2 stellarators.

(5) An explanation is required for the loss mechanism. It is
associated with RF electric fields but not with break-up of the

magnetic surfaces.
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CERTAIN RESULTS OF STELLARATOR EXPERIMENTS IN THE USSR
L.M.Kovrizhnikh
P.N,Lebedev Physical Institute, Moscow, USSR

Abstract: The report presents a survey of stellarator experi-
ments which have been carried out in the Soviet Union after the
Madison Conference /I97I/. The data on the particle confinement
are triefly analyzed.

This report presents a brief survey of experiments which
were carried out on stellarators at Lebedev Physical Institute
/Moscow/ and Physical Technical Institute /Kharkov/ after the
Madison Conference/I971/.

The Soviet stellarator program consists of two parts one
of which is devoted to creation and heating of plasmas. The se-
cond one includes investigations of plasma confinement and its
dependence on magnetic trap parameters /such as confining magne-
tic field B, , angle of rotational transform ¢ s shear and
aspect ratio //p / and on macroscopic plasma parameters
/density N, temperatures T, , T; , their gradients, proper
electric fields, plasma oscillations etc/.

As has been already reported the laser injection in the
TOR-I stellarator /Lebedev Instituﬁe/ was performed, these expe-
riments were carried out on the ¢ = 2 stellarator of major and
minor radii 60 cm and 5 cm respectively, the angle of rotatio-
nal transform ¢ = gﬁ%r = 0,25, the magnetic field being varied
from 3 to 10 kgs. Plasma was created by means of a neodyme la-
ser /energy from I to I5 jouls, the pulse length 50 nsec/ acting
on a Ii target placed out-side of a boundary magnetic surface.
Measurements of the density N and temperatures Te,Ti as funct-
ions of the laser energy and the magnetic field B, were car-
ried out. The Fig I shows the dependence of the trapped plasma
desity and of the electron temperature on the laser energy.

One can see that for energies Q below 4-5 jouls the density
behaves as Qz and for Q@ > 5 jouls the dependence is close to
linear one. Rather low values of the electron temperature can
be explained in terms of adiabatic cooling due to the plasma
bunch expansion. Q- dependence of the mean ion evergy measured
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by various methods is presented in the FPig 2. The solid curve
corresponds to time-of-flight mea-
surements and shows the ion ener- .
gy immediately after the capture.
The dashed curve is obtained
from probe and spectroscopic
experiments and corresponds to
the temperature of confined ions.
It is interesting that a
sharp change of the ion tempera-
ture dependence occures at{ ¥ 4 ;
jouls, The mechanisn of this
phenomenon is not still clear,
but one can suppose that the x
1 2 5 o QW)
decrease of the ion temperature Fig.d
is due to an interaction /charge
exchange/ between trapped ions
of the plasma and neutral atoms the number of which Iincreases
sharply with the laser energy. These results are discussed in
more details in one of the reports presented at this Conference.
Investigations were going
on of low-frequency oscillations

10N, % (ev)

10]

Gl
x (xasm

influence on a plasma decay in T @) [ o Eome of Flight dota

the I-I device /Lebedev Institu- 4 ﬁﬂﬁzzﬁiffﬁ;”&

te/ which is similar to TOR-I. -

The plasma parameters were > '

N 10’ ciﬁ‘? T;~ 25 ev, To~3 ev. “ V{,”‘_\‘

It was found out that the plasma o x X Ry

decay rate depends on the distan- > b ;

ce from the axis. In central - ‘ i

regions intervals of a relatively f

large decay time /about a milli- o} '\\ &

second/ take turns with intervals it RN

when the decay time is serveral 3 3 ) 5007
F¢'3_2

times less. In peripherial regions
the decrease of the plasma density
is sometimes replaced by its
increase. It is worth to note
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that the fast decay is accompanied by a sharp increase
of low-frequency oscillations /g~ 2. IO sec’ / which spread
also over inner regions of the plasma. Characteristic oscillo-
gramms of density behaviour are presented in the Fig.3 for
radii = 0,5 em, I,I cm, 1.7 cm and 2.5 cm / &8 = 4,5 kgs

= 2/3%/.

Apprarently the process
develops as follows. Since the
plasma decay rate is smaller
in the central region the densi-
ty gradient increases with time.
When it reaches certain threshold
value oscillations which were

N (aré' cZ. uncts)

localized in regions of maximal
gradients increase sharply and
spread over inner regions of the

plasma., This decreases the densi-

ty and its gradient in the cent-

ral region and hence restores the
value of the oscillation amplitude.
Thenthe preocess repeats again.

Note that the process is the most legible at rational values of

= wd 2
% éﬂ_,e.g. att“‘jg"j .

An attempt was made to T meac 8 =45xg j-'y
stabilize the obaserved oscilla- ' N e
tions by a probe placed at the 3+ g0
point of the maximal density gra-
dient to change the plasma poten- Les
tial. The results are: presented 27
in the Fig 4 where‘g?elative den- Lio
sity fluctuations ¥, at ' = 2 cm
/solid curve/ and the plasma life- 1 [
time /dashed curve/ are plotted
varsus the plasma potential at . ) _
the axis. One can see that an ) 10 V (evs

optimal value of the potential

exists which provides the minimal

relative fluctuations and the




150

maximal life-time 7= /the non-perturbed plasma potential
was —25 ev/. Measurements showed that lower oscillation modes
were damped mainly. Thus The stabilization leads to a decrease
in the plasma decay rate in peripherial regions and to rarer
drops of the density in the
central region. This is illustra-
ted by the oscillogramm of the
"ig 5 showing density variat-
ions at I cm in a nonper-
turbed plasma /trace I/ and in
the plasma with a stabilizing
probe /trace 2/.

The results of these measu-

N (ard an)

rements will be also discussed
elsewhere at this Conference.
Turther investigations of

confinement and heating on

helium plasmas were carried

out on the ¢ - 3 stellarator

/Kharkov/ for long /8-IC msec/ pulses of the heating current.
Some preliminary data on local values of the density and the
electron temperature were obtained

by Thomson scattering. A ruby

laser providing 4 jouls in 20 nsec

was used for the experiments

/magnetic field B,= 9,6 kgs cur- 16 Mer®} 1677, (ev)
rent amplitude J=4.5 ka, T T /. ‘/,'\{N
X
/J

The results are presented in the ; \

Fig.6. One can see that the densi- / .

ty distribution is asymmetric ‘,,4:'.ﬁ?7'_ﬁﬁ

/its maximum being displaced upward/, %

but the electron temperature is

almost uniform /7= 6.8 cm/. — 4
Another interestingpecul arity Fig 6

is a non-gaussian spectrum of the
signal scattered in peripherial
regions of the plasma column.
This indicates that the electron
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distribution function is non-maxwellian. The spectra of radia-
tion scattered in the central region /trace 1/ and at ™5 cn

/trace 2 / are shown in the Fig 7.

It would be of interest to
measure the spectra for larger
ah-s which would provide de-
tails of the electron distri-
bution function in the central
region as well as at the peri-
pheria. Their possible non-
maxwellian character would in-
dicate kinetic plasma instabi-
lities. Unfortunately, plasma
impurities make these measure-
ment still impossible. It is
worth noting that measurements
of microwave radiation from
the plasma indicates the pre-
sence of intense modul ated

4.5¢

5] txx)?
Fig.?

1o (ap)? (A)*

oscill abions which frequency was by order of magnitude the elec-

tron Langmuire frequency @ .

The modulation frequency was close to

the ion Langmuire frequency @}: .
The ion temperature was measu-

red by a Doppler shift of sing-

ly ionized helium. The results

are shown in the Fig.8 where

15 ¢

the electron diamagnetic tempe-
rature T, and the ion tempe-
rature T, are plotted versus time
Moximums of T, and T, |

shifted in time and approximate- ,

are

ly correspond to the current
maximum. The absolute value of

T; is about I0-20% of T, .

It has to be noted that the
temperature of inner regions of
the plasma column may be somewhat

10t

LYl 3

T (ev)

T (ev |

1450
{09

Jo
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larger because He " ions are concetrated mainly in peripherial
regions.

How let us try to analyse briefly data on the life-time of
plasmas created in various devices by various methods /laser
plasma, gun plasma, UHF-plasma and current plasma/.

Interdependence of plasma and magnetic field parameters,
difficulties of their independent variations and poor reproduc-
ibility of results make the analysis of life-time scaling with
various parameters rather difficult.

Inspite of rather wide range of parameters of the insta-
llations at the Lebedev Institute /the magnetic field from 3
to I4 kgs , the angle of rotational transform Z° from 0.04
to 0.7 the electron temperature from 0.2 to 2 ev, the ion tem-
perature from 02 to 40 ev, the plasma density from IObto IOL:
cm’ / sufficiently reliable data on life-time scaling with
main plasma and magnetic field parameters are still absent.

As for experiments on Uragan /Kharkov/, some results inti-
cate that under certain conditions the plasma life-time is
directly proportional to the angle of rotationd transform +
and inversly proportional to T where 0.5« ¥ I, However,
the speread of the life-times under almost identical condi-
tions /T,, T, , N, B. ,t/ is too large /from I,7 msec to 7,9
msec/ and the temperature range is too small /40< T, <300 ev/

to consider these results as g e i
o 4T D) + Lasery .
. il g L7
final omes. PR, a Gun anr
. A L ! 'ﬂr’(z;uufm)
Moreover, a theoretical i Bjeal
5 5 e ‘_/IA e -._:_. ":._'. . 1 + H#
analysis of the obtained re- B

LI . a
a 1o & I

sults is returded by the ab- : |
sence of saome additional data
which are essential for trans-

PROTO- CLEO

2eveTas Sev
osstat

._u.m....;
&
* +
o
+
-

port processes /a self consis- @ g w & *+¢&'
tent plasma potential, density PR
and temperature gradients, ~ - e rig @ -
and ¢« =spectra of plasma osci-

llations etc./

However, an attempt was made
to compare experimental data and
predictions of the neoclassical
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theory of transport phenomena. In the Fig 9 the ratio of

the theoretical life-time %  to the experimental one Co
is plotted vs. X, = ér:;..‘ﬂ% The physical meaning

of ¥, is the ratio of a frﬁéth of the magnetic force line
making one turn with respect to the small azimuth to an elec-

tron free path length, The values of @Eg were calculated as

~d .
T = '734%25/53/ using measured plasma parameters. / /5 is
the plasma column radius/. The diffusion coefficient < was

taken from the neoclassical theory under assumption that the
diffusion is determined by electrons and hence the plasma
potential has an order of magnitude of the ion temperature.

It is easy to see that in the "plato™ //{/ e B, & I 7/

and intermediate /*’~*I/Iregloss the ratio ‘Y J7 by
B <X
order of magnitude is I0 - I0 .Only for large values of

Xy > I8 /when a hydrodynamic description of electrons is va-
1id / the experimental values of §:4 are close numerically
to the theoretical ones.

It is 1nterest1ng to note that the farther increase of

Xy /A > I10° / leads to experimental values Ceu whlch
are larger then theoretical ones. In all cases when Ty < I
the ion parameter o = 4”i4?gr is larger than unity, 1.ef the
ions can be described by hydrodynamlcs as well. Then estimations
show that for T, <« T, , the ion diffusion coefficient is
smaller than the electron one and the plasma potential should
change its sign and be positive. Some preliminary experlments
with laser plasmas /T, <« T, / indicate that for Xy > 10~
the potential is octually positive. Nevertheless a rigorous
comparison of E;g and '?:‘ does not seem possible now because
complete data on the electric field distribution in the plasma
are still absent. Rough estimates of the electric field show that
the ion diffusion being taken into account the ratio ‘éﬂfl is
larger than unity in the region &, -~ lO as well. Nevertheless
from our point of view, it is too early to speak about a corres—
pondence of experiments to the neoclassical /or any other/
theory of transport phenomena. As has been already mentioned we
have not get sufficiently reliablt data on the life-time scal-
ing with plasma and magnetic field parameters.

At the same time, inspite of the rather large spread
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of experimental values of the life-time, it can not slip one's
attention that the order of magnitude of the life-time is surp-
risingly insensitive to wide variations of certain parameters.
This can be illustrated by the Figs IO 1I,I2 where the normaliz-
d ex tal life-time T '= 427~ e
e per imen e

several parameters being varied in 4 wide range /T in ev, B

is plotted wversus
in kps, plasma radius /; incm, 7= ¢%, . The normalization
was matched to get the smallest spread of the experimental points
obtained both on various installations and successive experi-
ments on a particular device. For a comparison in the same figu-
res there are data from the tokamak ST /Princeton/ cited at the
last year Madison Conferencell] and data from Iroto-Clegeg

One can see from the Pigs IO
and IT that within one order of

magnitude the normalized life-time o
E B /xg9) K
is constant within the very'w1de o 3
range of the density /from 10 em’ to § .
5-6-II)cmﬁV and of the electron ’ “ Eﬁé TS T h:"q.“
A s A . SAL. S S
temperature /within three orders g ! " ey
* + + ’.‘."f:‘
of magnitude/.The Fig I2 is less \ . T
PROTO-CLEO
impressive because the range of the 7 s s Lose
angle of rotational transform is 3?? el
- : Sragon:
relatively small/0.04 < < I.24 f"””#jw
Neverthel ess, no evident dependence “ . o
ig9. 10

of the normalized time owm T can
be found in this graph as wellljz
The most doubtful point in the
above normalization is the first
power of the magnetic field.
Unfortunately the range of employed magnetic fields is not suffi-
ciently wide /8 kgsg¢ B, £ 44 kgs/ to expose a more definite scal-
ing low,

So, if one assumes for a moment that the normalized life-
time constancy mentioned above reflexes something but our wishes
the conclusion should be made that due to some unknown processes

—_— i

the diffusion coefficient is proportional 2) ~ ‘¢ {4?éf .
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may depend also on other parameters, which

have not beer analized here, e.g. on the ion temperature/.
However we can not suggest a mo-

del providing this type of scal-

ing with the plasma parameters.
Thus the above analysis
shows that in none regime a sa-
tisfactory agreement between
the theory and experiments has

been yet achieved. In the "platow

region the disagreement is as

large as two orders of magnitude

In the hydrodynamic regime it
is much less, but in both cases
the problem of scaling laws re-
mains open.

Although an origin of this
disagreement is not still clear
the oscillations excited in the

10 T ev) Cox (msec)
€ 8. tugs) I3 ()

1
1
7

4
3

Pl +

PROTO-LLEO
(2er "?;55'-)

+ éoser} i=r
A w7
o e ToR-T
| . dragan”
I ST (Prei

{ rmre!uj,?e. (er)

ra¥

fo*

/-'t;j.ff.

plasma undoubtedly play essential

/if not decisive/ role in the confinement process. Still unclear
are the nature of these oscillat-

ions and the reason of their ex-

citation.

One can not exclude that the o'

plasma potential and associated

proper electric fields play lar-

ger role in the plasma confine-

ment than it used to be thought.

In particular, associated plas-

ma flows along the magnefic force

lines can be one of the reasons

of the insufficient plasma con-

finement in magnetic traps. lMore

attention is also to paid to
what extent the coincidence of
magnetic and equipotentical
surfaces is essential for the
plasma confinement.
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To answer all these questions more careful and systematic
measurements of possibly all plasma parameters seem to be
necessary. In particular, radial and azimuthal distributions
of the potential and plasma oscillation spectra are to be in-
vestigated. On one hand these measurements would make explicit
experimental scaling laws; on the other hand they would permit
a comparison with theoretical models.

The most experiments have been carried out under condit-
ions when electrons are in the "plato" ragime and a stellarator
as a trap does not differ essentially from a tokamak device.
So more attention should be paid to the plasma confinement in
regimes where specific stellarator effects may develop /e.g.
in the " banana" and "superbanana" regimes/.

The author wishes to express his gratitude to all his col-
leagues who kindly presented materials for this report and took
part in helpful discussions.

I D.Dimock et al. Fourth Conference on Controlled Nuclear
Fusion paper CN-28/C-9 Madison, Wisconsin USA /I971/.

2 RJ.A.E.Bolton et al. Phys. Fluids 14, 7/I971/ /Pig 1I, p.
1574/,

%3 Proto-Cleo data are not brought here as we were not able
to £ind out "Z;(f) "
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NUMERICAL MODELS FOR PLASMA EVOLUTION IN TOKOMAK DEVICES
C. MERCIER, SOUBBARAMAYER

ASSOCIATION EURATOM-CEA SUR LA FUSION

Département de Physique du Plasma et de la Fusion Contrdlée
Centre d’Etudes Nucléaires
Boite Postale n°® 6 . 92 Fontenay-aux-Roses(France)

I - INTRODUCTION : The performance of Tokomaks obtained first in USSR and

later in USA have encouraged physicists to compare experimental results with
the sclutions of the eguations of evolution in space and time of hot plasmas.
These equations even in a very simplified form involve a system of non-linear
partial differential eguations connecting +the density, ionic and electronic
temperatures ,currents and magnetic field in the plasma. To these mathematical
difficulties one must add a very defective knowledge of the transport coef-
ficients which govern the evolution of the plasma. So one must sometimes use
phenomenclogical transport coefficients. The system of equations to be solved
then becomes extremely complicated and can be solved only with the help of

a computer and very perfected numerical codes which must give precise

results even in regimes with large gradients. The code must be as simple

as possible, enabling an easy change of the transport coefficients, the
experimental conditions and being of gquick interpretation.This last condi-
tion has been obtained in Fontenay-aux-Roses by visualizing the results on

a scope.

II - HISTORICAL : The first numerical codes of this kind were presented to

the Doubna conference (USSR) in September 1969 by Dnestrovskii et al.1 and

the Fontenay teamg. These first studies immediately show that in order to

get good orders of magnitude in the quasi-stationnary state of Russian
Tokomaks, 1t was necessary to use anomalous transport coefficient mainly

for the resistivity and the electron thermal diffusion coefficient ; con-
firming the more qualitative analysis done by Arsimovitch and the Kurchatov
physicists. In the same way anomalous transport coefficients were necessary

in order to explain the rapid disappearance of the skin effects during the tran-

sient phase. The Rome Conference showed that this kind of research was

developing and was becoming more accurate. To the Madison Conference, two
new codes were presented by the Princeton and Oak-Ridge 1aboratorie55’6 3
the Princeton code took into account much more complicated formulae obtained
by Rosenbluth et al.T in the banana regime. These formulae allow a first
exploration of pinching effects of trapped electrons predicted by Ware8 and of

the "bootstrap'current.
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At this same conference three attempts at the explaination of the sharp
profile of the ST Tokomak were made.

a) Neutrals coming from the liner would cool down the periphery of the plas-
ma increasing the thermal diffusion and peaking the plasma temperature at
the centerS.
b) The pinching effect of trapped electrons8.

¢) The functional form of the transport coefficientsg.

Several works take into account the pseudo classical law introduced
by Artsimovich 6 and Yoshikawa11 for the electron thermal transport coeffi-
cient. The results are also very consistent with experimental data5’12. The
effects of the neutrals have been introduced in the main codes 5’13. These
neutrals are either cold particles coming from the wall or a beam of hot
neutrals injected to heat the plasma, as for example in the work of Dory
et al. presented at the Kiev Conference (October 71) and of Girard presen-

ted at this Grenoble Conference.

Other kinds of heating can be studied with these numerical codes
as for example the work of Brambills [lor heating by TTMP done in CEN at
Grenoble. To conclude this brief résumé one must note numerous extrapola-—
tion works showing the conditions of ignition depending on the hypotheses

made on the form of the transport coefficients.

IIT - EQUATIONS OF THE MODEL : A fluid description may be adopted to simu-

late the evolution of the plasma in a Tokomak. A very simple model consi-—
ders the plasma as a mixture of two fluids (electrons and ions) with
electrical neutrality. The basic equations of the model include the mass
continuity, the energy balance for electrons, the energy balance for ions1,
the Maxwell electromagnetic equations, the simplified Ohm's law and state
equations for electrons and ions. This system of equations must be closed
by specifying the dependence of transport coefficients and the expressions
of particle and heat fluxes. The problem is completed by the data of proper
initial and boundary conditions. Where do we now stand with the basic equa-
tions ? The particle and heat fluxes may be either given phenomenologically
or derived from a microscopic treatment of the Vlasov equationT. All the

codes now on use are one dimensional and the equations have the general form :

e

S aMG=TF
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where G is a four component vector

G = n

M, a matrix whose elements are non linear differential operators and T is a
vector including terms characterizing sources or sinks of matter or energy.
One simplified case of this set of equations has been given for example in9
by neglecting the effect of the time evolution of the particle density

on the energy balances. The influence of the neutral gases is an important
problem. We treat this problem in the next section. The purpose is to compute
the distribution of the neutrals in the plasma cross section and the sources

or sinks which arise from these neutrals.

IV - NEUTRAL PARTICLES IN THE PLASMA AND THE CYLINDRICAL CODE OF FONTENAY.

When a neutral particle penetrates the plasma, it can eilther
be ionized or proceed to a charge exchange with one ion of the plasma.
Physically the process happens as if the ionization was a capture of the

neutral and the charge exchange an inelastic diffusion of the neutral which

continues its path with the velocity of the collided ion.

Let g (T) be the number of neutrals proceeding to a collision
( charge exchange) per unit time and unit volume. One can

then easily establish that q (¥) satisfies the equation :

SN
Q(?)ff B e % o, v q(?')a?'} v

YR *
too [~(5,5),
+ 1 (2, (v, P)m_(v) > ds) av
2R 4
o s
where ig;ch andszgon are the cross sections of charge exchange and loniza-

tion, taking into account the relative velocities of the particles

Z(v,?) = W

ech 1on

(MR) Y = /R (v,?+?'-r x)dx
E; v 7 O'ZE%

R
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fs number of neutral particles entering the plasma per unit time and unit sur-
face

m(T,v) is the Maxwellian distribution of velocities. As we use a complete

theory for the neutrals, that is the velocities of ions leaving the point P

are not unique (for example the average velocity at that point), we will

handle q and not the neutral density as basic function.

We also compute all the quantities which are the "source or well"
terms in the basic equations of the evolution model. The code can also give

the velocity spectrum of the neutrals leaving the plasma in a given direction.

Such a complete calculation takes a relatively long time on a com-
puter : if desired, the computation may be simplified by replacing the
Maxwellian distribution by a Dirac function.:g(v—V) where ¥ is the average
velocity.The computations show that the differences between these two types
of distributions are relatively small for the actual Tokomaks (of the order
10 %). But the precision for the computation of the velocity spectrum is
much better. The results of our computations are very close to the calcula-
tions done by Cheglov15 with a Montecarlo method. This code for the neutrals
is coupled with the code for the evolution and allows us to study the

effect of cold or hot neutrals on the behaviour of the discharge.

V - APPLICATIONS OF THE NUMERICAL MODEL

The resolution of these equations with very complex expressions
for the transport coefficients can be achieved only by computational means.
The results obtained during the transient period of the evolution or at the
final stationary or quasi-stationary state depend strongly on the choice of

the transport coefficients.

V.1 —STATTIONARY STATES

We consider in this sectilion the states actually stationary and also
the states which are changing very slowly so that the observer may have the
impression of a stationary state. For, in many regimes, one finds that during
a period of time of the order of the discharge duration, the evolution of the

plasma state is so slow that experimentally one can assume the egquilibrium
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state to be reached. However, if in these cases, one continues the computa-
tion, the profiles and the average values change in a relatively long time
and the final state computed is often very far from the experimentally obser-—
ved quasi-stationary state. We summarize in TABLE 1 the principal models
utilized to explain the stationary states. In this table, we indicate the
types of transport coefficients and the anormaly factor utilized in each
model. Let us recall that D, Ke’ Ki’d"qt are respectively the particle
diffusion the electron thermal conductivity, the ion thermal conductivity,
the energy transfer coefficient from electrons to ions and the electrical
resistivity. The signification of the symbols used in the TABLE is given

below :

19,20,21

2 6,11
¢ VeeP I ’

(N.C) Neoclassical transport coefficient

(P.C) Pseudoclassical transport coefficient =
2,23

(P.8) P firsch-Schliiter thermal diffusion coefficient. 5
3,1

E(BLXrAnOmaly factors for the electrical resistivity.
7 Multiplying factor representing an effective charge of ions.
D=0 means that we neglect the evolution of the particle density

(simplified code).
The notation (F.P.) means "flat profile" and (P.P.) '"peaked profile"

A1l these models explain equally well the experimental results.
Though the functional forms used are quite different, their average values
are approximately egual so that the overall gquantities measured fit well
with the computations. The distinctions between these functional forms are

seen on the radial profiles computed and the time evolution.

V.2 -TRANSTIENT STATES

V.2.a-8kin effect : During the period of increasing current,

the elementary theories predict an important skin effect ; particularly,

if we take all the transport coefficients neoclassical, we will find a
persistent skin effect which was never observed in the actual experiments.

We must then assume anomalous transport coefficients during the initial stage
of the discharge. Many explanations are possible : the skin effect tends to

decrease the shear and even up to the zero value and this may suppress an

important stabilizing factor. The appearance of the tearing mode is also

possible. The gradients of the current and the temperature having become
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important, this may be a source of non M.H.D. instabilities. Whatever may be
the physical reason, we can try to find the expressions of transport coeffi-
cients to simulate the experimental effects. The following results have

been obtained :

The skin effect may be partially suppressed in the actual Tokomaks,
by using an anomalous electrical resistivity of the typel (6) or a pseudo-
classical heat conductivity Ke' But for the total elimination of the skin
effect in the short period observed, one needs a resistivity or heat conduc-

9 -
Ke = 5000 KPS

when the shear is less than some given value. However, Duchs et al.1T have

tivity very anomalous. For example we have used

shown that, to suppress the skin effect in large Tokomaks with current inten-—
sity of Mega amperes rising linearily in 50 milliseconds, these anomaly
coefficients are not sufficient (one needs a factor one hundred times greaten;
one may predict then that the skin effect will appeaxr.But Wwe can obtain

the suppression of this skin effect by a moving limiter synchronized with

the rising plasma current ; this solution was suggested by Kadomtsev and

numerically studied by Duchs et al.

V.2.b-Variation of external conditions during the evolution.

The agsumption of the heat conductivity dependent on the shear,
which we use to suppress the skin effect during the rising of the current,
can also explain the results of Mirnov's types18. In this case the reincrea-
sing of the current after a slight decrease, impairs very strongly the con-
finement —time and the total energy of the plasma. This phenomenom seems
to be due to the decreasing of the shear created by the reincreasing of
the current, because in that case only the shear varies significantly, the

temperature gradient remaining very normal.

V.3 -FUNCTIONAL FORM OF THE TRANSPORT COEFFICIENTS.

As we have just seen several forms have been suggested for Ke to

explain the behaviour of Tokomak discharges. This coefficient is quite

probably anomalous . Using the neoclassical form19’20’210ne obtains a proper

stationary state with multiplying factor of order 30. As the present

Tokomaks are in the plateau regime we have Kena nT3/2(%b). The temperature
profile is found to be of parabolic type in good agreement with the results
of T3. The pseudo-classical form can be written : 6,11.

K__ = 511__31)g a s
PC T N T VA B2
For the T3 experiment the valués of Kpg and of 30 KNC are roughly
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the same, and this explains the similar results obtained. However, these
two types of coefficients never give sharp temperature profiles as observed
on S.T. (At least without a large amount of external neutrals ?). We had

suggested at the Madison Conference the use of an expresssion of the type
2

n T . : %

VT:' ( Bg ) that is to say the Pfirsh and Schluter form of Ke for large

values of q22’23. We shall write it g\ KPS' We then get either stationary

profiles with permanent skin effects or profiles which become sharper and

sharper about the center of the plasma. The sharp profile is due to the

~=1/2 (

term,Te -%g)ein the transport coefficient. This term decreases strongly
when Te and the current density increase, leading to a reduction of thermal
losses and a further increase of temperature and current density at that
point. On the contrary, in the pseudo-classical case, the profile does not

become sharp because K?C » ! . This ratio goes to infinity in the

=)
Bpg T

vicinity of the center of the plasma and it is sufficient to prevent any
thermal instability. So with the functional form KPS the value of Ke
decreases with time until it becomes smaller than neglected terms of Ke
which can then stop this increase of temperature in the center of the plasma.
This saturation might come neoclassical terms, but the simplest methos is

to use the complete form of Pfirschand Schliiter

2
- 2 n 2
K, = )‘KSpitzer(1 + 156 ¢ )ﬂd{7f: 1+ 1,648}

B
with q = ﬁ% . The obtained profiles are different depending on the

I
R
value of qedge' The stationary sharpness decreases as qedge decreases for

the Spitzer term alone gives a very flat profile.

The numerical study of this law withA= 2000 for hydrogen discharges
gives a good agreement with experimental results but the computations show
the very great importance of the initial conditions for all the transient states

of the discharge.

If we employ an empirical law, taking into account that the plasma
is most probably very turbulent at the beginning of the discharge and

that the turbulent region progressively shrinks toward the boundary on a
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Tew milliseconds, it is possible to obtain with the same law both pezked

profiles of the S.T. and flat profiles obtained on T3 in the experimental
times. This remarkable result is due to the very great sensibility of the
: 1 s N2 R .

law in Vﬁ—'(ﬁé) with the various parameters of the discharge. Fig. 1 shows
= ; X

the electron temperature on the axis as a function of time for the following

5 . . 13

T KG ; Tinax ~ 35 KA 3

17 KG;I¢ ~ 60 KA ;
max

two cases a) S.T. Bé
b) T3 B
#

and Fig.2 shows the profiles obtained in these two cases compared with the

~2.10
~1013

n
n

Il

experimental results,
V.4)-SCALING LAWS

One of the typical applications of the numerical model is to study
the scaling laws in Tokomaks. As an illustration of such computations, we will
present the study of the scaling law for the ilonic temperature in Tokomaks
and we will compare gﬁe results of our computations with the scaling laws
given by Artsimovich . The computations are carried out with the following
assumptions for the transport coefficients

Electronic heat conductivity Ke = 30 x Ke

neoclassical

T = K. 5
1 neoclassical

Ionic heat conductivity Ki

Elcectrical resistaivaity ‘I'[ =2 xnlclassical

We have plotted in Figure 3 the average ionic temperature versus the total
current intensity for three values of the particle density. Logarithmic
coordinates are used. The curve (Ti-v Log I) practically consists of two
straight lines, with different slopes, joined by a Knee. The bigger slope
corresponds to the "banana'" regime and the lower slope corresponds to the
"plateau'" regime. The values of the slopes are respectively 2 and 2/3,
which means that, for given BZ and n_, the ionic temperatures vary as

/9

T I for banana regime and T 12 for plateau regime.
Moreover, the ionic temperature, in the two regimes, is decreasing for
increasing particle density. These results are to be compared with the

formulae of Artsimovich

T. o (En_IR

2)1/3 Ei_1/2 (plateau regime)

(T) 1 Z O
T, =4 12\[-—3 Ai“?’/g (banana regime)

In the "plateau" regime, the slope 2/3 found in our computations is different
from the slope 1/3 given by formula (1). In the "banana" regime, the law
Tiotl2 computed by our model is in agreement with the theoretical analysis,
but our computations give a dependence of the ionic temperature on the parti-

cle density while the Artsimovich formula (1) does not show such a dependence.




The explanation of these differences is due to the basic assumption of

Artsimovich's analysis
I
-
1.6« — < 10.

€L
1

This assumption shows that the ion energy balance equation is independent of

the electron temperature.

We have plotted in Figure L the ratio Te/Ti versus the current
intensity I for different values of the particle demsity n_. For increasing
values of n , the condition

& T
e > 1.6

T
1

is violated, since the energy transfer from electrons to ions by Coulomb
collisions is proportional to the sgquare of the particle density. So for
higher values of no,in the formula of the "banana regime"

_ .2\/R ,-3/2
Ti—gI\/; Ai

the coefficient g is not a constant but a function of n_. This coefficient

is plotted in Figure 5. A dimensional analysis may be carried out when
T /T =14+h
e’ "1
(h being a small quantity ; this happens when n, is high).

In this case, it is necessary to use the ion energy balance equation coupled

with the electron energy equation. We find, for the "banana regime" when

=

& Ny

T T, A -

= n a2 A.
o g

2

1/ . 1/k

&

where A is a constant depending on the distribution of current and density
over the plasma cross section.We may conclude this discussion by stating

that the scaling law for the ionic temperature in the "banana regime" is

T
g IEV—E- E._B/E for —2371.6 (no small)

T. =
i a i -
i =
I2(3)1/h Tl
T, = A a for _€ ~ 1 (n_ high)
2 _1/k T, N
na Ai 1

(g and A are constants).
Let us point out that the dependence of the ionic temperature on the atomic

mass Ai is different in these two formulae : It is much less sensitive for

165
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high values of the density n_.
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TABLE I : TRANSPORT COEFFICIENTS IN SOME NUMERICAL MODELS.
Ref. D Ke Ki o 'r[ Observations
153 (ne) $(@(nc) (nc) ¥(0) ¥(8) FP
13 (nc) \%K(o)(nc) (ne) 1 X6 |¥ =7 FP
with neutrals
13 (vc) [ ¥ (B)(NC) [K(O)(NC) [ ¥ (6) | ¥(B) | FP ... o els.
1
12 (c) (Pc) (NC) 1 ¥, |- =(% )3/2
5 (we) z(pc) |z(nc) 1 Z % = 2-4 ; FP or PP with neutrals
9z D %h: goefficients NC are very precise in

the banana zone.

2,4 0 /\(NC) (vc) 1 z,¥(0) |A#30 ;z=2U4
FP

9 0 Alps) |[(we) 1 z A# 2000 ; 7 = o)

FP or PP according to the regimes.
Now with neutrals.




168

Teo i ~
(ev) ! T, ev
2000 |

| 4000 —
1500 ‘ Case ST — Computation 3000

| --- Experiments ST

A Experiments Ta

65 2000 4

CaseT3

500 -
1000
m 4
0 10 20 30 40 50 E(ms 700
Time behaviour of the axial electron temperature 600
Fig. 1 500
400
300 | ——
30 400 500 60 I, KA
Tonic temperature versus total current mtensity
Fig, 3 in the Toxamak of Fontenay (Oxmcmn.sﬂmﬂznﬁnu)
Te,i
(V)
1000 - —— Computation
900 | -—— Experiments ST
N A Experiments T3
800 -
700 -
600 -
500 -
400 -
300 -
Case T3
200 - ¥
100 -

O 01 0203040506070809 1 a

Fig. 2 Radial distribution of Te




Te/Ti §
4’5 d Ng = 1013
4
5 -
% * BANANAY
3 - Regime \-\. Regime
25 -
2 | no m 2 . 10 13
16 7N, __LOWER LIMIT OF ARTSIMOVICH'S ASSUMPTION.
' -y no = 5. 1013
1] e —— ng= 10 “
0 50 100 200 300 400 500 600 I KA

Fig. 4 Ratio Te/Ti versus the current intensity
——.——Separation hmit of the regimes Piateau.Banana (V=W)

COEFFICIENT g in Th
(arbitrary UnltS)
'
, 2 -36
0,5 -
0 | Ny, Density _ T

02 2.10° 590% % 210% 5.1

CoefFicient g in the Formula for 10nic
temperature T = q I? Vg A-:k

Fig. B

169




LASER CREATED PIASMAS AND CONTRCLLED THERMONUCLEAR FUSION

by
J.L. BOBIN

Commissariat & 1'Energie Atomique, Centre d'Etudes de Limeil
B.P, n® 27 = G4 ~VILLENEUVE-SAINT~GECRGES, FRANCE

Abstract : Up to date data about lasers and laser created plasma experiments
are given. Possible mechanisms leading to neutron emission from such plasmas
are discussed. Proposals for the use of laser created plasmas in control-

led fusion systems are reviewed,

1. Introcduction

Scientists have been thinking about the use of lasers in control=
led thermonuclear fusion for nearly ten years. Indeed, three quantities
should have high values in any kind of thermonuclear device : plasma life-
time density and temperature. It 1s expected that laser interaction with
matter will heat significantly a fairly dense medium. Then, hopefully one

would not even have to worry about the lifetime.

This 1s due to the fact that radiation at optical frequencies is
easily concentrated by a lens or a mirror. Flux densities @ up to 1016W/cm2
are thus obtained. If this energy is communicated to some motionless matter
wlith a high efficiency, the subsequent energy density is somewhat greater
than the correspending instantaneous gb/b.

There exist several ways of using this basic idea in a fusion
machine. Before they are reviewed, it is convenient to give an account of
the laser state of the art and of the main data collected from interaction

experiments.

2. Hipgh power laser data

So far, three laser materials have been used for delivering high
powers : ruby, neodymium glass and gaseous 002. Due to its prohibitive
cost ruby 1s not suitable for fusion research. The principle and operation
of giant pulse Nd glass laser and TEA 002 lasers are extensively descri-
bed in the litterature . So we shall restrict ourselves to the latest ma-

Jjor improvements wiilch allow experimentalists to get the laser performances
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listed in the following table

Table 1 : High power laser data

Operating mode Ruby ’ Nd Glass TEA.CO2
694.3 nm l.06p.m 10.6‘)-1*:1
%Su;erradismt - 1 kJ 1pes 300 J 100 ns
Q switched 104 5 ns 1,5 kJ 15 ns 50 J 50 ns

EQ switched +
'external shutier 14 1l ns 125 J 35 ns

50 J 2 ps

Mode locked 20 PS | 500 5 100 ps

4 J 2 ns

In order to increase the energy and power of such lasers one may
set up several cascades in parallel (C.E.A. in Limeil - Lebedev Institute
in Moscow) and at the same time improve the oscillator (NRL in Washington
DC) and the efficiency of the last amplifying stage (NRL in Washington,
L.R.L. in Livermore, University of Rochester). The main limitation to the
energy delivered by a single cascade comes from the damage threshold. Hence
the difficulty of pumping large diameter glass rods with the light of flash
lamps. Due to the high absorpticn, only the outer part of the rod is effi-
ciently used in laser action. The trick used to get rid of it, is the disec
amplifier originally designed at Livermore : both optical pumping and
extraction take place thraigh the flat surface, Thus higher diameter beams
can be amplified : typically 150 mm instead of 80 mm. Such a device is
sketched on fig. 1.

Fig. 1 : Principle of the disc amplifier
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On the other hand, ncwly devised oscillators deliver stable pulses

of contirolable shape with a gaussian illumination distribution in the beam

Nd glass lasers of 10 kJ in the nanosecond or subnanosecond range
are expected by 1975.

Transverse Electron pumping at Atmospheric rressure CO2 laser

Such lasers look very attractive : their efficiency is comparati=-
vely hign (> 10 %). The internal breakdown threshold is low but since the
active medium is gaseous, the damages are not serious. Furthermore pumping
by electrons can be efficiently performed even in large diameter devices.
Various geometries were successfully tested. The double discharge system
originally devised at C.G.E. Marcousls, gives the higher power obtained so
far : 3 GW from a superradiant 7 meters long laser set up at NRC Ottawa i}/.
Another promising method under active research and development at Livermore
and Los Alamos, uses 100 keV - 1 MeV electrons to preionize the active
medium. Thus high presure gas (up to 20 atmospheres) or larger volumes can
be pumped by the main discharge (fig. 2). The extracted power is then
significantly increased Z?/i

The TEA CO2 laser is only

4 years old. Performances are rising
-500kv

rapidly and 10 kJ systems in the

100 nanosecond range migth be avai-

lable within two years. Moreover

since mode locking almost sponta=- —~50kv

neously occurs in diffraction

limited oscillators, single pulse

extraction by an acousto=-optic

=
modulator would allow amplification =
6’//,

of a nanosecond pulse up to 200 GW. Fig, 2 : TEA CO, laser with electron
beam preionization

= o 1. field emission cathode
Scre nromisineg new comers 2. yacunm
Therce is no basic physical 5. thin Titanium window
. . . 4, grid
reason why high power laser action 5. high pressure gas
snculd be restricted to neodymium 6. anode
7. main capacitor bank

glass and COQ. Active researches are
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carried on In order to get laser emission from new materials, Some recent
results are worth mentioning. Giant pulses of 1.2 GW were obtained from mole=-
cular iodine pumped by chemical reactions. The wavelength is l.}lSi;m L}/. On
the other hand, the laser effect in the U.V. range was observed with various
devices : in molecular hydrogen pumped by a travellingdischarge /4/, stimulated
emission was obtained at 160 nm and 120 nm, Delivered powers are still below

1 MW. Finally, electron beams pumping of high pressure xenon creates an excl=-
ted state of the Xe, molecule, Stimulated emission at 150 nm might occur and
was actually observed at Lebedev Institute in Moscow. The power 1s about

10 %4 and the efficiency looks attractively high () 50 %).

3, Interaction of laser beams with deuteriated targets

When a laser beam impinges onto a cold solid state material, energy
and momentum transfer from radiation to matter cause the latter to be heated
and set into motion., If the target is located in vacuo a radiation wave of
the flame type will appear. Its properties were extensively investigated
both analytlcally and through computer experiments.

Only the main results of the theory will be stated and compared
with experiments. In most experimental set-ups a single Nd glass laser beam
is used., Light is concentrated by a lens onto a massive target : solid D2
(Limeil, Rochester, Nagoya, Garching) or deuteriated polyethylene
(Livermore, Moscow) or lithium deuteride (Sandia laboratories at Albuquergue,
Moscow). All these lasers operate in the nanosecond or subnanosecond range
or both by simply changing the oscillator. The biggest operating system
has a different geometry : 9 cascades in parallel irradiating a spherical
pellet. It was built at the Lebedev Institute, Moscow 15 /. Experiment

with 002 lasers are still in a preliminary stage (Limeil, CREN in Montreal).

In many of the above quoted experiment neutrons were detected.
However the numbers are quite low : lO2 to 105 in the case of a single beam,
The needed informations about the plasma density, temperatures and velocity
are to be determined through different and more reliable diagnostics. The
correspondence between the sought plasma parameters and various diagnostic

methods 1is given on the following table.
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Table 2 : Informations from diagnostics

Plasma | Electron | Electron Ion Non
Velocity | density Tempera- Tempe=- Lineari-
u ne ture rature ties
Te Tl
Streak camera x
Interferometry * b4 x
X ray emission x x
Reflected light X X X
Light scattering X x X
Mass spectrography x X X
Neutrons % X |

Collecting the results from different laboratories one may state
that with fluxes about lO14 w/cm2 electrons temperature around 1 keV were
actually obtained. The ion temperature might be slightly above 500 eV.
Furthermore, it is firmly established that the neutron emission from DD
nuclear reactions is strongly correlated to a high reflectivity and also

to unexpectedly high energy ions.

Now, theories predict two possible mechanisms for heating a
target once the light energy is absorbed : 1) a heat wave due to the strong
non linear thermal conductivity of free electrons ; 2) a propagating light
driven flame. It can be shown that the former occurs for rapidly rising
fluxes whereas the latter prevails in the case of a constant flux. So a
first question arises : which mechanism is dominant in an actual inter=-
action experiment ? Another question of importance deals with the
absorption of laser light : does it occur only through linear processes

or do non linear effects take place ?

The neutron yield and the plasma interferometry can bring elements
to answer the first question. Assume the heat wave is the dominant heating
process. The evaluation is simpler in the case of short pulses depositing

instantaneously an energy W, in the focal spot /6/.

A
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Suppose tne temperature 1s constant between the focal spot and the location

rp o the hemispherical wavefront. Then the heat equation is

avy. Sl
G, =P -c¢ Te .1
R dx (3.1)
the energy conservation equation is
"W,
Te+sT: = -2 " (3.2)
27 I

and the relaxation between ions and electrons 1s described by

d_j__ll = B T-G'-r‘ (5.3
At Tell?
(b and ¢ are constant determined from general properties of plasmas).
If the above equations are solved for Ti one finds for this parameter

a maximum value

T R '\A}'AI” (a 1s a constant) (3.4)
max

The thermal wave is taken over by a rarefaction wave after a time

T=-d wnslw (3.5)

at a position
27
T (T)= 5% (@ and g are also constant) (3.6)

These two last equationsdefine the hot region of volume ?}'ac P& p3 in

wnich thermonuclear reaction might occur. Thelr number is given by

éﬁiﬁ' » ﬂW} .
Tl o> (3.7)

where {g v is the thermonuclear reaction rate which in the range
0.5 = 1 keV is proportional to 2 g

T

Hence in a time interval St A “C a number of reactions proportional to

3 3/ 7
'\»J‘Aé/?. Wy /"'. Mf'sy? =W, o~ \N; (3.8)

On the contrary in laser driven flame there 1is a definite relationship
tween the plasma temperature and the incoming flux. For instance in
the case of Nd laser light and deuterium one has /7 /




-ty
T =35 10 @ F (5.9)

Hence the proportionality

2(3
_[_; ol ¢A ( ¢A absorbed flux)

Wnen such a regime is set up the hot plasma is not uniform. The cut off

density at which most of the radiation energy is absorbed is located in a

rather steep density gradient. Electron thermal conduction is a strong hea-

ting mechanism for an overdense region the thickness of which is /8 /

B

L oL _L; (3.10)
M ek ot

Since the number of thermonuclear reaction is proportional to n e it is

i

expected that most neutrons come from the overdense region. Then (3.7)

in the plane case reduces to

dﬁt < L dav(T)> (3.11)

Hence

FNeutron yield

105..

m‘\-‘ﬂ?—'l{ri- T BT

—_ S, 5 S

(3.12)

Experimental results yield for the
number of neutrons versus the absorbed
laser energy the plot of fig. 3. These
results were obtained with short

(2 - 4 nsec) pulses with a steep lea-
2 in 1.5 nsec
at Limeil). It can be seen that if the

ding edge (a factor 5 10

neutrons were thermonuclear, they

{Livermore would be generated in a radiation dri-

7

,’ Rochester ven flame at the lower fluxes, in a
WE\r Nagoya thermal wave at the higher fluxes
associated with fast rising pulses.
Figure 4 shows which regime is expected

i 1 1 L1 g‘{_ato be dominant.

fig. 3 ¢ 1., rfocal spot 100 o m

10 20 40 80 ()

The occurence of a thermal
2., focal spot 150 o m L.
wave 1s indirectly confirmed by

177




178

thermal wave

)

| S

i t
— : S
laser driven flame , thermal rarefaction

- wave

K

Fig. 4 : Possible heating mechanisms during the laser pulse

interferometric measurements of the electron density 19 /. It was found that
the density of the plasma expanding outside the target is well below the

cut off. The cut off density is thus inside the target whereas it would be
about lOOfLrn outside if a radiative flame had time to build up.

The origin of the observed neutrons is still unknown. The numbers are
too small to perform any spectroscopy. The highest reported number 1s 2 106 in

the spherical experiment of the Lebedev Institute.

If the neutrons were not of thermonuclear orligin, they would be due
to some instability associated with non linear absorption of laser light by
the plasma and thils is the second crucial question. Many theoretical inves=
tigations were reported about these non linear effects : non linear free free
absorption, anomalous heating, stimulated ion acoustic wave generation,
stirmulated Compton effect, harmonic generation ... Some have a definite
threshold the predicted value of which is about 1014 W/cn? for 1.06um (Nd)
light and scales as the laser frequency squared. Others have no such
threshold but might influence the exchanges of energy when the flux 1s above
that same value. Evidence of non linear effects was obtained at Limeil /10/ by
detecting second harmonic generation both in 90° and O 180° directions with
respect to the incident light. Also the detection of hard X rays inconsis-
tent with thermal radiation at the expected electron temperature might be
an evidence for non linear interaction. The following table 3 summarizes
tne connection between experimental observation with linear and non linear

interaction of laser light with a plasma.

For any fusion device using lasers as a plasma heating process it
is certain tnat nigner fluxes will be needed. Then non linear effects are
expected to becomz dominant. So they might be the essential topic in inter-

action physics for the coming years.
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Table 3
1
Linear non linear

Expanding plasma X

High reflectivity x

Fluctuations of reflectivity i x
Satellites on the Stokes ;;ée X
Hermonic generation %
Soft X ray emission b'd

Hard X ray emlssion x
Neutrons b d X
Highly charged ions x |

High energy ions X

4. Approaches to the nuclear fusion problem

Basically, three ways are investigated : plasma injection, in which
the laser created plasma is all but a source for an otherwise conventinnal
confining device ; long wavelength heating and pellet explosion which both
depend more tightly on interaction physics.

Long wavelength heating

This approach deals with magnetically confined plasmas. Fusion
conditions require a temperature of about 10 keV. The needed magnetic field
should be at least ( (;% =1)

-6 ~6
Bgm-sf_ 5.10 \[:n-T =4.0 \(ion (5.1)

(n in em=>, T in keV)

oesiructive methods have been able to yield magnetic field up to 25 megagauss

-

vacreas non destructive methods are limited to about 1 megagauss. Therefore,
18 -3
m

the censity has to be less than 10 & . Predictable tecnnological impro-

>

vemonts might allow one to confine a lO19 cm - plasma which is the cut-off

censicy for 002 laser light.
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Then one may imagine first a confined plasma column with density

16 _ 1018 e produced by any kind of known process., Laser

in the range 10
light propagating in the axial directlon 1s absorbed. Subsequent
"superheating" of the plasma occurs and conditions to get fusion were

determined after detailed calculations /11/.

Assuming inverse free-free absorption, it can be shown that the
8 2
energy to be transfered from radiation to the plasma ranges around 10 J/cm
and that the most favorable density 1s 0.1 the cut-off value. However,

inverse bremsstralhung is not so good. The absorption length given by

7 /2
9 = 35 10 -TQ (4.2)

ab 3% M\,

is exceedingly long and an efficient system would require a plasma column

about 1 km lcng to absorb lobk laser radiation unless a multiple pass
device 1s set up. Ennanced light absorption through non linear effects

would marxecdly reinforce the interest of this scheme.

Now, it is well known that light absorption increases sharply
at densities close to the cut-off : denote by a)p the plasma frequency. ll&
Actually in (4.2) the right hand side should be multiplied by (! -wﬁp/:.of_)
Moreover anomalous absorption is more likely to occur at cut-off. Hence the
idea of using a plane one dimensional laser driven flame. The magnetic con=-
finement helps in maintaining the geometry. Its value must be sufficlently
high in order to contain the overdense region. Since this region is almost
at constant pressure the needed field does not significantly exceed the one
corresponding to conditions at cut-off., The energy yield in this scheme is
about 2 108 J/cm2 /12/. A preliminary experiment with a 350 J, 1p-sec CO,
laser and a magnetic field of 1 megagauss, looks feasible with present day

technology. It would create a 1 keV plasma in the laser driven flame,

This proposal was made as early as 1963 /13/. It is the most con-
sistent with the above stated property of laser light to be concentrated
and yleld high energy densities. Basically a small spherical speck strongly
irradiated in the focal volume of one or several converging lenses is
instantanecusly heated to thermonuclear temperatures and is expected to
react before 1t expands and cools down. Actually things are not so simple :

the heating mechanism takes time and detailed calculations grounded on a




deialled analysis of the interaction physics are required. Starting from
rent assumptions the many theoreticlans who studled this problem
strongly disagree on the minimum energy needed and the size of the pellet
(initially in the solid state). Results are in the range 108 = Jjoules

with a marked peak at 109.

An important parameter in the problem of fusion by pellet explo=-
sion is the initial density. As it is well known, for a given mass of fuel

the number of thermonuclear reactions scales as nﬂ.2 wnereas the deconfi-
-1/3 -
i

is the number of nuclear reactions before the compressed medium blows apart.

ning time scales as n . Obviously the higher the density, the larger

It can be shown from simple minded ideas or from a more sophls=-
ticated analysis /1%//15/ that the minimum energy to be commnicated to the
pellet is

Mo = & (Ei )Q (5.3)
LR 0

wnere nS denote solid state density and k is a coefficient the value of
wnich depends on the physical mechanlsms investigated and on fusion cri-
terions, For instance k would be 2 108 Jjoules using the Lawson criterion
and assuming an initially hot pellet. Since the Lawson criterion takes
into account an overall efficiency of the energy cycle equal to 0.3, a

9

more reasonable value for k might be 10 joules.

In order to match this requirement to present day laser state
of the art or even to predictable technological advances, the compression
ratio (with respect to solid state) should be at least 10°, ‘e know from
the analysis of the laser driven deflagration that material pressures
higher than lOl3 baryes can be generated and were actually obtained in
interaction experiments., Such pressures are still unsufficient to compress
a solic pellet up to a very high density. However, detailed calculations
were made by J. NUCKCLLS and his coworkers at Livermore /16/. They show
tnat high energy subnanosecond pulses of Nd glass light would do the job.
The energy renge for breakeven (energy released by nuclear reactions equal
©0 the laser beam energy) is lO3 to 106 Jjoules depending on compression,
Finally it should be noved that the higher the laser frequency the easier

nign pressures are produced.

(o g
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Conclusion

Reguirements for lasers corresponding to bothreviewed approaches :
long wavelength heating and pellet explosion can be summarized on the follo-
wing table., Up to date data concerning TEA 002 and Nd glass laser are also
given for comparison.

Table 4 : Laser requirements for breakeven

| ' blasmas CO, Explosion
Efficiency 30 % 20 % 10 % 1%
_ 9
Energy W -5 7009 22:33551203JJ i
Power 107 1™ W 107 W » 102w 108 - 100
Wavelength > 1l0@m 10 pm 100 - 200 nm 1.06 pam

Except for the case of pellet explosion after compression the
energy gap 1s still quite large. In the latter approach the gap would
rather cxist for the powers. However, due either to the high temperatures,
or the high pressure driven flows already available in experiments on
laser interaction with matter, many advances can be expected in two domains :
first, a better knowledge of the interaction physics under high fluxes,
specially of non linear phenomena., Second, creation of plasma;,parameters

of whicn are closer and closer to fusion requirements.
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RECENT PROGRESS IN RESEARCH ON PLASMA FOCUS

Ch ,MAISONNIER, F, PECORELLA, J.P.RAGER, M. SAMUELLI
Associazione EURATOM - C.N.E.N. - FRASCATI

ABSTRACT ,

For Dense Plasma Focus experiments, a model in which the pla-
sma column is disrupted after maximum compression (first neu-
tron burst) by m=0 instabilities, and later heated to higher
temperatures by turbulent mechanisms (second neutron burst),
is shown to check well with experimental observations. The sca
ling laws of Plasma Focus devices are deduced, They compare
satisfactorily with the available experimental scaling laws.
The main parameters of the Megajoule experiment to be built in
Frascati within the framework of a joint European programme
are indicated,

1.INTRODUCTION,

The detailed observations reported at the Madison Conference
and later (ref.1,2,3,4,5) do not fit at all any of the simple
models proposed previously (beam-target, moving boiler, Morozov
flow) for the structure of the compressed phase of the Biense
Plasma Focus (D.P.F.). Using a more sophisticated model (ref.
6), relying upon the interaction of ions accelerated non-axi-
ally by ExB fields during an assumed anomalous diffusion of

the azimuthal magnetic field in the plasma column,it is possi-
ble to justify the results obtained from various time integra
ted neutron diagnostics making rather arbitrary assemptions.
In the present work, a model based upon the turbulent heating
of the plasma column after maximum compression is shown to de-
scribe conveniently the behaviour of D.,P.F. devices working in
the "high pressure'" regime (ref.5), whereas ion acceleration
mechanisms are likely to be of paramount importance in the "low
pressure'" regime (ref.5,7).

2 .MODEL , e

DIAGKOSTIES
One of the striking observa- =7 — —-i
tions is that most of the meu [4]— :
trons are emitted some time
after the collapse on the ax e =
is. For the Frascati machine "W, |
(fig.1l) (a rather typical exa ™™ L/
mple of the high pressure re .
gime), when working at 32 KV
77 Kj, the characteristics
of the pinched plasma at the
time of collapse are: radius
~2 mm, temperature=~1,5 KeV, & 4
density ~ 2.,1019 1life-time e
:40 nsec’ whereas the main SIETCH OF THE EXPERIMENTAL CHAMBER
neutron emission comes later
‘260 nsec) from a plasma which FIGURE 1
is more extended (radius~8 mm), hotter (6+10 KeV), more tenuo
us (n=~1018) and of longer life-time (=100 nsec). The neu-
trons are mainly of thermonuclear origin ("moving boiler" who
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se axial velocity-_—:lo7 cm/sec), the minority (= 20%) resulting
from a beam-target interaction (beam of~100 KeV). The values
of the plasma parameters during the main compression (first,
small, neutron and X-ray bursts) are in good agreement with
the results of M.H.D, two-dimensional calculations (ref.8). The
successive phases: absence of neutrons and X emission for =~
50 nsec, second (and large) burst of neutrons and X, can be de
scribed by the following model: a
the dense plasma COlumn at ma Pinch al the end of collapse Destruction of plasma column by
Ximum compression (fig.2a) i8 | n-20"cm?, Ti-16 kev m=0 MHD instability
disrupted by macroscopic m=0 L R
instabilities (fig.2b), (ref. RSt Roest, 208
2,4) ., The radial extension of

|
the plasma increases, n goes ]
down, and the magnetic field Bsc b 8
bl
§

gets mixed up with the plasma. . 3] [b|
Thls iS the ”dark'_' pause (fig" DiHused low temperature Diffused high temperature

2c ) 3 (I‘ef ° 1) 3 dur ing which plasma column plasma column n~10" Tu~7 keV
the plasma column stores in- b 5mm , hy-10
ternally the magnetic energy End of frst neutron burst Second neutron burst 2-10Y
which was present in the vici B

nity of the pinch; the resi- '%L " :
stivity is so low that this s "
energy is not converted appre R % [d
ciably into thermal energy.
At some radius of expansion, A schematic representation of Ihe @valuion df the plasma colurmn afler maxi-
the conditions for onset of mum compresen
turbulent heating are satisfied

FIGURE 2

(macroscopic turbulence or some kind of microscopic instabili-
ty such as the electron cyclotron drift instability), the ma-
gnetic energy stored in the plasma is transformed into thermal
energy, and a second burst of neutrons and X-rays is obtained
(fig.2d), (ref.1,4). Assuming that during the whole process the
linear ion density N remains constant (or decreases), as well
as the height H of the plasma column, the fact that the rate

of neutron emission has increased (by about a factor of 4) from
the first to the second burst implies that the temperature of
the ions has increased noticeably., As just after collapse the
only available energy is magnetic (the condensers are approxi-
mately discharged and kinetic energies are small at that time)
ohmic heating should have occured at such a rate that turbulent
heating is a necessity.

3. TEMPERATURE AFTER TURBULENT HEATING.

It is known (from M,H.D., calculations and from the relatively
long life-time of the compressed state) that the Bennett rela-
tion holds at the instantof collapse:

12 = 4 NkT (T 2 T,) (1)
There is evidence (ref.2,4 and paragraph 5 of this paper)
that the current carrying column keeps contracting or at least
does not expand immediately after collapse whereas the plasma
radius r increases, and that the current intensity I remains
roughly constant during the whole neutron emission. Between the
first and the second neutron burst, the plasma column expands
from ry to rg, diffusing across the magnetic field, so that,
when it reaches radius rg, the magnetic energy per unit length
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available inside the plasma is: W, = ¢1

12 Log.i (M.K.S.A.Units)
(2)
Taking into account equation (1), and assuming that, due to tur
bulence, all this energy is abruptly transformed into thermal
energy of 2N particles (we suppose T ~T ), the new temperature
T, is related to the former T, by: T, —T (1+4/3 Log r /r ) (3)
so that the ratio Q of the maximum rates of neutron emission
during the second and first bursts is:

] : 2 i
o 4O ¥y ("‘2) ( ) - Y% (_':_) ag N=mrn=mt, N, (4)
<T V2 <y v \Mp ’

From (3) and (4) it results that, for a given T;, Q is a func-

tion of rg/rq only. Fig.3 sho ar T T T

ws how Q varies in function | .

of Tq{ and of the expansion |

ratio. The observed value Q 1 keV |

~4 (ref.l1) fits well with 5

the temperature Ti1= 1.5-2 KeV 7

and expansion ratio rg/ri=24 1.6 keV N

(ref .2. paragraph 5) observed ~
- 5 keV

experimentally. In these con-

ditions, eq.(3) gives Teg= 6 KeV, | |‘THT‘T*i |

which is consistent with what 1 5 0 /% 15

has been estimated (ref.l, 10KeV)

or directly measured (ref.2, Multiplication factor @ of the rate of the neutron
9 KeV). emission vs the radial expansion of the plasma

4,CONDITIONS FOR TURBULENT HEATING column. FIGURE 3

a) Macroscopic turbulence., Interferometric measurements
(ref.2,4) show that, immediately after disruption of the pla
sma column by m=0 instabilities, the turbulence scale in the
plasma is of the order of 2 mm. These large azimuthal vorti-
ces (ref. 9) will degenerate into smaller ones, which are not
observable with the technics used up to now, Let us evaluate
the time constant with which a toroidal vortex (radii A, a,
thickness b, conductivity @ ) dissipates its internal magne-
tic energy by ohmic heating: wab 7 Ena T

T = L'/R = Mo sRa/TnAbs T~ T
Assuming that b is of “the order of the skin-depth correspon-

ding to the time ¢ (it can be checked that this is equivalent
to assume b= 263 , which seems reasonable), one has:

b o= |

Taking for © the classical expression (conductivity in pre-
sence of a strong magnetic field, at a temperatureT =0.8KeV,
as there should be some kind of equlpartltlon betweéﬁzthermal
and kinetic energy in strong turbulence), it comes :

Ci'.’.::’.""‘t,|tJ.:t
.

_‘_}Aos ] so that 'Z,“z/u.c alcr/-,—.

and z =~z d (M.K.S.A. Units)
The rise time of the second neutron burst being of the order
of 20 ns, macroscopic turbulence can explain the rate of hea
ting if the scale of turbulence goes down to:2r =~ 0,12 mm,
starting from about 2 mm some 60 nsec before (at the begin-
ning of the dark pause). It is satisfactorv to note that the
Larmor radius of a 1 KeV deuteron in a 1 Megagauss field (or
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der of magnitude of the azimuthal magnetic field) is 0,07 mm,
that is to say of the same order of magnitude that the mini-
mal scale of turbulence,

It seems then that macroscopic turbulence alone can explain
both the existence of the dark pause and the fast plasma hea
ting at the beginning of the second neutron burst. -

b) Microscopic turbulence. As mentionned in paragraph 3, be-
tween the two neutron pulses the plasma radius r increases

from r, to whereas the current diameter2drdecreases (=<1),
Then, assuming that the plasma density is constant across r:
I=x?NeNy (5)

where vq is the drift velocity of the electrons.
Eliminating I between (1) and (5) gives:

4 N e e ([ UkbelR
o " g @2( ) 5
¥ 5 gl .
Numerically: KN = 5T, %Vﬂa/@ﬂ , (ions/cm)

where the thermal velocity of the electrons vihe remains
roughly costant in time as no work is done against the magne
tic pressure, The onset of microscopic turbulence occurs

when vd/Vthe is larger than a given value; for instance, ion-
acoustic instability would develop when ‘Q/vﬂmz.bnw%L]w- (6)
which implies: KN < 2.1c' 7)
and, as N ~2,1018, ¢ s

Then, when the radlus of the plasma column reaches about 3
times the radius at maximum compression, ion-acoustic insta-
bilities could set in. The growth rate, of the order of

wipt (me/m:)”, would be conveniently large (1010 per second)
and the resistivity almost high enough, (thousand times Spit
zer's) to justify the heating of 2N particles per cm height
of the plasma column to a few KeV in less than 100 nsec.

It seems doubtful, however, that the condition Tg)>Tj, neces
sary for the development of ion-acoustic instabilities, will
ever be satisfied. It is well known anyway (ref.10) that tur
bulence is often observed even when T;}» Tg, and it seems o
that electronic cyclotron drift instabilities could be invo-
ked in this case. To be noted that, for w,. ~ J,., (electron
cyclotron frequency),a condition which is certainly realized
at some radius inside the plasma, this instability will re-
quire the same condition (6) and give the same growth rate
as the ion-acoustic instability previously decribed.

Both macroscopic and microscopic turbulent heating seem then
to find favorable conditions to develop. One could suspect
that the powerful macroscopic effects, which are certainly
present, are more likely to be responsible for the actual
heating. Moreover, macroscopic heating can tap only the in-
ternal magnetic energy of the plasma, as calculated in para-
graph 3, whereas microscopic heating has no such limitation,
The agreement of Eq.(4) with experimental observations spe-
aks then again in favor of macroscopic heating.

5) CONFRONTATION OF THE MODEL TO SOME EXPERIMENTAL OBSERVATIONS,

a) Energy absorbtion during turbulent heating. A careful ti-
me correlation between the various measurements is of para-
mount importance in interpreting the experimental results,
Fig .(4) shows the correlation existing between the neutron
signals and the values of the electrical parameters, inclu-
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ding these of the ratio:

U dt . R.I.d¢t Iy
AL J;———;**~“ W 470 KA |
Up td a time t? correspon 000 500 ~t(ns)
ding to the onset of tur- A
bulent heating, it is le- t
gitimate to assume that dI
the contribution of the at 1
resistive effect is negli
gible so that: _/CU-cjt 360" A<l /J\/\
At time tl, maximug:of the J Vat
first neutron burst, rela 3.61072 Vs ———+-—
tion (9) is certainly hol -t
ding, and one finds inde- U
ed a good agreement bet-
ween the value of the in- 7.85 kV '/JJ\J\
ternal inductance of the >
experimental chamber dedu LEEL] Jﬁ%ﬂ
ced from (9) (60 nH) and I L
that calculated (50 nH) 20 nH
from the geometrical di- 0 >t
mensions of the pinch Ot | =1
(r= 2 mm, h=10 mm), ta-
king due account of the dN quv//
additional inductance of at

the remaining of the cur
rent sheath and of the
experimental chamber.

Fig. (4) shows that after

the time t* the quantity

Time correlation between the e-
lectrical parameters and the PM
neutron signal.

Inter-electrode gap : 7 cm

ARSIT L2 4 I is Initial conditions : V = 32 kV
contlnously increasing up

to a timeiﬁg slightly po I = duts i By
sterior to t° , maximum

of the second neutron FIGURE 4
burst.

The experimental evidences (Ref.2,4) are that during this pe
riod the plasma column is expanding across the magnetic field
lines (the inductance would then remain approximately constant)
so that the increment of[f U.dt /I | must be interpreted in
terms of a resistive effect (turbulent heating). The value

of the energy absorbed in the process (L& Rlldc % SkKl) is in
agreement with the energy required to heat 4.10 parti-
cles up to a temperature of 5 - 7 KeV.

b) Expansion of the plasma column and neutron emission.

If the velocity of expansion of the density during the dark
pause is assumed to be constant from shot to shot, the shor-
ter is the time between the two neutron bursts, the higher
will be the density during the second burst. As the magnetic
energy which has been absorbed remains more or less a con-
stant (logarithmic variation with the ratio of the final to
the initial radius), the final temperature T is roughly con
stant, and the second neutron burst should be more intense
when ¢ is small., It is indeed observed experimentally
(fig.5) that the total neutron output varies as 7T°2
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An examination of fig.3 shows
that such a dependance had to
be expected provided that the
expansion ratio is apprecia- -
bly larger than the value cor

responding to the maximum of ¢,

c¢) Enhancement Q of the rate
of neutron emission. Fig.6
shows that a typical value of
Qneutron is 3,8 which is very
close to the value given by
the theory for an initial pinch
temperature of the order of -
1.5 KeV, |
It is interesting to remark 20
that the same ratio Qg = (wn
is observed for the rates of
X-ray production when the
X -rays are filtered by 4 mm tron bursts.
of lead, In absence of lead
shield, such a correlation be FREIE® @
tween Qg and Q, 1is not observed (Qs >~ 1), which means that
this excess of § or X rays
during the first burst is
due to some electron beam
accelerated at the time
of collapse, It is then in
ferred that the X-rays
shown in fig. 6 are produ-
ced by (n,8 ) processes in
the walls of the chamber
(=~ 700 KeV).

100 200 t(ns)

Total neutron yield vs.time
delay between the two neu -

8.5 nyng

"W
V

INFLUENCE OF A BIAS MAGNE-
TIC FIELD, dN

It is a well known feature dt
of the plasma focus experi- ]
ments that the application
of a bias axial magnetic
field has a net negative

— 200ns

influence on the mneutron
oroduction (Ref. 11,12).

An evaluation of the plasma

parameters associated with

the radial collapse of the

current sheath shows that

the axial field is trapped

P.M. signals of]‘rﬂys and neu
trons emitted from the DPF at

a distance of 8.5 m. A 4 mm Pb
shield is placed at 4 m between
DPF and PM.

Neutron output 21010; Qy =

Y 3.6

inside the sheath and the- Qn = 3.8
refore that its final value
Bf can be deduced from the FIGURE 6
flux conservation law: .
5 Ireur.us J B, ~ 0.8,
¢ Tonode

When the bias magnetic field reaches a value of the order of

100 Gauss,

a sharp drop in total neutron yield is observed
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(fig.7) . This sharp fall is associated with the disappearan
as with the

ce of the second neutron

burst (fig.8) as well

{1l
10 T 1
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10°

PM signals with and without the
initial axial magnetic field

|

|

a) No magnetic field
b) 300 Gauss

| | |
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Neutron yield vs.

the initial
axial magnetic field
FIGURE 7

Initial conditions 32 kV,

1.1 Terr D2

FIGURE 8

Oobservation of a more stable and longer living pinch - like
phase (fig.9). Increasing the field has no further inhibiting
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Time correlation between a typical neutron signal and

framing pictures of the discharge.

An inditial axial

magnetic field of 300 Gauss is applied.
(10 ns exposure time-visible light)

FIGURE 9

effect (it is observed that the first neutron burst, corre-

sponding to the pinch-like structure,

is almost unchanged

thought a little expanded in time) up to a second critical
value (900 Gauss) above which even the first neutron burst
gradually disappears., These results can be interpreted as

follows:

The stabilizing effect of the axial magnetic field becomes

appreciable when B, is comparable to the azimuthal field Beo
(typical value =~ 1 MG). This stabilization prevents the for
mation of the M.H.D, m=0 instabilities and hence the subse-

quent turbulent heating,

so that the second neutron burst
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disappears, For much higher Bg fields (103 Gauss or more),
the magnetic pressure associated with By is so large that
the plasma sheath cannot collapse any more to a small radius
and even the first neutron burst disappears.

7. INFLUENCE OF THE INTERELECTRODES SPACING .

The model under discussion takes only into account the radial
distribution of both the plasma and the magnetic field., It
was then interesting to check down to which axial height of
the experimental chamber this purely radial dependence holds,
For this purpose, a 2 cm electrodes spacing device has been
realized and tested. Identical initial conditions were main-
tained with respect to the usual 7 cm spacing case: initial
radius, filling pressure, and breakdown conditions, voltage,
etc, The main result is that the total neutron yield is un-
changed. A more detailed analysis, using as before the time
correlation between electrical parameters and neutron signals
(fig.10) shows -that:

a) qualitatively, the mecha-

Iit

nism for neutron production 940 kAL
seems identical (two neutron 00500 >t (ns)
bursts, the second one acco- _—

unting for most of the emis-
sion), though occuring on a

contracted time scale (dark dl4

pause twice shorter); dt

b) the time evolution of the j3giphacl AA/

inductance, as deduced from 0 \F' -t
the electrical parameters, fUdt

remains the same, though the

absolute value of the induc- 361072 WJ- e

tance is smaller (37 instead >t
of 60 nH). As a check, the U

usual kind of computation

based upon the evaluation of 7.85 kV

the geometrical parameters fUdtD =
has been performed, giving a ‘__—-L A=

reasonable 30 nH; !

. 10 nH

c) the final phase of the 0 >t
whole implosion occurs soo-

ner for 2 cm that for 7 cm 0 g
because of the smaller induc MU(

tance and correlative higher dN

current applying higher La- dt

place forces on the current
sheath when it reaches the
interelectrode region;

Time correlation between the e-
lectrical parameters and the PM
neutron signal.

d) the same 1/%* dependen Inter-electrode gap : 2 cm

ce of the total neutron yi Initial conditions : V 32 kV
eld with respect to the de- p = 1.1 torr D,

lay between two neutron
bursts holds (fig.11). FIGURE 10

From (fig.10) one can evaluate again the amount of energy
absorbed in the turbulent heating of the plasma, It appears




that this quantity is almost equal for 7 and for 2 cm. Assu-
ming an identical initial radius for both pinches, as the
current is higher for shor
ter electrodes spacing it
can be evaluated that the 'Nn
expansion needed in the

2 cm is about half that
corresponding to the 7 cm
case, in good agreement

with the observation of

the corresponding delay
between the two neutron
bursts, 10%
It is likely that there

is an optimum height bet-
ween 2 and 7 cm for which

ll_l__l._I

the advantage of a smaller | j
inductance is not yet ba- 20 200 (N9
lanced by the negative in-

fluence of the reduced Total neutron yield vs.time

height of the reactive re
gion, which already shows

up in the 2 cm device. bursts.
ce 2 cnm,

delay between the two neutron
Interelectrode distan

FIGURE 11
INFLUENCE OF THE POLARITY

It is known that inverting the polarity (i.e. having a nega-
tive central electrode) inhibits the production of neutrons
in D,P.F. devices. A tentative interpretation put forward in
the past was that in the inverted polarity configuration the
high flux of cold electrons emitted by the central electro-
de to carry large currentdensities cools the focus below ther
monuclear temperature. In the 2 cm device, the focus is as ~
close from the anode as from the cathode and therefore one
may think that there should be an equally low neutron emis-
sion for both polarities. Results reported in paragraph 7
are in contradiction with this interpretation: inverting the
polarity has the same negative effect than in the 7 cm case.
Therefore it should be thought that the inversion has a de-
finite influence on the basic mechanism implied in the whole
process.

Fig.12 shows the voltage and current traces for a 2 cm devi-
ce and both polarities. It is seen that almost up to the col
lapse the respective evolutions are quite identical, and -
therefore that the inducatances up to that moment are iden-
tical too (same radius) But while in the normal case one
observes just before collapse a neat increase of inductance
(corresponding to the evidence of the continuation of the
implosion of the sheath), in the reversed polarity case the
contraction is stopped at a radius 2 or 3 times larger than
the minimum radius for normal polarity. Similar evidence is
derived from visible light framing pictures (see also Ref,13)
This is also very well illustrated by the fact that the neu-
tron yield is an order of magnitude smaller than that of the
first phase of the normal focus (some 108 against 2.109).

We have yet no explanatiaon for this polarity effect. It can

191




192

be remarked anyhow that the upward flux of ions, correlated
to the geometrical shape of the sheath which is the same in
both cases, has the same

direction than the curren U

te in the normal case and

an gpposite direction in kk)

the reversed polarity case.

One can then expect that

in the second case the elec R -t -
trons will have to compensa

te for that reverse current (=)

and therefore that there
will be a higher drift ve-
locity between the two spe '\ (+)

cies, It is not clear whe-
ther this effect could ////,ﬁqh\’ﬂﬂ—_v_\‘“‘
play an important role in E

the final phase of the col
lapse.

9., SCALING LAWS FOR OPTIMUM

MACHINES. Voltage and current oscillograms
Using the model previously for positive (+) and negative (-)
described, it is interesting central electrode polarity.
to derive the scaling laws
of "optimum" D.P.F, devices, FIGURE 12
For the sake of conciseness, only machines of the Filippov
type (no "run-down' phase) will be considered hereafter. A
machine will be said to be optimum if:

a) the condenser bank is fully discharged at the time of maxi
mum compression; -

b) the temperature of the plasma at the instant of maximum
neutron production is optimum (about 9 KeV for DD reactions,
as shown later);

c) appropriate conditions for efficient breakdown and snow-
ploughing are satisfied, whereas the damage to the electrodes
is limited. Supposing one of these machines is known, how
should one scale the various fundamental parameters (radius
Rp and height H of the experimental chamber, filling density
Ng, voltage of the bank U,) in function of the energy Wg sto-
red in the bank?

- Condition (a) has been established rigorously for a hollow
Z-pinch (Ref.14) and writes (C being the capacity of the bank)

R‘: No - (10)
It can be shown to hold for a Plasma Focus of the Filippov
type. A heuristic proof comes from the confrontation of two
different evaluations of the acceleration of the imploding
plasma layer:

2 Z
X magnetic pressure L°/R; W
mass per unit area he Ro L, RS
distance R
and &= 2 where L_is the total induc-

time? L tance of the system,
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- Provided the temperature T9 at maximum neutron production
is proportional to the temperature T1 at maximum compression,

condition (b) writes: 2 €
( Re = 6" (11)

c
The heuristic proof (see‘;ef.14 for demonstration in the case
of a Z-pinch) is: 5 ) Rz
2 2 pn: o

.‘]—iC’{v\,mrloSLUn U([C?VV-QJ = Cc S "!_C,-
From Eq.3 and asrg/riequals a few units, Ty is approximative-
ly proportional to T{ and equation (11) holds.
- Conditions c¢) should give two relationships to determine
completely the solution. A rather obvious choice is:

Wo /R =CE (12.) H=cCE (13)
Then, the energy and current densitieson the cylindrical elec-
trodes and insulator remain unchanged, and the Paschen condi
tions for breakdown are the same (Hn, = ct), N
- From equation (10), (1D, (12)and (13) the following scaling laws

are obtained:‘ "
lo - = o= —
Re =t Wo H=2C" C ANV, 5 \’)‘:L- n,=C
- The neutron output is: Np A <TV2.n3.M%.H Atp

where ng is the plasma density and Atg the duration of the
second burst of neutrons. As, following our model,the plasma

is then radially unconfined: Dy x Ty . Ty 72
On the other hand, if the snow-plough efficiency is the same
in all machines; no r§ o« ng R§ —

Taking into account (10) and (11), it comesﬂqz°<ﬁ§§%‘1x?£ (14)
The optimum temperature for DD reactions is 9 KeV (maximum
of4?t>ﬁ"ﬁ5Then, from our scaling laws: Ng W,/ as)
It is difficult to evaluate how rg scales with Wy, Two plau-
sible assumptions are:

(16) = = —~m+{as the implosion velocity and n, are con-
6 {rq_ﬂ\ Raakw';”' stant;

One should then expect the neutron yield of optimum machines
to vary as WI(I)I , where 1.5 < m < 2,

10, EXPERIMENTAL VERIFICATIONS,

The scaling laws published so far (ref.1,3) refer to a given
experimental chamber. Keeping C constant and varying U and n
(so that condition a is satisfied), T remains constant (eq.1l1, 3),
as well as rg (eq.16), and from eq.14, Ny should vary as W%
which is does. Keeping U constant, and varying C and n,, ﬁz
should vary as w2 only if Ty is close to the optimum tempera-
ture of 9 KeV, £8r which<¢rv757‘“5 has a flat maximum, In our
device, it is believed that Tg9 is not far from 9 KeV, and in-
deed No <X W2.5, For "colder" plasmas, increasing C would be
less agvantggeous, and could even be deleterious.

11 ,ONE MEGAJOULE DEVICE,

A joint programme on Plasma Focus research has been agreed
upon recently by the Culham, Julich and Frascati laboratories.
As a part of this programme, Frascati will built a large ex-
perimental facility (of the order of 1 MJ stored energy); the
first experimental chamber to be installed will be of the Fi-
lippov type. Using the afore mentioned scaling laws, the me-
gajoule experiment (Fig.13b) has been extrapolated from our
present experiment (Fig.13a). The curves shown in Fig.1l3 are
the result of 2 dimensional MHD calculations (Potter's code).
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They confirm that the sca-

ling laws conserve good mat

ching between electrical di 2 V=15 s L€
scharge and dynamical col- e N L
lapse. The same calculations T 7 s | T ™ |
show that the temperature

T{ at maximum compression N

remains constant (within 5%), o 4 2 hrems
as expected. i
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THE EUROPEAN COMMUNITY ACTIVITIES

IN THE FIELD OF CONTROLLED THERMONUCLEAR FUSION

by
D. PALUMBO

COMMISSION OF THE EUROPEAN COMMUNITIES
200 rue de la Loi
1040 Brussels

INTRODUCTION

The subjects of my talk today are the motives, development,
structure and content of the EAEC (Euratom) programme in the field of

plasma physics and controlled thermonuclear fusion.

In my capacity of responsable in Brussels, of this branch of
activities of the Commission of the Communities, I have been asked by

the organizers of this Conference to tell you about our work.

As you know, the Community at present consists of six States
Belgium, France, Italy, Luxembourg, The Netherlands and West Germany,
which will probably be joined by four new members, Denmark, Ireland,

Norway and the United Kingdom.

The Euratom Commission's action in the field that concerns us is
aimed at fostering the activities of the Member States in a coordinated
manner, with a view to achieving results that will be used in common.
Thus within the Community Fusion has given rise to more thorough going
international collaboration than in the rest of the world, through an

original form of assistance by Euratom which in itself is an experiment

worthy to notice.

During the past week we have had a wide, full survey of the re-
search in progress and the results obtained in the European laboratories,

I shall therefore confine myself to three points which, although they
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do not strictly deal with science, may be of some interest to you:

(1) Why the Buropean Community is interested in fusion;
(2) the means by which it takes action in this field;

(3) the programme planned for the near future.

Why the Furopean Community is interested in fusion

It is generally recognized that within the foreseeable future
the demand for energy will keep on rising, and that for various
reasons we shall have to resort to nuclear power sources-fission,
which is already on the market, and fusion, which it is hoped to
employ later on.

235

It is also recognized that even if U cannot itself pro-
vide a longterm solution, the advent of the breeder reactors could
supply power for a very long time, even more cheaply than the sour-

ces available today.

If all goes well, we may hope that fusion will start to back
un the breeders towards the end of this century. According to the
conclusions of the IAEA Review Panel in June 1970, it may offer a

number of attractive features:

(a) the fuel is abundant and widespread.
If, to begin with, only the D-T reactions can be used, the
quantity of Li available at a low price is sufficient for
some two thousand years. The amount contained in the sea is
practically unlimited. As wigh the breeders, the incidence
of the fuel cost on the kWh cost is very small, the cost per

kWh being practically unaffected by the cost of Li.

(b) The end products of the reactions are not radioactive.
Whilst it is true that large quantities of tritium will
have to produced (1 kg a day, equivalent to 107 curies a
day for a 5 GW thermal reactor), this tritium will have to
be consumed each day; and if there is a surplus, which appears
to be easily obtainable, it will have to be stockpiled to

start up another reactor. For once, therefore, the interests




of the energy producers will match those of the environmen-
talists in quality, even if the latter demand stringent per-
formance levels quantitywise; and these, it appears, can be
achieved without too much difficulty. So much for the vola-

tile radiocactive substances.

(c) The activation of the structural materials by the neutron
fluxes, bigger and of higher energy than in the breeders,
will certainly be very intense. It will depend very much on
the materials finally chosen, but in any case there is no
recycling problem and there remains only a problem of elimi-

nation which should not be harder than it is with fission.

(d) The amounts of fuel present in a reactor and its auxiliaries
are small, and by the very nature of the reactor operation

the risk of nuclear accidents is practically nil.

(e) It is predicted that the fuel cycle cost will be very low,

and this is a potential economic advantage over fission.

(f) Lastly, and particularly as regards the D-T reactor, the
fact that 80 % of the energy is deposited directly in the
blanket means that high thermodynamic efficiency can be
attained and might make chemical applications such as hydro-

gen production possible.

The advantages anticipated are of interest to all. They are

especially attractive to Western Europe for a number of reasons.

The population density is higher in our part of the world than

elsewhere and the resultant safety problems are more critical.

Secondly we, to a far greater extent than the major industria-
lised regions, are largely dependent on foreign sources for our

energy requirements.

Today, the primary energy consumption in the Community is

12

equivalent to 8.10 © kWh a year, 8 % of this in electric power, and

66 % of the primary energy it is produced from imported fuels.
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According to studies by the Commission of the European Communities
on the trend of the energy demand up to 1985, at a mean estimate, con-

suption will rise to the equivalent of 16.1012 kWh total energy per

year, including 1,?.1012 kWh in electric energy, 33 % of the electri=-
cal energy will be of nuclear origin, but this does not answer the
supply problem, since the availability of low-cost uranium in the Com=-

munity is limited.

For the end of the century, the long-term trend suggests that the

enlarged Community will require about 2,8.‘1013 kWh of total energy,

including 6.‘1012 kWh of electric energy.

In line with the conclusions drawn by the TAEA Review Panel, let
us assume that all the advantages of fusion result in a direct or in-
direct saving of 0.5 mill in the fusion kWh cost aé against the other
sources available at the same time. This, on the Community scale, would
mean a saving of 3.109 u.c. a year. This might come about in any case,
even if the Community made no effort to contribute to the development
of fusion research. We have to remember, however, that at the time when
fusion can be expected to arrive on the market, it will be necessary
to build plants capable of supplying about 20 GW(e) a year; this means
a market totalling several thousand million dollars/y. The European
industry will not be able to meet these requirements unless it has pre-
pared for the job by sharing in the construction of large-scale confine-
ment experiments, of test units, and finally of prototypes, moving step
by step from the stage of collaboration with the laboratories to the

point where it takes over their work.

Hence we need to develop research and development in the Community
in order to give industry these opportunities, even if the cost of
arriving at a prototype should amount to several thousand million dollars.
At the moment it is impossible to give a closer estimate based on a more
knowledgeable cost/profit analysis. All the initial data are still un-
certain, including the date at which fusion might enter the energy
market. One has to know this date in order to determine the value in

present-worth terms of the potential profit.
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In spite of all the uncertainties, however, the above con-
siderations suggest that the risk involved in undertasking a fusion
R 8 D effort is a reasonable one, provided that it is spread over

a sufficiently large unit.

There are some minimum costs independed of the size of the
unit while the potential benefit is roughly proportional to this

size.

The Community as a whole possesses the critical size, but it
is by no means certain that the same can be said of each of its

members.

Structure and scope of the activity

Historical introduction

Even though these considerations were not so obvious in 1957
when the Euratom Treaty was signed, joint action in the field of
controlled thermonuclear fusion figured in Euratom's first five=

year programme (1958-62).

Two favourable circumstances had helped us. The 1958 Geneva
Conference, in making public the results and current programmes in
the UK, the USSR and the USA, confirmed the great number and diffi-
culty of the problems to be overcome. Secondly, the activity de-
veloped in the Member States was still in the early stages as
regards the experimental phase, whilst important theory work had

already been achieved, particularly in West Germany.

Euratom's action started with a contract with the CEA, France,
in 1959. At the outset it was not clear whether in the future
Euratom was going to develop its own activities or have the work
done through contracts of association with the member countries'
laboratories. The turning point came when it entered into a contract

with the IPP at Garching.
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Thus the Commission adopted as its policy the conclusion of
a series of contracts of association with all Member States insti-

tutions actively engaged in the field to any significant degree.

By the end of the first five-year plan (1958-62) the following

associations were in operation:
(a) CEA (1959) laboratories at Fontenay-aux-Roses and Saclay

(nowadays Fontenay-aux-Roses and Grenoble);
(b) CNEN (1960) Frascati and now also with CNR: Milan and Padua;
(¢) IPP (1961) Garching near Munich;
(d) FOM (1962) Jutphaas (Utrecht), Amsterdam and later Eindhoven;

(e) KFA (1962) Jiilich.

An additional contract was subsequently entered into, with
the Belgian Government in 1968 (laboratories of the "Ecole Royale
Militaire" and the theoretical department of the ULB).

On the basis of the existing national programme, the Commis-
sion sought to achieve a coordinated programme which would avoid
useless duplication, while at the same time encouraging the ex-
change of information and a certain redistribution of work. From
the very beginning the following approximate breakdown, appeared

feasible:

- CEA (Fontenay-aux-Roses and Saclay): low beta open-ended confi-

guration and plasma electromagnetic waves interaction;

- mainly Jiilich and Garching: high beta open-ended configuration

(theta pinch);

- mainly Garching, with some Jutphaas participation: closed

configuration;

~ Frascati: very high density plasmas.

Obviously the above plan allowed for a certain amount of

reasonable and sometimes necessary overlapping.




General plasma physics as well basic as applied theory was also a

major preoccupation in all the laboratories.

The Commission participated in the different associations, to the
rate of about one-third of the total budget and by means of an inter-
national staff, recruited by the Commission, eguivalent to about one=
eight of the total professional staff. At present 64 scientists out
of an approximate total of 500,

The year 1963 marked the setting-up of the Liaison-Group composed

of the scientific heads of the Community's associate institutes. The
main aim of this consultative group is to discuss and give its views
on the programmes as well as on problems of common interest. The

Liaison Group is assisted by Advisory Groups responsible for the fol-

lowing lines of activity:

(a) Tokamak, low beta Stellarator;

(b) Screw Pinch high beta Stellarator;
(c) Open configuration;

(d) Heating and injection;

(e) Very high density;

(f) Fusion reactor technology.

For some time now experts from Culham have been regular members of

all the Advisory Groups.
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During the first two five~year programmes (1958-62 and 1963-67) the

Commission spent a total of 45,4 million units of account on fusion.

The main effect of this was to promote the expansion of these activities

in Burope and to assure their continuation, even during periods of

difficulty. An effective basis has been laid for the exchange of infor-

mation and a certain degree of coherence has been maintained with regard

to the programme as a whole.
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The present situation

In the light of scientific and technical developments, the third
five-year programme (1971-1975) has been prepared on the basis of the
programmes put forward by the laboratories and in collaboration with
the Liaison Group. The third five-year programme is to pave the way
for closer forms of collaboration which, if all goes well, will become

necessary in the future.

On 21 June 1971, after long discussions, the five-year Programme
was finally adopted by the Council of Ministers. The financial provi-
sions are based on a total expenditure estimated at 185 million u.a.
The Commission contribution, fixed provisionally at 46,5 million, breaks

down as follows:

(a) 38,2 million in the form of general aid to the budgets of the

existing associations over five years at a level of approximately

24 %;

(b) 0,3 million to finance the exchange of national personnel between

the associate laboratories;

(¢) 8 million for financing at approximately 44 % the equipment for
supporting projects of major interest for fusion launched during

the first three years of the programme. witting the following area:

1

Tokamak, low beta Stellarator

Screw pinch, high beta Stellarator

Heating and Injection

Very high density.

A further approprietion for these projects may be approved by the

Council of Ministers for the last two years of the plan.
Point (b) and (c) are typical of the third five-year programme.
A real responsibility to decide which projects are to be given

priority rests with the Liaison Group even if officially this body

holds a consultative status only. The Liaison Group submits its
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recommendations to the Commission following an examination of the

laboratories' proposals by the competent Advisory Groups.

In reaching its decision of 21 June 1971, the Council of
Ministers took into account the considerations above mentioned.
It decides that "the programme represents an element for long-
term collaboration covering the entire range of Member State
activities in the field of fusion and plasma physics. This pro-
gramme tends to reach, in due time, to the common achievement and

commercial use',

Moreover, in the case of priority projects the Council of
Ministers has decides that "in return for financing at the prefe-
rential rate all associates will enjoy the option of participating

in the experiments carried out with the help of this equipment".

To this group we think will soon be added the Culham and Ris®

Laboratories, with which the common programme is under discussion.

This tightening of the bonds in the Community doesn't mean

at all a closure to the outside.

In the past Euratom has encouraged larger-scale collaboration
and will continue to do so. Here I would draw attention to the role
played by the Commission and its staff in the agreement between

FOM and MIT on ALCATOR.

Current programme and prospects

The scientific programme which all these projects go to make
up is centred on research into closed configuration in a large
range of geometrical and physical parameters, as well as research
into methods of heating and injection with particular emphasis on

their application in closed configurations.

A certain amount of research is proposed in the field of
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inertial confinement, while work will continue on a modest scale

in the field of open-ended configurationse.

Low ﬂ closed configurations

a) Tokamak. Since 1968-69, at least three laboratories have shown
interest in this relatively new field, even though the machines
currently under construction or on the drawing-beard differ

conderably from the initial proposalss.

- Pulsator (Garching) : R= 70 cm, a = 11 cm, Bo = 28 kG
I=0,1MA (g = 3). The application of

moderate Stellarator fields is planned in the initial phase.

The machine's interest lies in studying the initial phase and
afterwards the "limiter" problem. The machine is in the process
of being assembled and is expected to come into service by the

end of 1972,

- TFR (Fontenay-aux-Roses) : R = 98 cm, a = 20 cm, Bo = 60 kG
I =0,%MA (g

are to extend the scaling laws, to study the effects of injec=-

3), The main aims

tion heating of neutral particles and to make a careful study,
using a special diagnostic methods, of the configuration of the
poloidal magnetic field and therefore of the current profile.
The equipment is now being assembled and i1s expected to come
into operation (early in 1973). Elaborate theoretical studies
have preceded and will be carried out in parallel with the

exploitation of the device.

82 cm, a = 22 Cm, Bo = 100 kG,
1ML (g = 3).

- Tokamak Frascati : R
&L

The purpose of this ambitious project is clearly to test
these ccenfiguration at high magnetic field approaching the region
which is probably important as regards thermonuclear applicationss
The dimensions have been chosen in order to proceed parallel with
the ALCATOR project, with which there are close links. The design

has been completed and the machine could be in operation by 1974,
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b) Stellarator. Following the results obtained with low tempera-

ture plasma in the "Wenddstein'" Stellarators at Garching and

in view of the desirability of ccmparing the Stellarator and
Tokamak principles at higher temperature when the physics

might differ greatly, a large Stellarator, Wendelstein VII, is
to be built : R =200 cm, A = 30 cm, B = 35 kG, £ = 2 and £ = &4,
Firstly, the plasma will be created by induction and OH, addi-
tional heating is planned by neutral injection and RF (see

Heating and Injection). Commissioning is planned for 1974-75.

To this list will be added, with the Culham laboratory
coming into the Community sphere, the CLEQC machine, which already
works as a TOKAMAK and will be operated as a - % Stellarator.

Injections of neutrals will supplement ohmic heating,

The Levitron Stator II, in operation at Fontenay-aux-Roses,
the superconducting Levitron in Culham, and the levitated quadru-
pole, Wendelstein VI, under construction at Garching, also deser-

ve mention,.

High ﬁ closed configurations. Activity in this field is along

three lines :

a) Screw pinch. This concerns concepts initially developed in

Jutphaas, basically similar to those used in the Tockamak pro-
ject, but which differ as regards magnetic field generation,
methods of heating (shock waves and compression) and parame-

tric ranges. Three experiments are under construction.

-~ SPICA : FOM Jutphaas. R = 60 cm, a, = 20 cm, bank power =
1 MJ, I = 0.8 MA.
The main objective are the study of the influence of current
in the low presure plasma surrounding the compressed plasma
in the Tokamak (q»1) and ultra Tokamak (q<€1) system.

Awaiting construction : 1973.

- COMPACT TORUS : Jllich. R = 25 cm, a, = 9,5 cm, I=0.030 MA
The main object concerns the study of Tokamak type of confi-

surations with high beta and of the behaviour of a machine
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b)

&)

without limiter.

- SCREW PINCH : Padua. R = 40 cm, a, = 6 cm.

The main objectives are the study of initial ionization and

of the heating processes. The machine is under construction.

HBTX : Culhame In Culham high beta toroidal experiment
R= 1m, a= 6 cm, 2 M J,is already operating as screw
pinch stabilized Z pinch or '"reversed field pinch". The
emphasis is on the latter configuration for which the toroi-
dal field changes its sign going from the magnetic axis to
the wall.

Non-circular Cross sections : Experiments aiming at the study

of the influence, in axisymmetric configurations, of cross-
sections shapes which are considerably (TENQ) or grossly
(BELT PINCH) non-circulars

They are an upward extension, towards energy levels of 1 MJ,

of experiments already in progress at Jilich and Garching,.

- TENG : Rext = 75 cm, Rint = 23 cm, h = 130 cm (JHlich)
- BELT PINCH : Rext =75 cm, Rint = 30 cm, h =250 cm
(Garching)

High-beta Stellarators. The ISAR T1 machire went into service

at Garching a few months ago. It is of the circular Stella-
rator type. R = 135 cm, a, = 11 cm, supplied from the 2.6 MJ
bank.

The main field (Bo __ = approx. 37 kG) and the £ = 1 fields
are generated by independentcoils; heating is, cf course,
by means of shock waves and compression. The main aims are

the study of equilibrium and stabilitye.

A proposal for a linear in its first version machine with

£ = 1 is under preparation at Jlilich,
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In this section, mention should also be made of the continua-
tion of very careful studies on shock waves which have

already produced major results at Jllich and Garching.

Open configurations

Interest in this line of research has waned rapidly in the
Community, for reascns which are well known. Collisicnal
end losses, however imperfect calculations of them may be,
would appear to show that thermonuclear applicaticns of this
type of configuration are difficult, and leave no margin to
allow for additional losses due to the instabilities fore-

seeable in essentially non-isotropic plasma-.

Studies on the feasibility of improving end confinement by
means of electromagnetic fields in the region of the elec-
tron cr ion cyclotron frequencies have shown the difficulty
inherent in practical application of this principle. Using
the CIRCE experiment at Grenoble, however, which was commis-
sioned recently, experimental researches are continuing in

this fields.

No work is in progress on the direct conversion of the energy
of the escaping particles, nor on their re-injection. Acti-
vity at Fontenay-aux-Roses 1is confined to the operation of

two machines, DECA and BET. It is nct impossible that new
experimental or theoretical results will bring about a revival
of interest in the future, but no neWw action is planned at

presents

Heating and Injection

Great attention has been directed to the possibility of adap-

ting the use of RF to low-beta toroidal configurations.

A joint Brussels--Garching-Grencble project has been set up
aiming at heating, chiefly through TTMP, in Tokamak=-5tella-
rator configurations. Two machines, PETULA (TTMP-Tokamak)

and WEGA (RF - Stellarator) are t~ be built at Grenoble, in
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cooperation with Garching. The power supply for the magnetic
field and the RF generator will be commonj this will mean an

appreciable savingo.

In addition, the ERM (Brussels) is continuing studies on the
interactions between electromagnetic waves and a finite plasmaj
studies are underway on a small scale on the TIMP at Garching
and other methods are under investigation at Fontenay-aux-

Roses.

An IPP/CEA project has been put in hand at Fontenay-aux -Roses

for the future development of the injection of neutrals.

The injection of neutrals is alsc planned using conventional
sources, on the Tokamak at Fontenay-aux-Roses and Wendelstein
VII at Garching. An important contribution is expected from
the Culham laboratory, already very active in this important
field. Turbulent heating is being studied at Jllich and

Jutphaas and the use of electron beams at Amsterdam.

In addition, laser heating is being considered at various

laboratories.

Very high density

The "plasma focus" is being studies under a joint Frascati-
Julich-Culham project. The chief task at Frascati is the
extension of the scaling laws to energies corresponding to a
capacitor bank in the MJ rangej; Jlilich's main task is the
improvement of the repetition rate, while Culham is concentra-

ting principally on diagnostics and theory.

The general aim is to study plasma focus as a neutron source
rather than its application to thermonuclear energy genera-

tion, which now seems a doubtful starters

Laser action on solid targets, both for the production of very
dense and hot plasma and for filling magnetic configurations,

is being studied at Garching.
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Fusion reactor technology

In this difficult field exploratory work will be initiated, °
notably on "systems studies"., The cnly true experimental
activity underway concerns surface physics and the interac-
tion between the plasmz and the wall, for which a Department

is in operation at Garchings.

At a general level this fields of activity is the object of

discussion inside the Liaison Groupe.

To summarize : In the lowﬁ field there is already large-
scale activity Tokamak covering a wide range of magnetic
fields, plasma currents, and geometrical dimensions, and
with pulse duration longer than the expected confinement
time. The operation of W. VII should provide a very use=-

ful comparison between Stellarator and Tokamaks

In the case of the medium and high beta configuration, I
feel that the exploration of several avenues by means of
small or medium-scale machines constitutes the most appro-

priate course of actiocn.

Certain of these apprcaches will prcbably converge on the
Tokamak or Stellarator lines at intermediate beta valuess
ldeas concerning the later stage in the high beta range

have not yet crystallized,

As regards the open configurations, there is a considerable

unbalance in relation to the U.S.A. and possibly the U.S.S.R.

The same applies to laser-produced plasma, at least as far as
the association laboratories are concerned. A satisfactory
Community collaboration is developing as regards heating and
injection, with a level of activity perhaps unevenly balanced
between RF and NI, This situation will be improved by the

Culham ceontribution.

The field nf fusinon reactor technology is at present in an
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exploratory phase. The emphasis which should be placed upon it will depend
to a considerable extent, on the possibility of making reascnable forecast
on the future of fusion.

Looking further ahead, a common project for a possible JOINT EUROPEAN TORUS
is considered as a collective effort by all the associated laboratories.

The project would have as its assential purpose nuclear heating and it would
possibly contribute an answer to the problem of scientific feasibility of

a fusion reactor. A great many problems regarding fusion reactor technology
such as the possible production of the magnetic field by superconducting
coils, the divertor, and refuelling, would be envisaged during the design
and the construction of this machine, or should be considered as a part of

its working programme.

A Joint European working group is already working on defining the range of
parameters and alternative technical conceptual solutions. We hope that a
proposal can be ready in 1975. In the meantime we have to examine the po-
litical and financial feasibility aspects and prepare adequate structures

for this common enterprise.

As regards the more distant future, it is more difficult to make forecast.
The pace will depend on both : the physical and technical results obtained
and also on the assessment of needs and the outlook as seen by the politi-
cal authorities. However, this argument should be taken into consideration
in due time ; let us suppose that economic benefits G wunits per year

(G is supposed constant in time) can be expected. The present mathematical

expectation for the total benefits is - f!i effrr

T being the expect delay, r the rate of interest, P the probability of rea-
ching the target. Of course I should be very hesitant today about sugges-
ting any numerical value between 0 and 1 for P. On the other hand, the ac-
tual value of the required total cost is not necessarily highly dependent
on T expect for the major risk connected with a strong acceleration of the

activity.
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But we than seen, with a fairly high degree probability,
that T is in itself an important economical target, even

more than this naive picture indicates.

The problem is to know if and when a significant increase
in the effort can produce a significant reduction in the
remaining T. It would be a pity to delay a benefit for
mankind beyond the technical threshold if it were to be

found that physics and technology will finally achieve a

positive value for Go
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RESEARCH AND PROSPECTS ON CONTROLLED THERMONUCLEAR FUSION
IN THE U.S.A.

by

Roy W. Gould
U.S. Atomic Energy Commission
Washington, D.C. 20545

The near-term objective of the U.S. Controlled Thermonuclear Research
Program is to further develop understanding of the plasma state,especially
in those magnetic confinement configurations and heating methods which may
be suitable for development into fusion reactors. Experiments now in pro-
gress or being fabricated (see Table 1) are preparatory for moving ahead
toward larger experiments capable of producing plasmas which meet the Lawson
criterion, thus demonstrating fusion scientific feasibility.It is believed that,
with favorable results from the existing or planned experiments and with
increased level of effort, this may be possible within about ten years.

Three main Tines of effort are being emphasized in magnetic confine-
ment. These are magnetic mirror open systems, pulsed high-beta pinch systems,
and near steady-state toroidal systems. In addition, a program of laser ini-
tiated fusion is being carried out, aimed at studying inertial confinement
of higly compressed fusion pellets. Basic research in plasma phenomena and
supporting theoretical studies, as well as plasma technology developments,
are carried out. Over the past two years exploratory studies of reactor
concepts and associated technological questions have been initiated, which
now amount to about five percent of the program budget.

Magnetic Mirror Research. In the magnetic mirror open systems area,
three major experiments are underway : 2X-II and Baseball II at Lawrence
Livermore Laboratory and IMP at Oak Ridge National Laboratory.

The research objective of the 2X-II is to continue correlations bet-
ween theory and the observed loss processes of high temperature (-~ 6 keV),
high density ( ~ 1013 cm'3) plasma formed by adiabatic compression. Plans
for FY 1973 include a study of the effects of adding neutral beam injection

to the 2X-1I plasma. The objectives of the Baseball II is to achieve a high
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temperature plasma by neutral injection in which the ion distribution is
randomized by collisions. Experimental studies are in progress. No major
program modifications are anticipated in FY 1973. The objective of the IMP
is to study the buildup of plasma by neutral injection combined with trapping
on a "target" plasma formed by electron cyclotron resonance heating.
Research to date has been concerned with studying the properties of the
target plasma.Plans for the next year are to study the injection and trap-
ping with ~ 100 ma neutral beams at 20 keV.
A theory which seems to account for the enhanced losses (a factor of 2 to
15) previously reported in the 2X-II magnetic mirror device has recently
been advanced by Baldwin and Callen. The origin of the extra loss is an
amplification by the Rosenbluth-Post convective loss-cone instability of
individual particle fluctuation level. The theory predicts that the en-
hancement of particle scattering is small for large n/B2 so should not be
of major consequence in a reactor regime.

High-Beta Research. The principal activity in this area involves the

Scyllac Facility at the Los Alamos Scientific Laboratory. The research
objective of Scyllac is to study the high-beta toroidal equilibrium in a
high-beta stellarator-like configuration, and to test the idea of feed-
back stabilization. The plasma is produced and heated by implosion fol-
lowed by magnetic compression. Experiments in a 5-meter toroidal sector
and a 5-meter Tinear section with magnetic mirrors are underway and should
be completed in order to make begin conversion to a full torus in the first
half of 1973.

The toroidal Z-pinch, also at Los Alamos, has achieved a reversed
field equilibrium with Be™ .4, in which the temperature is inferred to
be several kilovolts. At the Oak Ridge National Laboratory, a high-beta
bumpy torus (EBT) is under construction and should be completed during
1973. The EBT will utilize a series of 24 connected magnetic mirrors with
high-beta annular relativistic-electron plasmas sustained and heated by
microwaves as in the ELMO device. It is expected that the high-beta rela-
tivistic electron plasma will stabilize the Tess energetic toroidally
confined plasma.

Experiments on a sector comprising one-third of the 4.8 meter dia-
meter Scyllac torus have been performed during the past year. The toroidal
force and the outward plasma drift are compensated by a combination of
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£=1 helical fields and £= 0 bumpy fields. Toroidal equilibrium has been
observed followed by a sideward motion (m = 1) of the plasma column. This
motion is nearly the same all along the torus, independent of the ¢=10
periodicity. Plasma containment times are as large as 11 microseconds,
comparable to the times for plasma end Toss. The sideward motions, which
occur predominantly in the horizontal plane of the torus, suggest either
an imbalance between the £= 1, 0 and toroidal forces at later times or a
long wavelength m = 1 instability. Measurements of the applied magnetic
fields show that the product of £= 1 and £= 0 fields for plasma equili-
brium agrees with sharp-boundary MHD theory. A toroidal compression coil
with £=1 and £= 0 grooves is under fabrication. An g= 0 MHD feedback
experiment to control the m = 1 sideward motion is underway on Scylla

IV-3 and is planned for the Scyllac toroidal sector as well as on the com-
plete Scyllac torus.

Experiments have also been performed on the Scyllac 5-meter linear
theta-pinch with and without strong magnetic mirrors. Operation without
mirror fields produced a 2-3 keV plasma column which lasted about 15 mi-
croseconds. The plasma showed considerable "wobble". When mirror field
with a mirror ratio of 2-3 are applied at the same time as the main field,
the plasma column shows evidence of an m = 1 instability.

Consideration of a pulsed high-beta fusion reactor based on the the-
ta-pinch configuration indicate that it may be desirable to employ wall
stabilization of the plasma column with a smaller degree of magnetic com-
pression, preceded by a separate implosion heating phase.

Low-Beta Toroidal Research.

This area, which encompasses tokamaks and internal current devices,
receives the greatest emphasis in the U.S. program. The internal current
devices are employed, generally, for supporting studies in toroidal confi-
nement physics, whereas the tokamak devices are seen as Teading to reac-
tors. The Princeton ST has been the principal operating tokamak during the
past year, with the ORMAK, Doublet, and ATC just beginning to yield re-
sults. A new large tokamak (plasma minor diameter 90 centimeters or 3
times that of the ST) the PLT, is under fabrication and is expected to be
completed in 1975.

Studies of plasma transport rates in the D.C. octupole at Gulf Ge-
neral Atomic, in which a toroidal field has been added, have shown the
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transition from classical to neoclassical diffusion as the mean free path
increases so as to become comparable with the machine size. Diffusion rates
have been found to agree with theoretical predictions over a wide range of
density and temperature. In the short mean free path regime, the experi-
mental results agree with the Pfirsch-Schluter theory and in long mean free
path regime with the Galeev-Sagdeev theory. In both regimes, the diffusion
rates were found to vary inversely as the square of the magnetic field.

Particle containment times in excess of 1 second have been observed
in the Princeton FM-1, which is a single levitated superconducting ring
device with a magnetic configuration similar to that of the Spherator. For
temperatures less than 1 to 2 electron volts and for densities from
2.5 % 1010 a3 to 2 x 1011 cm"3 the confinement time has been found to
increase with temperature ( r-Tern with m ~ 3/4) and decrease with increa-
sing density. The classical confinement time is exceeded by about a fac-
tor of 5. At higher temperature where the plasma is sustained by continuous
application of as much as several hundred watts of non-resonant microwave
power the confinement time appears to be independent of density and to
decrease with temperature. The confinement time is about 300'[Bohm and the
cause of the Tatter behavior, though possibly connected with the method
of plasma production or magnetic field asymmetries, is not known.

The past year has been a productive period for the ST tokamak at
Princeton. As reported earlier, electron and ion temperatures of 2000 eV
and 600 eV, respectively, have been obtained.Efforts are now concentrated
on trying to obtain a detailed understanding of the tokamak discharge
which, not unexpectedly, is turning out to be rather complicated. The den-
sity range for "good" operation is somewhat limited. As density is redu-
ced, a runaway distribution of energetic electrons is achieved and when
the density is increased, disruptive instabilities are encountered. The
density of neutral particles, including impurity atoms, seems to play a
major role in the particle and energy balance.

Nevertheless, some very important trends have emerged. When impu-
rities are taken into account, the Spitzer formula seems to account for
the observed resistivity. Plasma energy content increases as the square
of the plasma current( Be~.5) Particle and energy confinement time are
approximately equal and increase with temperature and magnetic field 1in
accord with the pseudo-classical theory (not Bohm). Measurements of radial
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profiles are still not sufficiently detailed so as to permit a determination
of Tocal values of the transport coefficients and hence to compare with
theory. The recently developed thallium ion beam probe has already given
space and time resolved density and potential measurements and should soon
be able to give the plasma current distribution. Meanwhile from Thompson
scattering measurements of electron temperature profiles, the expected

skin effect has been inferred, at early time in the discharge. However

the skin disappears more rapidly than expected.

The Ormak, Doublet II, and Adiabatic Toroidal Compressor (ATC) were
brought into operation and only after extensive discharge cleaning could
significant electron temperatures be reached. While definitive results are
yet to be obtained, early results from each of these devices are encoura-
ging. The Ormak, which as a plasma minor radius of 23 cm has operated sta-
bly for 100 msec at a plasma current of 140 kiloAmpere. The Doublet II, a
non-circular cross-section tokamak, or plasma current multipole has operated
at 500 kiloAmpere plasma current. Possibly the most important feature of
the initial operation of ATC is that stable operation at about 50 kiloAm-
pere plasma current is obtained at q = 3 with the equilibrium field being
supplied by the vertical (shaping) field with no copper shell. Furthermore the
plasma column can be positioned in major radius by varying the vertical field
strength. The plasma remains stable upon compression and the plasma current
and temperature rise as expected.

These and other results have encouraged the design of a new larger to-
kamak, the Princeton Large Torus. The PLT 1is the Targest device consistent
with the existing generator capacity and will have B = 49 KGauss, I = 1.6 me-
gaAmpere, major and minor vacuum vessel radius of 130 cm and 50 cm respecti-
vely. Since no copper shell will be provided in PLT initially, the ATC results
are especially significant. While there are potential problem areas, such as
a pronounced skin effect preventing the establishement of a proper current
profile, it is necessary to confront the important questions such as the
radial transport and scaling of confinement times in Targer tokamaks. Cons-
truction of PLT has begun and it is estimated to require 3 1/2 years to
complete at a cost of 13 million of dollars. Since Ohmic heating of tokamaks
cannot be relied on to reach 1ignition temperatures, provision is made in
PLT for later addition of one or more possibly supplementary heating methods:
neutral beam injection,ion cyclotron resonance,lower hybrid resonance.Heating
experiments on existing devices (e.g. neutral beam injection on Ormak) are ex-
pected to determine which of the supplementary methods are employed on PLT.
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Laser Initiated Thermonuclear Fusion Interest in this approach has

increased significantly. Until recently, most discussions centered on the
use of Taser energy to simply heat a Tiquid target of fusion fuel to ignition
temperature .  Simple arguments suggest that the laser energy required for
a scientific breakeven experiment (thermonuclear energy = laser light) might
be a few megajoules, but the Taser energy required for a reactor with net
energy gain would be impractically high.

During the past year,the notion that the laser could be used to drive
a spherical implosion, thus reaching possibly l04 times liquid density and
reducing the laser energy requirement by many orders of magnitude,was revea-
led. In essence, a series of spherically converging shock waves are driven
by ablation of materialT from outer layer of the pellet. The pressure thus
generated exceeds the light pressure by the order of c/vs. The pulse shape
of the incident laser must be chosen so as to produce a series of weak
shocks of successively increasing pressure which converge simultaneously at
the origin.

By ablating about 3/4 of the mass, computer calculations by the Liver-

more group show that compressions of 104

times Tiquid density can be achieved
with some 5-10% of the laser energy having been delivered to the remaining
mass.According to these calculations it may be possible to reach the condi-
tion: (thermonuclear energy = laser light energy) with less than 1 kilojoule
and an overall net energy gain (assuming laser efficiency of 10% and thermal
conversion efficiency of 40%) with between 0.1 and 1.0 megajoule. No experi-
ments have yet been performed to demonstrate that such large compressions can
be achieved and a large part of the U.S. effort is going into development of
energetic short pulse lasers, of the Neodymium-glass and C02 types. By 1973
AEC Laboratories project 1000 joule outputs, which should provide a means

for performing critical physics experiments to determine whether the physics
of laser fusion is favorable.

Fusion Reactor Studies.While Lawson criterion plasmas may not be reached

for another decade, there is sufficient optimism that these plasma conditions

can be reached by one or more of the approaches now being persued to begin
examining more seriously the technological questions of fusion reactors. Fur-
thermore early research on these questions could materially shorten the time

to the ultimate application of fusion reactors. Also because of the increased
public interest in the United States in all methods of energy generation,there is
greater demand for assessments of potential environmental and economic impact
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of new methods. Such assessments for fusion, will be, by necessity, incomplete.
Fusion reactor studies in the U.S. are largely exploratory and desi-

gned to identify as clearly as possible the nature of the technological pro-

blems, their severity and potential solutions. Presently about 2 million

of dollars annually or 5% of the budget for fusion research, is spent on appro-

ximately 25 individual studies of varying size. These studies capitalize in exis-

ting expertise in AEC laboratories and include :calculations of neutron

economy in blankets, cost estimates for large superconducting magnets,

methods of recovery and processing of tritium, thermal and electrical

stress of materials, magnetic energy storage systems, radiation effects

in fusion reactor materials, fuel injection, and general design, system,

economic ,and environmental studies. It is generally felt that these stu-

dies should not only be increased but that serious efforts be started over

the next decade to solve the technical problems which are so identified,

so as to Tead into a fusion reactor development program in the 1980's.
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RESEARCH and PROSPECTS on CONTROLLED THERMONUCLEAR FUSION in USSR.

L.A. Artsimovich.
Kurchatov Institute of Atomic Energy, Moscow (USSR)

The problem of controlled thermonuclear fusion is so complicated
that up to now it is Timited within a pure physical sphere and is still
very far from practical applications. Today , the basic problem continues
to be a laboratory development of methods for obtaining a high temperature
plasma with the parameters required for the thermonuclear reactions. Re-
quired conditions are not yet fully achieved in any experimental device,
but nevertheless we are gradually approaching their fulfilment by procee-
ding to this objective along several different ways.

In the course of many years sthe predominant idea in developing the
problem of controlled thermonuclear fusion was the concept of a magnetic
confinement of a high temperature plasma (sometimes the term "magnetic
confinement" is used). This concept resulted in a number of Tines of re-
search that may be refered to as traditional and involved the major stu-
dies in this field.

In the USSR, the most intensive work developed along two lines :

. The studies of plasma in closed (toroidal) magnetic systems ;

. The investigation of the properties of a high temperature plasma

in open magnetic systems with "magnetic mirrors".

In addition to it, rather recently a new line of development in the
thermonuclear programme has emerged : the heating of a substance to su-
per high temperatures by a laser pulse of a very high power and so short
in duration that heat insulation in the heating phase Toses its impor-
tance.

Let us discuss the results of the studies in separate sections of
the general programme. Let us begin with the closed magnetic systems.

One of such systems is the "Tokomak" device. In devices of this type,
a high temperature plasma exists at quasistationary conditions. The cur-
rent generated by an induction method flows along the plasma ring. The
magnetic field of the current plays the main role in providing a magne-
tic heat insulation of the plasma. The plasma is heated by Joule heat
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produced by the current.

Now several devices of the Tokomak type are being operated in the
[.V. Kurchatov Atomic Energy Institute. The Targest of these devices is
T-4 (the modified model of T-3 that has a large diameter of the toroi-
dal chamber of 1.8 m and the diameter of a plasma cross-section equals
38 cm with a longitudinal magnetic field of up to 50 kiloersted).

Similar but somewhat differing results are being obtained with
different Tokomak devices. We will present a short summary of these re-
sults here.

The measurements of thermal energy of a plasma made by various inde-
pendent methods in the T-3 device have shown that for the steady thermal
conditions sthe ratio of the average value of the gas kinetic pressure to
the pressure of a poloidal magnetic field of the current at the boundary
of the plasma ﬁe = STWVBS (a) is equal to 0.4 + 0.1 for not too small
concentration. The electron temperature is usually higher than ion tem-

at the axis of the plasma in the T-3
-

perature. The maximum value of T,
device reaches 2 keV when n, = 2.10

The profile of temperature distribution across the plasma is well
approximated by the function T, = T, (o) (1—r4/a4)2. The characteristic
feature of this distribution is a flat top indicating that the heat
conductivity reaches very high values near the axis of the plasma
(where Bg = 0).

The results of experimental measurements of ion temperature are
well approximated by the following function :

= =7 A3 f I |
Ti = 6.10 IBZR N 1 ev

where Ng is the averaged electron concentration and A the atomic weight.
This relation is in a good agreement with the predictions by the

neoclassical theory of Galeev-Sagdeev for ion heat conduction. However,
it is too early to say that quantitative conclusions of the neoclassi-
cal theory are experimentally definitively confirmed at this point. In
particular, there is no confidence that in transition from the plateau
region, for which the above formula has been derived, into a "banana"
(collisionless) region we shall obtain the reduction of ion heat conduc-
tion in this region predicted by the neoclassical theory. In any case,
the preliminary experiments that have been carried out do not indicate




any hint about the dependence of the ion heat conduction on the rate

of ion-ion collisions. The maximum T4 value measured experimentally at
the T-3 device was equal to 600 ev for deuterium (in this case a consi-
derable neutron radiation is observed for 20-30 msec).

The mechanism of the processes, defining the heat losses from the
plasma, has not yet finally established. The electron component of the
plasma looses energy at a much faster rate than it is predicted by neo-
classical theory. The energy confinement time're was 3-10 msec for the
T-3 device. There is an empirical relation v ~a'c,, where gy is an e-
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lectric conductivity of a plasma averaged over the cross-section. In other

words, there is an anomalous electron heat conduction and its value
raises linearly with the electron collision frequency.

Recently a high frequency heating of a plasma by electron cyclo-
tron resonance was used and provided to be effective at small TM-3 de-
vice. This permitted to make the plasma parameters in Tokomak indepen-
dent one from another and in particular to confirm that the plasma life-
time is increasing with raising electron temperature. The mechanism of
an anomalous electron heat conduction is not yet clear. It is possible
that it be associated with a trapped electron instability. An interes-
ting effect of increasing plasma resistance when high frequency waves
are superimposed was found in these experiments. It should be mentio-
ned that under usual experimental conditions the electrical resistance
in Tokamak devices always exceeds by several times the value predicted
by the theory. The reason for this abnormal behaviour is not yet esta-
blished. The increase in resistance may be caused partly by the presence
of heavy impurities. In addition to it, one should expect that, due to
the low plasma concentration, the flow of current will be accompanied by
excitation of oscillations in the plasma that will lead to an intensive
slowing down of the electrons... But it cannot be excluded, that the
additional resistance is caused by a simple exchange of momentum bet-
ween electrons and high frequency waves.

The stabilization of hydromagnetic instabilities in tokamaks
achieved first of all by means of a strong longitudinal field (i.e. the
=B;2 .1 is satisfied, where B, is a

BgR

Kruskal-Shafranov criterion q
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azimuthal field, a is the small plasma radius, R is the large radius).
But the definite role is played by the copper wall and in order to deter-
mine this role the T-6 device has been constructed with the copper wall
located much closer to the plasma surface. The experiments with this
device indicate that the plasma actually becames more stable microsco-
pically, permitting to achieve the values of q = 1. Alongside with this,
it was found that the longitudinal field is very homogeneous. In this case,
the acceleration processes are easily occured when the basic plasma re-
mains cold (Te= 10 ev) and the current is carried by a small group of
electrons. Fortunately , these conditions are easily eliminated by a pre-
ionization of the plasma or by a small bumping (2 + 3%) of the magnetic
field. Perhaps, the formation of accelerated particles is associated

with the development of the so called "disruptive instability" which
sometimes is observed in tokamaks.

A rather interesting effect of considerable concentration of heavy im-
purities near the axis of the plasma was observed recently. This effect
is  purely classical, it was predicted theoretically longtime ago.

Though experiments on tokamaks have been carried out for many years,
it is not possible as yet to say that the optimal geometry of the plasma
has been found. It is not excluded that for improving the main physical
parameters it may be desirable to change the shape of the plasma cross-

section.

The other version of closed systems is being realized in stellarators.
The longitudinal plasma current is not necessary for plasma equilibrium
in stellarators. Therefore the plasma in this system may be produced
not only by induction discharge, but also by plasma guns or by high fre-
quency gas ionization.

The different methods of production of high temperature plasma in
stellarators are being developed in the Physical-Technical Institute
(Kharkov) and in the Lebedev Physical Institute. Many devices of stel-
larator type have been built. The largest of them, "Uragan",was built
in Kharkov. The length of the plasma ring of the device is equal to
10 m, and the maximum strength of the magnetic field is 10 kgauss.
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It was shown experimentally that the plasma decay rate decreases when
the angle of the rotational transform increase s.The time of plasma energy
confinement increases with the electron temperature. For the "Uragan"
device it reaches 0.5 msec at n = 2.1013. The Te value measured by scat-
tering of the laser light is 100-400 ev. It should be noted, that the ex-
trapolation of the "Uragan" data to the size and the values of magnetic
fields of the large Tokomak device, show that the energy and particle
lifetimes are closed to those for T-3 device. The dependence of plasma
diffusion in "Uragan" on the collision frequency is similar to that pre-
dicted by the neoclassical theory, but is 10 times higher in its absolute
value.

The second traditional branch of thermonuclear programme is adia-
batic or mirror traps. After Ioffe experiments in 1961 ,the adiabatic traps
are usually designed in accordance with the "minimum B principle". However,
other methods are being studied for suppression of flute instability, for
example, feedback control.

It should be noted that.,in addition to the flute instability ,more
subtil the so-called "loss-cone instabilities" have been predicted theo-
retically. They should develop in mirror traps due to nonequilibrium dis-
tribution of ions in the velocity space. The studies of the role of these
instabilities and the possibility of their stabilization are the major
objective of studies in adiabatic traps. The genral results of the studies
is that loss cone instabilities are less dangerous than it may seem from
the theoretical point of view. Namely the following results have been
obtained.

The experiments on plasma confinement with an initial concentration
of 2.10%2
collaborators on minimum B device (PR-6 with six rods). The plasma studies

and the ion temperature of 200-300 ev were made by Ioffe and

with such a relatively low temperature is of interest, since it most fully
scales the plasma state with the thermonuclear parameters. Due to rela-
tively low temperature jthe dominant role in plasma processes is played by
Coulomb collisions between the particles.

The measurement of the decay time of such a plasma indicates that
the initial desintegration phase, of the order of 0.2-0.3 msec, is quies-
cent i.e. without instabilities. The Tife time in this initial phase is
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in agreement with the results of classical theory for a stable plasma (in
such calculations only Coulomb collisions are taken into account). Parti-
cularly, it is shown experimentally, that confinement time grows while
the ion energy increases, which is in agreement with classical theory. But
later instability develops which is probably a drift Toss cone one, and
the rate of plasma decay goes up. The development of the instability is
accompanied by heating of electrons and by the increase of plasma potential,
which in its turn disrupts the ion function distribution. The instability
becames non-linear at very low level and, after that, the amplitude is
controlled by the plasma potential.
Different methods of filling the traps with a dense, high temperature
plasma were developed. One of the most natural ways is the injection of
an intensive flux of fast neutral atoms which, while in the trap, may
somehow be ionized. Several fast neutral injectors were designed and
built for Ogra 1 and Ogra II devices. The latest one, with equivalent cur-
rent up to 0.5A and energy of 20 keV was installed on LIN-5 facility
(plasma volume 54£). The experiments on stabilization of different types of
plasma instabilities by means of electric feedback systems were continued.
It was shown that in the simpliest version with one electrode feedback
loop, the employment of feedback system permits to increase plasma den-
sity from 108 to 107 on”3.
After some modification of "Ogra II", experiments were carried out
to investigate the possibility of creating an high temperature dense
plasma by means of the so-called "turbulent heating". This was achieved
in the following way : a special injector produces a stream of cold plasma
which is distributed along the axis of the system. Between the plasma
injector and the opposite electrode, a high voltage pulse is applied for
several microseconds. Due to instabilities, an intensive turbulent hea-
ting of electrons and ions takes place. Measurements of plasma parameters,
performed directly after the heating phase,have shown that,at concentrations
of n = 1.1013, the ion energy spread is very large and that their mean ener-
gy is 1 + 1.5 keV.
The confinement time of a such plasma at H = 12 kgauss is 0.4 msec,
which is only twice Tower than the classical value. It is worthwhile to
point out that in this facility no means were provided to stabilize flute
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instability (there is no B minima) and that the value of the additional
plasma leakage (compared to classical) is in good agreement with that pre-
dicted by Kadomtsev's formula for turbulent plasma in a trap without mini-
mum B. Another interesting fact is that the loss cone instability, which
according to theory should inevitably occur in the plasma with available
parameters, gives no evidence of its presence. Possibly, in this case, it
also reaches non-linear regime at a very low level. Adiabatic magnetic
traps continue to be an important element of scientific programme for con-
trolled thermonuclear fusion.

Besides these two major approaches, the investigations were more mo-
derately pursued in other probable directions. Particularly, the work on
the so-called plasma focus-cumulation in Z-discharge of complex geometry,
on Z,0 and combined pinches, on electrostatic confinement of plasma was con-
tinued.

For a number of years,much attention was paid to the analysis of
plasma interactions with RF electromagnetic fields. Such processes are
of interest from two points of view. Firstly, RF fields may suppress
various instabilities of a plasma confined in a magnetic field. Secondly,
application of RF fields heats the plasma and such fields can be used
for heating the ion component in closed systems, such as "Tokamak". One
should distinguish two major versions :

a. resonance heating with external source of RF-voltage,

b. stochastic heating by fluctuating RF-fields, which occur during

the decay of plasma oscillations (turbulent heating).

Experiments on plasma stabilization by RF fields (so-called dynamic
stabilization) was investigated for several years at Sukhumi Physical-
Technical Institute, at Kurchatov Atomic Energy Institute and at Leningrad
Institute of Electron-Physical Apparatus. In these experiments, the ob-
ject of stabilization was a plasma pinch with a strong Tongitudinal current.
In a number of experiments, it was shown that major instabilities and par-
ticularly Kruskal-Shafranov instability can be suppressed by additional
RF currents in the pinch.

In Atomic Energy Institute and in Leningrad Physical-Technical Ins-
titute a number of methods of plasma resonance heating by RF-fields are
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being investigated; the methods are based on electron-cyclotron resonance
and on the so-called "hybrid"resonance. Besides that, plasma heating in
toroidal systems by means of magnetic-sound resonance is being studied

at Kurchatov Institute of Atomic Energy.

The turbulent heating of plasma by current was used for heating of
the ion component in the "Ogra II" mirror trap. In Kharkov Physical-
Technical Institute, by means of this method, the ion component of the
pTagma was heated up to a temperature of 2 kev, the density being 1015
cm .

Due to the rapid development of new fields and of new methods in
experimental physics, new practical approaches becomes possible. We mean
first of all heating by Taser. This method was proposed by Basov and
Krokhin in 1962. Laser beam is focused on a very small deuterium target.

At the initial phase of the process, a super dense plasma is produced,
and its temperature rises very rapidly. Due to a very high thermoconduc -
tivity of hot plasma and due to shock waves, the energy rapidly penetra-
tes inside the target and heats it.

The experiments on laser heating were performed in Physical Institute
of the Academy of Sciences of USSR. Recently, a new installation has been
built which gives spherically symmetrical irradiation of a target (nine
beams are used) and provides total energy up to 1300 j per beam in a regime
of 30 nsec pulse. At energy of 240 j and pulse time of 6 nsec, neutron
yield was 106 neutrons per pulse.

An interesting possibility of super strong compression of hydrogen
target up to 104 times using programmed spherical laser pulse was recently
reported by Teller. He stated that beam energy of 105 Jj is quite sufficient
for ignition of thermonuclear reactions. Calculations which were carried
in USSR support this conclusion and show that super strong compression
is one of the possible ways of achieving controlled fusion by means of
Taser. At present, investigations of laser heating processes are very
widely spread and in the nearest years they can grow into one of the most
important directions of the thermonuclear fusion programme. Prospects of
this direction depends primilarly on the progress of increasing the effi-
ciency of Tlaser sources. Power efficiency of pulsed Tasers is still very




229

Tow. Moreover, one should note that the experiments on laser heating are
in their initial stage so far. They still have not furnished us with suf-
ficiently complete information required for checking-up and correcting
the theoretical conclusions about the process of laser heating.

Recently, a new method of superfast pulsed heating of matter up to
thermonuclear temperatures by relativistic electron beams came into being.
In this method the efficiency of initial power source - pulsed electron
injector - is of order of several ten percent. That is why this method
of heating will gain good chance for further development. However, one
should overcome difficulties connected with focusing of electron beams
at currents of 10® A. Powerful relativistic beams may be also applied
for fast injection of energy into plasma. Experiments on such method of
heating are underway in Novosibirsk, where a bumped field is suggested
for longitudinal confinement of plasma (in transverse direction, the
plasma should be confined by the walls).

In the last years, a theory of physical phenomena in high tempera-
ture plasma continued to be developed in USSR. A theory of plasma equi-
Tibrium and stability in toroidal systems of complex geometry was deve-
Toped (in particular systems of Tokamak type with not-round cross section
of plasma ring were studied) and neoclassical theory of transfer processes,
theory of propagation and transformation of waves in non-homogeneous plas-
ma were studied as well. Major attention was devoted to different types
of non-linear collective phenomena in a plasma and a number of interes-
ting results were obtained.

Considering the general outline of scientific research in the field
of thermonuclear fusion, one can say that in the last several years we
progressed in a number of traditional directions and besides that, some
new fruitful ideas came into being, which open approaches for solving
the problem.

At present, the state of investigation of the problem is on a suffi-
ciently high level. After overcoming distructive instabilities, physicists
have Tearnt how to obtain quiet plasma but with not very high density.




230

The next stage, which probably will take from 5 to 10 years, should
be completed by achieving the Lawson criterion. Then it will be necessary
to overcome the technological difficulties of designing thermonuclear power
facilities. These are the rates of advancing along traditional paths. These
rates are not so high to inspire great satisfaction, but still not so Tow
to justify pessimism. Advancing is a continual process, although it is not
so fast, as we would like it to be.
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Tokamak Apparatus (JFT-2) in JAERI

by

S, Itoh, M. Ohta, N. Fujisawa, T. Takeda, M. Maeno, A. Funahashi,

K, Inoue, S. Kunieda, S. Matsuda, T, Tazima, N. Suzuki, T, Ohga,

T. Matoba, S. Kasai, T. Sugawata*, K. Toi and §. Mori

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE
Tokai, Ibaraki-ken, Japan
Preliminary experiments of the JFT-2 have been carried out by using the
magnetic probes and the visible monochrometer., Displacement of the plasma
column have been measured by the horizontal and vertical sets of the
magnetic probes. The CII line from the plasma has been observed and
compared with the temporal evolution of the other signals. The ordinary
fixed limitersof 327 mm and 500 mm were used to define the plasma boundary.
Because a single condenser bank was used to drive the primary current of the
transformer, the plaswa current duration time was as short as about 15 msec.
Hydrogen of 10-3--10-"!I Torr was filled and preionized by ECRH microwave.
Though the 2 mm microwave interferometer is being adjusted, the electron
density wis estimated to be more than 107 cn - by the reflectich of ECRE
microwave.
After about 1000 discharges the loop voltage was reduced considerably

and the initially wnobserved negative voltage spikes were observed (Fig. 1).
The temperature was estimated to be zbout 20 eV for Z=1, Fipure 2 shows
that the intensity of CII line increased when the negative spikes were
observed. Displacement of the plasma column has been measured under the
presence of only the DC vertical field. The plasma was produced initially
near the inner edge of the limiter and then the column expanded outwards,
and shrank inwards simultaneously with the nepative spikes (Fig. 3). Figure
4 shows the comparison between the experimental values and the theoretical

ones of the horizontal position of the plasma columm. The result of the

measurement by the vertical set of the magnetic coils shows that the plasma
columm is displaced upwards by about 1 cm, which is blamed to the fact that
the distribution of the current between the two Teturning windings of the
toroidal coil was not adjusted properly. Figure 5 shows the vertical
flelds generated by the shell and the current transformer in the presence
of the current ring in the shell center, and suggests the importance of the

effects of the shell gaps and the iron core.
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* On loan from Tokyo Shibaura Electric Co. Ltd., Kawasaki, Japan.
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NUMERICAL STUDIES OF MHD EQUILIBRIUM AND STABILITY IN TOKAMAKS
WITH NON CIRCULAR CROSS-SECTIDN

P.Grelot, J.Weisse

ASSOCTATION EURATOM - CEA
Dipartement de Physique du PEasma et de fa Fubion Controfie
Senvice 1Gn - Centre d'Etfudes Nucléaihes
Cédex 85 - 3§ GRENOBLE Gare [France)

TRIANGULAR DEFORMATION OF ELLIPTICAL SHELLS

(1] Shall given by (b’/{:‘-@) . f’;cos}(e -8,) + (31(15"*% Cos4(8-8,) -1 =0
On the first figure (polar coordinstes) we plot J as a function of Q. for
0,: 'IET '7_; "g? 0. ¥ ie ept constant and equal to O.1.

For each value of B, one can find an optimal value of ©, , so that J is ma-
ximum. Nevertheless these maximum values are slmost equal fnr(} = 1. We may
add that the maximum value of J increases when increasing ¥

On the second figurs the dotted curves show the stability regions in two
s =:'3:l] far the maximum value of § in each case.

(The shell must be a closad curvel.

limiting cases (6. =
» 9 s Fe :
Again at (5 = 1 the results for J and [Dare almest the same.

(2) srell given by @= P (A+ ® 0s3e)

It is obvious on the second figure that Fﬂ-l{:ﬂ.:! this kind of deformation
glves higher values for J ang (’anen (‘J‘ia less or equal to 1.

The detailed study of Mercier criterion is now necessary away from the ma-

gnetic axis.
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TEARIN G INSTABILITY DUE TO THERMAL EFFECTS
by

P.H. Rebut and A. Samain

ASSOCIATION EURATOM-CEA SUR LA FUSION
Département de Physique du Plasma el de la Fusion Contrélée
Centre d'Etudes Nucléaires
Boite Poslale n° 6 . 92 Fontenay-aux-Roses(France)

We study the non linear instability of the teoring perturbation &,
specified above,when A=l p/ﬂ_)%has a finite value,by considering o neigh-
bouring ( or slowly grewing ) equilibrium state of the plasma. We assume that
%, = 0 . Then Tand 7 are constant along the lines of force , i.e. T=T (F))
and p =1 () where Y= ut+sin20), u? = Bx*hlpand U= Ky /2
(The oxis of the magnetic islands and the separatrix correspond to w=20
ond =1, respectively ) . To simplify, we assume that there is no zero order
temperature ond density gradients. We find a solution which is consistent with
the dynamical equations and the generalized Ohm Law by taking /= I(¢),
n=n (@) , nd = £, aond AT = n, T, . We ossume that the
perturbations n_n, , T-T, [-1, ’.?- o are small. Then the heat equation
for electrons in the plane ;Y mdy Ze linearized with respect, to these
variables. We thus obtain:

(6) -1, /I, = & 8l), \T-TY7 =tn —n)/n,=6lp)
where @ ‘9)) satisfies the differentiol equation:

(7) d (sd8), A d5_ om0
rere § (q))df tgff'ma Ne dvf, A=2zA4* A;,A;—?(JIE/?,I,Z
and Z= 3/2 « A -}‘-) ff,/ga I:' . We assume that 0<Z. a7 . Then (7)
admits o solution 84 (@) which is regular at @ =0,(5, fo,A)= ‘Ij and
which is finite for large ¢/ in the bulk of plasma .

We may take & (WJaA 6, “‘JJ ¥ where /A is o constant, to describe
the desired neighbouring equilibrium. The perturbations I-I‘ , as given by (6)
mainly cansists of an y modulated contribution I(x) cos Ky,.. plus a contri-
bution I; (x),... which is uniform along Oy . It may be shown that the func -
tion I (x) is localized near x = O in a range ~ A . This function must satis=
fy the first part of the condition (1) , which actually determines the constant

Na N=—(ajL)(cB, /o7, L) g(A) %
where glA) = Z( [ ap 6 (9, a) f1p-mtv) Res2vauf
On the other hond, the functions ]ﬂ’ fx)/l_, T;/.'f._ behave as wAcos/x Z¥2/A )

for from the magnetic islonds. In principle, the instability mechanism could act

for very small values 6f A . However we must have/\ & 7 for the above
linearization to be admissible. FcrA/Au((‘i this constraint reads
A2 (A, L)eB, [eml L)

If the zero order pressure gradient ap‘,/ax is not zero, we find a
self consistent neighbouring equilibrium toking 7= 7/g), I=7(¢), =7 ly

and pi= 74 * o . However @ x dependent pressure o (x) must be intro-
duced. The ions must hove a uniform velocity V in the direction Oy . The
electrons must move along the surfaces = cste. In particular they do not

contribute in the current J  along oy in the plane x=0,where B,y =@ In thot
plane we may write I =ne V; I/=fc/8,) [Op/ Ox)x.o (8]
By averaging the y component of thé generalized Ohm Law in the plane x= o
we obtain

F = £ (_d, B )

B B, c > 7 J

where (s the X particle velocity , Vr. is the ion velocity along Oz
and the bars means averaging in the direction. The velocity L results
from the equilibrium between the Laplace force =/, B /c ond the viscosity
force™ 0% U;_/szm \)t/; /.ﬂ“'Therefore we have 3 N-II-"B_" T/
and the diffusion velocity T, " otx =0is equglhra o ) =5 £

- (4*9‘}(7':.:/ B.‘j(ap/a-‘),., with & s 87 i,{ s c? kB,
This velocity must’ba equal to the x particle velocity -qac"/ﬂ. apo/as 3
in the bulke of plasma. Therefore we have {ap/a\t}_'=,=/fa,ﬂ./as}/‘f"‘rj-
as a consequence of the oresence of the mognetic islands. Thej velocity of the
magnelic perturnation relative to the ‘an: in the bulke of plasma is equal to - ¥
and may be deducea from (8).
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NIMERICAL STUDLES OF DIFFUSION IN TOKAMAK CONFINEMENT

by P.M. Keeping, H.C. Grimm and .J. Killeen

U.K.A.E.A,, Hesearch Group, Culham Laboratory, Abingdon, Berkshire, UK.

The most significant leature of our latest computations is the appear-
anee of skin effects in constant current models, t.c. peaks in the T and
J profiles pear the wall, This is much more pronounced when the plateau
regime is introduced. In [igure 5 we compare the evolution of the electron
temperature profile as shown in figure 1 with that from an identieal run,

Hastie's form

but using smoothed basana-platean coefficients and Connor

for the conduerivity,

In contrast to this moderate skin elfect we display 1o [lgures 6 oand 7
Lhe inttial and linal Tl_ aml j profiles, for the various coclficients, [ur
runs over 150 ms of an ST model (R = 109cms, o = 14 cms, By = WaKe, | = Y2KA)
with initial profiles based on experimental nhm-rvnl.lunslﬂ’. A slight peak-

ing in the pure banana cases hecomes extreme with the smoothed banana-plateau
coefficients and the axial 'l‘p and j values drops even lower. (The peaking

is reduced by inereasing the pedestals but it 1s still the dominant leature
of the final profiles,) In ligures 5, 6 and 7 the later profiles shown are
close Lo their final steady stutes. In the sm, b-p runs, for the case with
the most severe skin effect, the plateau zone extends sutwards over BO% of
the radius while for the case shown in figure 5 it oceupies only the inner
20%,

As ligures 3 and 4 indicate we do

not find skins in larger tokamaks {with

smaller aspect ratios) where the plateau 1200 Figure 5 '_'..'.;ng'_b'lf&;ﬂ;
regime is less important. This is [urther ———_
confirmed by the results shown in lipures 1000

B8 and 9 for a run with smoothed b-p coef-

ficients and Connor-lastio conductivity T 800

(noto ™ Y% > 0.20), Here B = 195, eVl 600)

a = Ofems, B = 43K, 1= 1600KA, and the

initial u, I‘e and T, profiles were para- 400

bolic with 10% pedestals und moxima at

10* Jee, 2500eV and 2500eV, Afier 300 ms 0

a steady state has not been reached, 0.

because the axial Ware density peak has
not yet begun to diffuse outwards,
(B) Dimock et al., Ibid.(5),Vol.1,p.451.

05 3
(r/a) (rla)

“igure 8 Figure 9




TOKAMAK TWO-FLUID CODE: EFFECTS OF HEUTRAL BEAM
HEATING, RADIATION LOSS, AND CHARGE EXCHANGE

J. T. Hogan and K. A. Dory

Onk Ridge National Leboratory
Osk Ridge, Tennessee, 1ISA

The neo-classical version of our code hes been used to compare
results with those described in Ref. 1, Fig. 18. W¥e choose ST para-
meters: a = 1% em, R = 109 cm, B(toroidal) = 30 kGzuss, total current

1 = b0 kAmperes, constunt in time. The initial and boundary values are:

Initial values Bou.nd§g values
T (r) =200 (1 - 8x2 fa2) eV T, = ba ev
Ty(r) =20 &V T, =20 eV

(r) = 130 (1 - r°/a%) B(poloidal) = $71 Gauss

N(r) = 10'? (1 - .82%/n®) H =2 10'2 em™

We use transport coefficients recently derived for the banana-platesu
regime and so, although the general features of tne solutions are in
agreement, there are the expected differences in detail. We show in
Figure 1 the electron temperature profiles at t = 10 and 350 Msee. The

characteristic particle and current density profiles are shown in FMig. 2.

e

1 keV

(710,319) v 2
30 Maec

(918, T30) eV

Fig. 1. Electron Temperzture Profiles

vaxima
N:
1.2% » 10'2 e~

J;
(146,34) Avom-=

Fig. 2. il and J Profiles at 1C Msec

*Research sponsored by the !nited States Atomic Energy Cammission
under contract with the Union Carbide Corporation.
1. D. F. Dichs, et al., #th Intl. Conf, on Cont. Fusion, Madizen

{1971).
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NUMERTCAL RESULTS ON THE INFLUENCE OF AN AXTAL
ANTIPARALLEL BIAS MAGNETIC FIELD ON THE ENERGY
TRANSFER IN AN HIGH BETA DIFFUSE PINCH
BY
G.FuNalesso, S.0rtolani
CENTRO DI STUDIOQ SUI GAS IONIZZATI - C.N.R. - UNIVERSITA' DI PADOVA

Istituto di Elertrorecnica, (/a via Gradenigo —= PADOVA - ITALY

In the main paper we discussed the positive effect of an axial
antiparallel bias magnetic field on the plasma energy transfer. We pointed
out that this positive effect was strongly related to the assumption of an
anomalous description for the plasma resistivity, Moreover we mentioned
that the result depends alsc on the compression rate,

When we wrote the main paper this dependence was not complete—
1y analyzed. By the kindly collaboration of the Culham Laboratory the one=
dimensional MHD code is now avallable also in Padova. We have then obtained
new results concerning the dependence of the heating effect, due to an in=
creased antiparallel bias field, on the compression rate, Fig. 4 shows the
percentage final encrgy variation, corresponding to an increasec in the ma-
gnitude of the antiparallel bias ficld from 2 up to 4 kG, plotted against
the product 'B: 3_.

The results shown in the figure refers to a simple theta=pinch
configuration,

We Tind that in order to obtain a positive effect in the plas—
ma energy transfer, by increasing the magnitude of the axi.ul antiparallel
bias field,we must take into account the relative amplitude of the confi-
ning field and its rise time,

In particular we get rhat approaching low compression regime
the positive effect vanishes becoming even strongly negative. Moreover we
tried to distinguish the weight of l'!= and B_ and we found that the critical
parameter is fl:.

The result is clearly shown in fig, 5 where the percentage va=

riation of the final plasma encrgy corresponding to an increase in the an—

tiparallel bias field from 2 up to 4 kG,

AE/E (%)
30{8E=E(8,,=4KG)-E(B,,=2KG)
P,=10 mTarr

computation 107 of initial ionization a=10%
L=T1/4

is plotted against 1'1_. All the results

discussed are obtained assuming in the

level. The evolution of the ionization 3z
phase obviously affects the energy tran
sfer, In particular the partial ioniza-
tion in the theta-pinch configuration L
is expected to have a cooling effect de

pendent on the initial rate of rise of o

100, 200 300
magnetic field (4). Our mind is to ana= o
o
lyze at first the weight of this parame
=10
ter.
~204 FIG. 4
The authors wish te thank
D,Hasby of the Culham Laboratory, I'.Bem
bi of this Institute and G.Favarin for I AE/E 1%)
the support given to have the MHD code AE=E (B, 024K G)-E (8,0=2KG)
available in Padova, i Po=10mTarr
a=10%

l='/: 20KG

0 ==@=
References: 2 &= B15KG
[4_7 A,A. Newton — Paper A4 -

ngnd topical Conference on pulsed

104
high=beta plasmas” Garching =
el ] B4KG /)
] y 5
-10

FIG.5
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RESULTS FROM THE TOROIDAL Z-PINCH EXFERIMENT ZT-1
L. C. Burkhardt, J. N. DiMarco, P. R. Forman, A. Haberstich, H. J. Karr,
J. A, Phillips
Los Alamos Scientific Laboratory*, Los Alamos, New Mexico, U.S.A.
Abstract: Magnetic field prnsrﬂr:ming has produced reversal of the Bz
field outside the pinch, with the zero in the field ~ 0.5 cm from the wall.
MHD stability analysis of the magnetic field profiles shows a reduction in

the growth rate and range of unstable wavenumbers with B, teversal.

Programming of the magnetic field is accomplished by rapidly re-
versing the external IE approximately 1 psec after the start of the main
pinch current I,. The radial distribution of the magnetic fields and the
pitch are shown in Fig. 1, with and without BZ reversal, The plasma con-
ductivity is sufficiently high so that the initial positive flux is

trapped and compressed, increasing the B, on axis and moving the BB field

inward, With the magnitude of field '5|r—-—-——~— -

||,h_' zpasec
———N0 REVERSE By
—— WITH REVERSE By

reversal achieved so far, pressure

balance prevents the zero in Bz from %
moving further than a few millimeters 3"
iRl <
from the wall, An MHD stability anal- 2 ke
L] Plsc il
ysis of the measured magnetic fields H L i :“Hmml
2} ) ?" sl
is presented in Fig. 2. The shaded b N 1
| z2 3 4 g T
areas represent the unstable modes cal- iz"r i j
i RADIUS em]
culated for a specified wavenumber i
P — ==

2psac

from the diffuse pinch theory of =m0 REVERSE T

4
WITH REVERSE 8, 1
- |CERAMIE WALL

modes is mormalized to their growth - ‘\:'J.
1 1
rate. Horizontal lines indicate wave- jl i

RAaD-USIcm)
numbers for which no unstable modes Fig. 1

Fre].dbetg.l The amplitude of these

are found. Reversal of az removes the pitch minimum and reduces the
range of unstable wavenumbers as well as the growth rates. The smoothed
magnetic field profiles used in computimg the results presented in

Fig. 2(b) imply a residual pressure at the wall. Removal of the wall
pressure by a slight alteration of the By profile increases the band of
unstable wavenumbers. From these data and streak photography some im=
provement in stability is noted, but reverse field profiles that are

stable for all wavenumbers are not yet achieved.

WA beaabte e

o ke e psre

LI ]
sapsiem

Fig. 2
* Work performed under the auspices of the United States Atomic Energy
Commigsion,

1 J. P, Freidberg, Phys. Fluids, 13, 1812 (1970).
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Shock Heating of Flasmas to Thermonuclear Temperature in a
Meqavolt Theta-Pinch

by
M.Keilhacker, M.Kornherr, G.Maret, H.Niedermeyer, and K.-H.Steuer

Max-Planck-Institut flir Plasmaphysik, Euratom Association, Garching,
Germany

In Paper No. 47 presented in the Proceedings of the 5th European
Conference on Controlled Fusion and Plasma Physics (Vol. T) we
have reported the first results of the Garching High Voltage Theta
Finch experiment. Meanwhile the measurements were expanded system-
atically to lower densities and charging voltages. Furthermore,
density and electron temperature on the axis have been measured
by laser light scattering.

Experimental results

Juring the streng neutron emission the electron density of the com-
13 -3
C

pressed plasma is about 2-10 m and is roughly constant (initial

density l,!-!Dlzcm_]) . Bssuming constant line density one can cal-
culate a plasma radius of 5 em in good agreevent with the magnetic
field profile measurements (Fig. 3 of Paper No. 47). Shortly after
the compressicn the electron temperature measured by laser light
scattering with s multichannel arrangement is about 500 eV. In the
following 300 nsec the electron temperature decreases to about 50eV
and seems to be kept down by energy losses to the backqground neutral
gas and by axial heat cenduction. Simultaneously an increase of den-

sity doe te ionization collisions is observed,

Neuktron and magnetic probe measurements were performed down to in-
itial densities of Ii-lolmcm'3 and charging voltages to 150 kV,
These measurements show that strong piston heating holds for the

whole parameter range investigated so far,

Scaling law for anomalous sheath broadening

Assuming the magnetic field diffuses into the plasma due to ohmic
resistivity the sheath thickness A is qgiven by the skin depth Ffor-

mula

B 1/2
A =clu (vt)

The effective collision frequency v is assumed to be proportional
to o1 and the compression time to be described by the snow plough.
For compression tc one half the initial radius one finds that

-1/4

5 -1/8
-~ (Hz 7 B) (.'tz won)

Fig. 5 shows this relationship with the parameter range investigated
so far, The weak dependence of the sheath thickness from the initial
density is verified by the measurements.

The lower bound of the diffuse sheath region results from the fact
that the instability responsible for the effective collisions must
grow to large amplitudes in a time short compared to the compression
time,

ntR N,
tem™)| em™)
for Ra20em & *

L) i 2 19" Unta¥d

0" w0 T R'Blemieln
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EXPERIMENTAL INVESTIGATION OF COLLECTIVE
PROCESSES IN A THETA-PINCH

T.A, El-Khalafewy, M.A, Bourhsm, A,Z. El-Behay, L.G. El-Hak,
A.A. Gabr, V.V, !)lmc'h-nko. and AM. Ternopula
Atomic Energy Authority, Cuiro, Egypt

To the main puper [_17 investigation of turbulent processes in u
theta-pinch are reported, From the results of experimental data ob-
tained by mesns of microwave probes (MWP) introduced into the plasma
and & horn placed outside of the discharge chamber, the unstable omeil-
lations (U0) were proved to develop in the plasma, Since ref, fg

points out to an electrostatic nature of

Efarb.un)
1.0 U0, & question arises: how is it poesible
’\ that MWP (sections of rectangular wave-
075 \ guides) detect electrostatic UC?., The
‘ anawer is ready if we take into account
05 that, sccording to /[ 2/, the plamma den-
u;\ :I' sity distribution is strongly inhomogen—
2 eous, To verify this statement made in
[_2] on the basis of magnetic probe mea-
nmo 2 4 BR(cm) surements, we performed additional MW

Fig. 1 Dependence of MY messurements, The amplitude distribution

ELphlvE dIaCherEs SHOIUSY. oo cung MW signal along the chamber raodiua

in plotted in Fig. 1. One seea clearly
the inhomogeneity of this distribution with maximum in the regiom of
current sheath, In oan inhomogeneous plasma, as known [_3'7, the longi-
tudinal oscillations con be tranaformed into transverse ones, the bulk
of the transformation takes place in the regions of hybrid resuvnsnce,
where & component E'i'iz Q . It vas demonstrated in /47 that longi-

tudinal oscillations in the region of the upper hybrid resonance

Wy = (m;‘i- mt,)‘ﬂ- (Wpe, Wy, ®re the plasma and cyclotron frequencies,
respectively) can be transformed into EMW with a frequency Wem ~ AWy, »
In our case (Wewm -6'10‘;5‘, vhich agrees well with the experimental
value (.DM ...,'2._10«%". Another argument in the favour of the above
transformation is the direction of polarization of MW radiation, Follow-
ing from Fig. 2, the MW signal saplitude attains & marimum when its E-
plene coincides with the direction of U0 electric field, The MW radia-
tion is thus polarized in such o way that

E(arb.un.)
the wave electric vector im perpendicular 1.00

to Bx' This result agrees with the theoret—
ical prediction [—g. 075

It is pnaturally attractive Lo detect

0.50
the region of transformation, because the
hybrid resonance may occur bLoth in the
0.25
plasma itself and at the plusmo-AWP inter- o

face, Though it has been indirectly proved

A a5° 0 45° 90"
that the tranaformation occurs st the plasma -90%

uUWp interface (the probe signel waa about Fig. 2 Dependence of MW
signal vs angle between

ten times bigger than the horn signal), E plane of MWP and
direction of E("

more scrupulous measurements are required
to make the finol conclusion.
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Mode Coupling in Dynamic Stabilization of MHD Modes (Part II)
by
G.Becker
Max-Planck-Institut filr Plasmaphysik, Euratom Association,
Ga-ching bei Miinchen, Germany

In the first part of this paper (Conf.Proc.,Vol.I,p.52) it has
been shown that the existing linearized theory of dynamic sta-
bilization of MHD modes is not applicable in the case g ™S g
This result is proved in more detail in /5/. Since w, ~> u;

was sssumed in the normal mode analyses and is experimentally
true as well, presently there exists no theory of dynamic sta-
bilization of MHD modes that can be compared with experiment.
The fairly intuitive model calculation presented in the first
part uf this paper cannot of course replace an exact non-line-
arized MHID analysis of the whole problem of dynanic stabilization
that takes into accuunt mode coupling terms. Therefore theoreti-—
cal predictions concerning for example the uptimization of the
gz-stabxlization of the m = 1 mode on a linear or toroidal screw

pinch should only be based on a non-linearized MHD analysis.

Apart from the small loss of HF power compared with other dynamic
stabilization methods /1/ the ‘ﬁ'z-methud has the advantage that
many MID modes with growth rates w,, << w,can be dynamically
stabilized at a time. This is true because all these modes can
be coupled at the same time to the enforced m = O oscillations.,
It 1s necessary to dynamically stabilize with the smallest pos-
sible relative field amplitude in urder to reduce the HF power

loss in the outer circuit., This can be accomplished in two steps:

1) @ptimize the relation between the relative plasma amplitude
(m = 0 oscillation) and relative field amplitude

2) Maximize the coupling between the driving m = 0 mode and the
unstable mode.

The relative field amplitude necessary to generate a certain
relative plasma amplitude may be reduced by working in resonance
with the natural freguency (», ) of the m = 0 oscillation /6/.

In this case the HF energy circulated in the system is a
minimum because the IF circuit feeds enirgy into the cylin-
drical oscillations in all phases and thus only has tou feed
back the power lost by m = O damping processes. Therefore

such a system with an indirect dynamic stabilization mav be
especially econumic when the damping of the driving mode (m = )
is small. For this type of dynamic stabilization it is important
how the damping covefficient of the driving mode scales with

the parameters of a fusion plasma. As for the strength of mode
coupling this can only be optimized on the basis of a non-
linearized theory of dynamic stabilization,.

References (continued)

/5/ G.Becker, to be published in Plasma Physics
/6/ 0.Gruber, %.Physik, 251, 333 (1572)
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Dynamic Stabilization Experiments on a Screw Pinch with
Standing Wave Magnetic Fields (Part II)

G.Becker, O.Gruber, H.Herold
Max-Planck-Institut fiir Plasmaphysik, Euratom Association

Garching bei Miinchen, Germany

ne first part of the proceedings are extended to values of

up £9 0.26 in a shorter 0 pinch coil. also the dis-—
max
LS

of thre plasma nermalized to the plasma radius in a
bulge of the stan

g wave field has been measured. The para-
meters of the two experiments are shown in table 1. Typical
Table 1

= 2 . .
Screw Pinch ’Standlnq Wave Magnetic Field

Exn.1| Exp. 3l 3xn.1?5x=.2
0 coil length(en) 175 111 }number of loops 10 : 6
tube diameter {cm) 4 B |, wavelength \B[cm) 20 | 29
3, (%) 18 18 | frequency =_(s™) 6.6 5.5
7 5008 4 4. Q 35 1 35
Tcrawbar(“sJ 30 ko] € 0.121 0.26

growth rates of the m = 1 test instability with the reduced

& = 8 =
pinch length were v B 4+107 s 2! at ) < 310 en. In add

filling pressure was varied between 40 and EO mTorr Dy Again
there was not cbserved any stabilizine effect due to the stan-
ding wave. A further increase of ¢ was not meaningful because
the wall breakdown limit with strong Camping of the HF currerts
[1,3] has already been reached at & ™ 0.25.

The amplitude 8, of the enforced m = 0, h = 0 oscillations was
measured by photometric evaluation of streak pictures taxen in
intecral lignt close to the position of a loop. For the evalu-
ation of nelr) in successive compression and expansion prases
of an individugl discharge only continuum emission with a co-
efficient ~ ;% was assumed. The electron temperature was con-
sidered to be eSnstant over the plasma cross section and also
constant in time. The radial density profiles for the compres-
sion (a) and expansion (b)- phaces are well descrihed by
Gaussians (Fig.5). These measurements yield 50 ® 0.6 € at a

a3 i -
frequency Wy ® 0.15 e (u.-k n F;; ; pg line density). This is well

in agreement with previous experiments [1.3] with homogeneous B;
where 8, ™ ¢ at m, M 0.2 w, was obtained by holographic inter-
ferometry for the same £ values.

Comparison with theorv: The assumptions of the theory [2) were ex-

perimentally realized. According to this thecry &u(l)b 0.074 and
50(2)> 0.11 are necessary for dynamic stabilization in experiment
1 and 2. Experimentally 6011] = 0.11 and 60(2) = 0.21 were a-
chieved. One can conclude that the dynamic potential due to the
standing wave magnetic field is at least a factor of 4 smaller
than theoretically derived. Probably the theoretical model is
toc much idealized since it takes sharp boundary, linearized
MHD equations and neglects mode coupling (c.paper 52 of this cen-
ference). This mode coupling effect was found in the dynamic
stabilization of the m = 1 mode by §; enforced m = 0, h = 0 os-
cillations of the plasma column [1,3)] and it should exist for
the m = 0, h # 0 oscillations, too. In this case ¢ and 5  have
to be averaged along z giving & ® ¢/2 for the measured e(z) re-
spectively i; L] 60/2. These values are too small to fulfill a
stabilizing condition corresponding to E; experiments [3}:

T > cuy/wg withC = 2.5 for 5 ® 0.8 E.
Therefore the mode coupling effect should not be observed here.

Conclusion: The experiments show that the stabilizing effect of
the standing wave scheme on the helical m = 1 instability is
fairly weak compared with that expected from linearized MHD the-
ory. Generally, if only mode coupling effects are considered,
all inhomogeneous E; configurations need a field amplitude in
the region of the bulges that is larger than in the homoceneous
3; case since a certain averaged dynamical force per unit length
has to be applied. Therefore the mentioned breakdown limit be-

comes more critical for inhomogeneous E;.

i nelarb un
References: Fig.5 Y nesnge '
[1]. [2] see part I ) € =020
[3] O.Gruber, z.Physik, e
251, 333 (1972) H {ah 1= 1 Oem
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A TOROIDAL HIGH-BETA PLASMA IN A FERIODIC CAULKED-CISE FLELD

by

T Uenida, K Suto, R Akiysma, N Noda, A Mohri.

N Inoue* and Il Yoshimura==

* Present Address: Foculty of Engineering, University ol Tokye

*+ Permaneni Address: College of Science & Engineering, Nihon Universiiy

This additional paper represenis the summary of the experimental resulis
obtoined so Far for the confinement of & theta—pinet plasma n ihe CCT reld.
Accordingly, this summary ancludes contents repovtod at ihe Madison Confer-
ence, 1971 J=1 amd al ine Garehing Conference on Pulsed High-Reta Mlasma.
1972, ¥7.

(i) Tlasma Production. SufFicienily nigher temperiiure ( 'l ey plasmas

are obtained in spite of the inserdion of vings.  Toe axial bomegenuity of
plasma that mighl result from ine induced ring curvent s ondered Tatoly

well by the pineh phenomena of fne comtrocting shoek neated plasma Toyer,

(ii) Axial Motion. Just after ithe maximum contraction, an axial movement

nd back Lo ine mudy 1 bs o seen when oo

of the plasma towards the ring-plane

al mofion disa Iy

negative bias Tield is opplied. However, sueh a

4 s when the field reaches Uhe maximum,  When o positive bias Field i

rrved But the moximm Doppler Gemper-

axiul motion is nol ob

applied, sucn

ature is estimated Lo he 10 eV and the produced plasm: shonbil ave o Tow=hety

s is due to tue relatively Tower vate of clge of D augned e

value. T
Q'

field: 0 x 10 Grsec.

(iii) Equilibrium. As far ax our experimenis stow, fhe existence of o mag-

netic [ield mingmum ol e midplane b5 peeessary and suffictent fo establi=n

ine equilibrium state of o toreidal eylindeical nign-bela plasmo.,

(iv) Instability. A resisiive bullooning mode instability mignt be prob-
able Lo veeur in e wnlavowrable corvature cegion of e momelic Tines of
foree on the oulsude of eact ving conduetor. Inoour case of 20 Fings used,
Ihe growlh time is estimaled (o be A0 2= Tor m = 1 mode.

(v) Plasma Pressure Decay. The decay (ime constant of the bela-ratin 1=

to it of fne von Cemperatore,

deduced to be 6 s, whien ts aroud ¢

s Lo be loken inle geeotnl. fhie

After investigaling Tor several lus

rodecay 1# bhe ex <jon ol plasma pinehed

most likely cause of he pre

near (he minor axis into the confining region of the CCT Fiedd. Namely. one

volue of 6 _s psiimaled as the pressure decay time i= nol For (he wiph=-heia

plasma Tilling up the whole confining region of (he CCT field, bl 1 oine

axia of (e €CCT Tiohd.

wign-bets exlindrical plasms produced near {he mim

(vi) Confinemeni. Tune particle confimemeni Lime estimated G0 be 20 < may
be limited by the plasma contocting on the inside of the ring. owing o fne
approach of ithe stagnalion point Lo the ring, This approaen is caused by
the difference beiween Lhe decay Cume of fne coll curvent amd that ol e
induced ring curvent, which originates in o proximily effect heiween hnin
currents, When the wigher conductivity melnl is used For (he ring, the

econtacting should eccur ab the later Lime.
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THE EXPANSION OF A LASER PRODUCED PLASMA

P.T. Rumsby and J. Beaulieu
(UKAEA Research Group, Culham Laboratory, Abingdon, Berks., U.K.)

Abstract. The density of expanding laser produced plasma has

been observed to fall as n = R-?. Temperature measurements at

large distances show a decay T,= R as proposed theoretically.

h o9 Experiment
The experimental arrangement is as described in the main

conference Proceedings.

II. Results

The density decay of the expanding plasma shell has been
examined out to a distance of one metre using charge collector
probes. The decay of the density peak remains constant with
neg = 1/R* shewing conclusively that particle recombination has

negligible effect on the density decay rate.

Earlier we reported preliminary microwave absorption tempera-
ture measurements. This technigue has now been improved and we
have heen able to measure collision frequencies and derived
temperatures with reasonable accuracy. Fig.l shows experiment-—

5 ally measured values of the
SIS

collision frequency in the
expanding shell. Points
% marked with circles and the
R \ dashed line correspond to the
o peak shell density. For
\ R<60mm the peak density is

aa'! % "\i\ greater than n
o

Coltisson fregquency. 1)
-

eritical fOr
b 4mm u-waves (6 10" em™) so

D“oh-ﬂ s 2
e that the points marked with

squares correspond to a den-
Rimn) sity of 310" em™ in the

N leading—edge of the shell.
Fig.1l

The plasma is highly collisional.
Fig.2 shows the dependence of -

e calculated electron tenpera~

ture on expansion distance. The calculation is now straightforward

as in i i 1
the region in which we have made measurements "Debye 1S

roughly constant around 10 and not 2 as reported earlier. The
two points plotted at 60mm, correspording to the shell peak and

the leading-edge, agree closely suguyesting a constant temperature

within the shell. The temperature decay has a near 1/R dependence.

T

01
o
o .
[} 50 159 150
R jmm)
Fig.2 Pig.3
This result confirms theoretical predictions about the
effect of particle recombination on the temperature decay. In

such models initially T=1/R" until recombination becomes impor-

tant when a gradual transition to T= 1/R occurs. Note that For
T=1/R* all collision frequencies remain constant with radius
while for T«=1/R they decrease as l/R%.

Assuming an initial temperature of 50 eV in our laser pro-
duced plasma shell we find that our data fits such a model, as
shown in Fig.3.
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Absorption of Picosecond Light Pulses by Solid Targets

by

A.J. Andrews, T.A. Hall and T.P. Hughes

In fig. 3 results are shown for the reflectivity of boren,
bismuth and lithium fluoride targets. In this figure
the reflectivity is plotted as a function of incident
energy rather than incident power. More careful measure-
ments on these quantities indicate that the threshold
power may be a factor of 5 less than that shown in fig. 2.
This would bring the results intoc tne same range as those

quoted by Caruse (2).

The threshold values for the three conducting materials
are not significantly different from each other, whereas
for lithium fluoride no change in reflectivity is observed

within the range of observations.

The lack of variation in threshold between the three
conductors supports the hypothesis that ion motion can

play no part in the absorption mechanism.

REFLECTIVITY

Lif

=

[}
m - 1 ] 100

INCIDENT  EMERGY (ml)

Figure 3 Peflectivity of varirus tarcot
raterials as a function of in—

cident erergy.
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NEW EXPERIMENTAL RESUITS ON THE PLASMA FOCUS
by
A. BFRNARD, A. COUDEVT]

. DURANTET, 2. JDTASR, 1. LAUNSIACH
J. de MISCUREAU and 1.9, WATTEAL
Commissariat & 1'Fnergie Atomique, Centre d'
B, n’ 27 - Ol - VILIENRUVE.

tudes de 1imell
TNT-GECRGES

We report the latest resuits on neutron measurements ard holo-

graphic interferometry.

The neutron energy spectra taken at 117 meters confirm previous
reports. The width of the spectrum after time of flight 1s measured with
hetter accuracy and It {5 found that in some discharges at '/ Torr the
width squares with a deuteron temparature !ower than °. . keV, Thus all
measurements it with a thermal
origin of the neutrons for these

discharges.

The density measure-
ments have been mad= on a 77 kI
device with a 5 em diameter
hemispherical {nner electrode
and a 0 em diameter nuter
electrode made of sarallel hars,
The machine can be onerated at
different Fi1ling pressures
10 Tarr), The laser
hal f-width) and the

experimental arrangement are 1 ISO-DENSITY CURVES
described in reference 1. Mg, * =20
shows a typieal interferogram BRI
ohtained at * Torr .rg? Flll4ing

pressure. Tt was recorded at pes.

neutron emission, 50 nsec after

the beginning of the pul: The

axial shock wave created after

the radial compression can he

seen clearly. Fy Abel inversion

the electron density can he

measured as a Mfunction of space, r L T
ELECTRON DENSITY DN AXIS
AT VARIOUS TiwEs (a Tomms) |

1

e wm!"

Isadensity curves for the plas-
ma of fig. 1 are drawn ‘'ust

helow, They indicate a rather

low density plasmafeS, 10 ° om

of extended volume (many ecuble

centimeters). For this régime
the neutron pulse starts after
the disruption of the f{lament
which then does not contribute
to the nputron yleld, At 3 Torr
the machine is reproducible so that {t 1s possihle to know the plasma
development. The density on axls has been drawn “or different times (Fig.P),
At t = 0 one observes a broken filament and also a plarma |ncated along

R
the center electrods with density larger than *.10 em 3. From the three

-1
profiles one can estimate the plasma axial veloelty Lo he about ’\.'ﬂkcm.s A

The study of the plasma at higher F11llng nressures 1s not made
yet so that no complete comparison can he done with the functinnning of
the 100 kJ device, However the first results indicate that the I1fetime

and the density of the filament inerease with the Inftial I, pressure,

]

{1/ A. BERNARD, A. JOLAS, .J. LAUNSPACH, .I,P, WATTEAU.- Etude d'une
décharge linéaire non-cylindrique par interférométrie hnlographique
(& paraftre)
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Intensity Anisotropy and Fine Structure in the X-Ray Tmages
of the Dense Plasma Focus (11)

W. H. Bostick, V. Mardi, W.J. Prior and F. Fodrigquez-Trelles
Stevens Institute of Technology, Hoboken, N.J., U.S.R.

Abst. The intensity anisotropy of localized x-ray sources is numerically
9.‘;['.].[‘16(:5[1 from several films all Obta_]_ned urder similar conditions.

A quantative estimate of the anisotropy of the x-rav intensity emission

has been carried out from the images (pinhole camera photograchs) of many
localized x-ray sources {elongated spots usuallv with a cylindrical or a con-
cave spool shape) in the plasma far (at a distance > 1,5cm) from the hollow
anode wall. Fach localized source has sharp boundaries and frequently appears
as the core of a more diffuse source which radiates softer photons with a lower
intensity I for unit of volume. The major dimension or spot length,t (on
£ilm) , defines the source axis " parallel to the electrode axis or z-axis; a
diameter d orthogonal to % is alsoc defined for each spot by boundaries which
are particularly sharp in this direction. The purrose is to assess possible
fluctuations in the ¥-ray anisotropy as given by the ratio IBDU’IIUU where
IBO“ = ¥-ray intensity in the direction at 867 with respect to the source

axis; IDU = intensity along source axis, Films at different angular positions
are located on a circle with the center p at 8mm above the center of the anode-
end-section on the electrode axis. We have analized only the localized sources
which can be clearly identified on hoth no and 80° films and are located at an
axial distance < lom from point p, within a distance R' <Max R' = 2mm (the
radius of the axial plasmAa colunn at maximm oompression) fram the electrode
axis where sources appear nost frequentlv. Quantitative estimates of the
anisotropy require some numerical elaboration of microdensitomster readings
because of the different dimensions of each spot (typically ¢ + 0.5 - lmm;

d~ 0.1 - 0.3m on £ilm) in 07 and 80° directions and because of the space
integration performed by photographs.

The value of the x-ray intensity EDD(EH_I/GN;,) at a specific position (x,y)
on the 09 film [film orthogonal to z-axis;unprimed x,v,z,f,d,R etc.on £ilm are
the images of xiyjz}&}d;R} etc. in the plasma;r, (x,y)=distance of point (x,y)Efram
the point of peek intensity Max I, on spot labelled by i lresults from all

the emitting plasma regions with the same distance r'i(x' ;') from the source
axis [(x,y) is the image of all points (x',y',z') with z' varying inside the
length &' of a source in the plasma, if d'/L' < ¢'/L' < P'/L' << 1; ohject-
pinhole dislance L' — 76ma; pinlwle—Ciln distance L = 40m] f.e. ioo(x,v) -

! nlOO(x,y z'}dz'. In the same way ISOQ(YJZ) no'x'¥,2zldx' on the
BOD film. In all steps of our numerical elaboraLcn we have treated

Eauﬂ as if it was Tgo, (807 films are more convenientlv hardled than 90%Films)
with an ultimate error w’hlch is much smaller than the other errors listed below.

By assuming (a) cylindrical symmetry for each source and (h) a dependence on z'
described by the same factor alz') for both intensities Tguo(r',z')=a(z')Igyelr"),
Iog(r',z')=u(z')inn(r') then these local values can be obtained by unfolding the
convolution equation which relates them to the microdensitometer readings IgnorTgo,
Instead of disentangling the local values I by this procedure we have estimated
the anisotropy of a localized source i (say) by calculating the ratio Aly)=
Taq03/Tg0y where Tgoo, )=/ Tgpoly,2haz, Too; (vI=r, Tgaley)dx, The implication
is that a strict relation exmts between mtm51tle=lnF source (I) and on film (I)
i.e. that IEDDifDDi = Jianoiﬂx /.'Inoiclx‘ is satisfied for y',y close to the axis
of source,spot,i,e. for y"—y]!_ YTV . The z ( x )} integral for a specific spot i
on a 80° (0% ) film is then carried out on the line y=const=y, (on both films)which

goes through the peak value of I on each scanning step . The numerical results

for 10 different spots are reported in Table I: |filmispot Myj)[ £ ' Tgoo/foo
£ is derived by the maximm fluctuation in the Sebe
integrals due to the uncertainty ﬂyi in these Floxr DZ 103 % B
- 3 ¥ 4 2-71a | 3,89 15 =
peak ~ :
E positions on each scanning step(essentia: £ 2-710 | 305 17 i
lly a silver-grain effect on the film} . An 4 2-7le | 7.30 26 -
additional error of 8% (maximm) in the values | : 2 /& | 3.09 23 N
4 2-77b | 3.57 14
of My )is introduced hy the fluctuatmns of 4 2-7%a | 3.37 9 2.28
source distances from p _The ratio I c:/_ & 2930 5043 2 2481
B 80°/+0° 4 2-79¢ | 3.40 13 2.92
£ . i
of the total intensities I=/Tdv at 800 and 00 | 8 morr 0,
from a few spots is repgrted_m th;e_ las: 4 2-p7c | 2.1 13 _
colum. The fact that Igo/Tpo > Iz 0/T 0 4 2-87h | 2.31 | 12 =

indicates that the anisotropy can he a fun- Table 1. Anisotropy Aly;) and

ction of position inside a localized source % error ¢ of A(y b I Each'film was
exposed to 51nnle 15kY d.}schame,
0.050 mm thick Be window covering
motice that the intensity anisotropy of each films.Pinhole diameter 0.075 mm .

source is evident even before elahorating the densitometer data:Maxisooi/Max':foni is
Varying between 1.10 and 1.75(in spite of ?i ﬂi)fnr all films from the D2+0.5?s Ar
discharges that we have examined. For pure N, discharges the anisotropylsmaller than
for n2+0.5‘62\r) becomes clear only after considering the spot parameters ¢,d.

The electron beam picture discussed hy previous wrl-{.lls supported by these results.
Peciprocity failure of ¥-ray film(Kodak FPRS4)response is considered neqligiblctz) .
Wa have considered data'>on £ilm response (exposure factor)vs ¥-ray energy =2.30keV .
Work supported by A.F.0.5.R. and (V.N.) hy I.Avogadro Tec, (C.P.10757,Rame) ,

References:

(1) ,Bostick,Nardi,Prior, Rodriquez-Trelles: II Topic.Conf.Pulsed High-Beta Plasmas 1972,
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and is larger near the axis of the source.We
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OBSERVATION OF ION LANDAU DAMPING OF THE DRIFT
WAVE IN A SHEARED MAGNETIC FIELD
T. Dado,* Y. Nishida,* T. Kuroeda, and G. Horikoshi'"

Institute of Plasma Physics, Nagoya University, Nagoyz, Japan

hbstract: The drift wave stzbilizstion by the magnetic shear
is discussed by taking into account the effect of ion Landau
demping. It is shown that neer stabilization the ion Landau

damping is more effective than that expected theoretically.

The critical values for the drift wave stabilization by
the magnetic shear, which are determined experimentally, are a
little smaller than that obteined theoretically as mentioned
in the main paper. In the theoretical work,l it has been
assumed a priori that the ion Landau demping is completely
effeciive, i.e., kaﬁffvi< 1, when the wave is stabilized by
the megnetic shear, where kﬁff is the parallel wave number
effected by the shear and is given by kLK/LS. In the present
experiment, however, quﬁffvi is larger than one, as will be
shown later, and the ion Landau damping effect is wesker than
that expected theoretically. 50, the ion damping effect must
be taken into account carefully.

The growth rate y of the drift wave instability is given

by Y 20 B(1-p) am g7 2 )
— - = e " (1
w* kv, (2-8) vy (g3 @

. iy B o ez
, b=k Tl/n‘.u.:ci : Z‘w/kzvl’ k= I, o+ k A kuo

is the parallel wave number without the shear, y# is the drift

where B:loe

angular freguency, and v and v, are the ion &nd electron ther-

mal velocity, respectively. The wave growth term contributed

by the resonance electrons, the first term in the right hand
side of Eq.(2), is ambout (1.37—0.97) x 10_7w" under our
present experimental conditions with the shear field. The
ion demping term, the second term in the right hand side, is
caleulated as follows: When T- is 2.0 eV, the wave demps away

at about &

ori£70.025, and there uJ/k vi is about 3.1 and the

ion damping term is 0.48 x 10_5[”" at the critical point.
Here, we taske x io be the wave spreading width end x ~1.0 cm.
When T, is 1.0 8V, & .. ~0.08 ana “J/kEffv.~1.7. So, the
ion demping term is 1.4 x 10 5{,0". These values of UJ/' eff
are still larger than one, but the growth term by electrons is
smaller than the damping term by ions. The ambiguity of the
eritical value Scrit in the experiment does not largely change
the values of ion damping rate. Thus, the wave is stabilized
by the ion Landar damping effect. If the magnetic shear is
absent, the growth term i1s always larger than the damping term.
In conclusion, it is shown that near stabilization the

ion Landau damping is effective even though the resonant ions

are a few,

Beference
* Permanent address, Central Research Leboratory, Hitachi
Ltd.
Permanent amddress, Department of Electronics, Tohoku Univ.
i Present address, National Laboratory for High Energy
Physics.
i N.A.Krall and M.N.Hosenbluth, Phys. of Fluids, B, 1488
(1965).
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Plasma Confinement Experiment in Heliotron D (continued)
A.liyoshi, S.Morimoto, S,Konoshima, S.Yoshioka, M.Sato,
1.0take and K,Uo

(Plasma Physics Laboratory, Faculty of Engineering,
Kyoto University, Gokasho, Uji, Japan)

Joule heating experiment:
An eight turn air core coil is mounted along the discharge
chamber. A typical set of pictures of plasma current, loop voltage

and probe signal are shown in Fig,l, When the plasma current
reaches a certain critical value, the observed current and probe
signals show vielent fluctuations, The eritical current might be
due to kink instability(l)’

The relation between the rotational
transform angle produced by helical windings at the radius of the
plasma boundary, 42) , and that due to the critical plasma current,
{:nhc , is shown in Fig.2. Assuming constant current distribution
unRIc

in the plasma, the latier is given by & The figure

ohe™, T 7.

P o
seems to show that the macroscopically stable plasma would be
maintained until 1” ohe™ 1, TIn Fig,3 the density profile i5 shown
for a=0 (without toroidal field coil), Although we have not any
limiter, the plasma is well separated from the helical conductor,
This suggests that it might be useful to employ fields in the
separatrix region as a divertor 3 s
RF heating experiment:

Heating methods due to ion cyclotrom wave (1.C.W) and fast

wave (F.W) are applied to the plasma in Heliotron D. The waves are
generated by a two section reverse turn induction ceil (Stix coil)

whose fundamental wave length is 84 em, A helium plasma is produced
m>. RF current with
frequenecy range of 1 MHz to 3 MHz is pulsed during 300 ps into the

by joule heating te maximum density sx1017 ¢

induction coil, Fig.4 and 5 show the egquivalent load resistance
measured as a function of density for I1.C.W at W/ i= 0,91 and for
F.¥W at “’{n i:d.?, respectively. Vertical arrows on these figures
indicate the densities predicted theoretically for the coupling
resonance and for cut off, The experimental peaks agree reasonably
well with the predicted density. 1I,C.W shows better coupling
resonance at 3rd harmonies wave length, It is interesting that the
3rd harmonics wavelength of A = 28 cm is almost exactly same value

as one half of helical coil pitch length. As the net power coupled
to the plasma is only a few joule in these experiments, we have not
seen appreciably heating yet. However, the resultis of high coupling
efficiency up to several tens percent encourage us to further study.
a=0
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CONFINEMENT AND FLUCTUATION STUDIES IN THE JAERT HEXAPOLE
by
S.Tamura, H.Yamato*, T.Nagashima, H.Ohtsuka,
S.Arizono, T.Shiina, M.Yoshikawa, and S.Mori

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, Tokai, Ibaraki-ken, Japan

We describe here properties of the fluctuations observed in the JAERI
hexapole and identications of these instabilities.
Mode B Maxima of the fluctuation lebel along a magnetic field line are
found to be located at maxima of unfavorable curvature or at maxima of the
hexapole field (Fig.1l). The oscillaticns at P and Q are 180 degrees out of
phase, while in phase at Q and R. A possible instability which is local-
ized in the wnfavorable curvature {s a drift ballooning instability (1).
In the hexapole geometry, however, drift wave cannot be localized in a bad
curvature, since the maximum of k¥ + b corresponds to a minimum of the
magnetic field. (k=2 3ln B/ 3lnn, b = ki'rg.mn{3 ). Another posaibility
is a mode discussed by Rutherford et al. (2) as "electron drift trapped
particle instability" and also by Coppi et al. (3). Observations made so
far are consistent with this mode, but more detailed comparison, for
example comparison of observed amplitude distribution with theoretical
prediction, is required to confirm the identity.
Mode A and € After careful correction of E x B drift, the frequency of
mode A and mode C1is found to be close to drift frequency ( 0.7 w,— 0.9 w,)
and propagations of both modes are in the direction of electron diamag-
netic drift. Various observations of this mode seem to support that this
nonlocalized mode is a drift universal instability. One problem to be
explained is disappearance of the mode under application of small toroidal
field, This difficulty can be eliminated if the mode C is assumed to be
the same type of instability with different mode number. It is also found

that the mode C itself is devided into several modes with different mode

numbers n, as the toroidal field is increased up to about 90 G (Fig.2).
The mode numbers along the poloidal field and along the toroidal field are
given by n and m respectively. The mode transition can be understood

physically from the relation between parallel wave number k.. and toroidal

11
field intensity (Fig.3) under an assumption that the drift wave is more
unstable for smaller kll'
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HON ADIABATIC MOTION OP A CHARGED PARTICLE IN A SPATTALLY

AND SINUSOIDALLY MODULATED MAGNSTIC F D

by

D. A. Dunnett and G. A. Jones

Department of Applied Mathematies,
University of Liverpool, England.

The question of whether an invariant exists throughout the
phase plane may be restated as whether it is possible to
generate an invariant which predicts behaviour surficiently
complicated to explain the numerical results. We shall examine
this point using the methods of reference (1).
The Hamiltonian for the problem mey be transformed using
action angle variasbles to
Es=sp+ %p: + €(P + A sin 23)g(z)
+ 3€2(P + C + A sin 29)g2%(z).
Following (1) we generate an invariant by writing

iJ. H

| = 0, where L- | is the Poissm bracket, and

expanding J in powers of ¢ as
Fm'd & FEET.HFSEE S E . .
o (] 2
It is easily seen that Jo is any arbitrary function of

P, p; pa-z and JI may be obtained from the relation

= y =
LF" H | Lfo, B
In fact, changing variables to o, gfwhere a = pQ-2, 4 = Z and Py

JI is obtained by an integration over 4. In & similar manner
qu. Ho_j‘ - [Jc' Hid'- LJI, Hn gives Ja in terms of J' and

similarly for Ja- - - Jn' The Ji are, of course, of increasing

complexity but we may ncte that Jl contains terms proportional

1

to Py and X%FE resulting from the interaction of the fieid

perturbation term g(z) with the gyromotion term (A sin 23).

This predicts a resonance at p = * % as would be expected and
corresponds to the cenire of the main quasi-circular closed
orbit curves presented.

However J= also contains terms proportional to —_

A2mp

which are due to the interaction of JI and Hj. These are the
terms which cause the secondary juasi-circular closed curves
at £ ~ ,75.

If the ecaleulation is continued in this way furtnsr
harmonic terms are generated, for example Ja will contain terms
proportional to iEé;E and 3 " The first of these terms
corresponds to another guasi-circulaer curve above £ ~ .75 (seen
on the ¢ = .0637 curves), while the second may be shown to
correspond to an island chain containingtwo islands.

Clearly we may continue in this way and generate terms
which predict increasingly complicated behaviour of the type
observed in the numerical sclutions. Of course as the terms
become more complicated their effect is diminishad by multiplication
by increasing powers of e and for small enough ¢ it seems that
high harmonic effects do not contribute appreciavnly to the
invariant curves. The curves drawn for the two different values
of € (.0318 and .0637) demonstrate this point.

This ia remarksbly similar to thaucverlapping of Pesonﬂnce“
ideas discussed by Lichtenberg (2). However it is not clear
that this overlapping of the resonance effects will destroy the
invariants in a given case, Possibly for large enough € the
terms of the invariant which contribute appreciably to the curves
are sufficiently complicated to give the appearance of quasi
ergodic behaviour when a particle orbit is plotted. Our results

suggest that this is the case for ¢ = .0637 at least.
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TOXOMAKX PLASMA HEATING BY FAST NEUTRAL INJECTION
d.P.Girard, MN.Khelladi, D.Marty

ASSOCIATION EURATOM-CEA SUR LA FUSION

Département de Physique du Plasma el de la Fusion Contrdlée
Centre d'Etudes Nucléaires
Boite Postale n° 8 . 82 Fontenay-sux-Roses(France )

In order to know roughly the ignition domain of our
large Tokomak, a simple energy balance code has been developed.
Two inequalities have been introduced in it : the firet one is
the equilibrium limitation {fg< % }, the esecond one is the
balance between the ohmic and « particle heating and the losses
due to ion conduction, bremstrahlung and synchrotron radiation [17.

The obtained diagramm is shown

the lower by ion conduction

3 & ! 4 on Fig.5 where the upper limit
% Globad Boloncs is given by the equilibrium,
2 Tpiosma=210" A 1

13

ng::; and the left one by synchro-

H
_s?“"' tron radiation. The points
§ with arrows give the results
x :
w' - of complete calculations cbtai-
f ned with the neutral heating
] 1 | T s code. The injection is stopped
0 s = 20
Meon plasma density(em=7) when the wished temperature
Fa.5)

is obtained. The ignition is
achieved for densities of 7 - 9 10'7cm~? and temperature of 20 keV
with injection at 100 keV of 20 A (D,) during 7 sec. We observe
that the domain is rather narrow, nevertheless it can be increased

significantly if a lower q factor (1.8) is feasible.

Application to q@ Tokomak Reactor /37 :

With the global model we have first checked the possibi-
lity of ignition by only ohmic heating with the minimum q value
(1.5). We can see (Fig.6) that the resistivity has to be 4 times
anomalous providing that the anomaly is not due to impurities. If
this were the case, the ignition should not be obrained due to
enhanced radiation losses. So additionnal heating seems necessary

at all densities. We calculate completely the ignition by neutral

injection at low density

Vi
8

e '|'= Bta {3.10"%em~?} and this is

o possible with a rather modest
neutrals energy (100 keV) and
---------- current of 260 A, that is a
\ deposited power of 1.5 10-?W/em?
s 4 (Fig.7). Having obrained the

"

Maan ion temparaturs Y| (k'

— clamical canduetivity ez

e wegh b ignition at low density and

supposing that refuelling is

ol ;" w0t feasible, we find to obtain a
iugphlm‘""“""kmdi density of 2.10'%cm=? and
temperature of 10 keV that the
fuel injection rate has to be 10?? p/sec during 3 sec. If the o
particles are not all trapped in the machine {A] we observe that
ignition temperature is increased

from B keV to 10 keV (Fig.?7) and the

= = | T
= temperature profiles are more peaked
e
Sanl plosme density 7, = 35 02 (em™) than precedently.
.g bl L 1f the ien conduction ("banana regime")
i
H is increased by a factor up te 100
s [ times, the ignition at low density
Tatel
3 e by injection of neutrals of usual
'l —
L 7 B energy (100 keV) and unusual current
5t N o
AN e D {300 A) is alvays obtained. It is
= -
I~ = only in the case when the ion heat
conduction follows the "plateau
'p é é é 3 regime", even at low collision
Tima (s

Flaat frequency that ignition should be

5 For . 1w, -3
obtained at high density. We obtain a minimum density of 10 "cm

and temperature of 7 keV. The heating by neutrals injection then

need a beam of D, of high energy (1 MeV).
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ANOMALOUS MICROWAVE ABSORPTION NEAR THE PLASMA FREQUENCY
H. Dreicer, R. F. Ellis, and J, C. Ingraham
Los Alamos Scientific Laboratory*, Los Alamos, New Mexico, U.5.A.

Abstract: Additional dats is presented for the experiment of Ref. [l]

A detailed mapping of the threshold for anomalous absorption onset in
a microwave resomator as a function of electric field and plasma density is
given in Fig. 1. The horizontal axis is the square of the ratio of plasma
to microwave frequency, win.ﬁuz, and has been determined absolutely from the
microwave resonator frequency shift plus a detailed knowledge of the plasma
density and electric field distributions within the resonator. The verti-
cal axis is the ratio of the electron AC drift speed to the electron ther-
mal velocity. The threshold data are determined using the AM method{]'].
Theoretical threshold curves for the decay and AC two-stream parametric in-
smhilil:izs(l]'[:‘]are shown. The agreement between infinite plasma theory
and experiment is reasonable.

The microwave resonator allows quantitative measurement of the anoma-
lous absorption. If in addition, the plasma volume in the resonator which
contributes to anomalous absorption is known, the effective anomalous col-
lision rate, vV ££0 of the electrons can be computed. An estimate for this

plasma volume is obtained by measuring the radial profile of the hot electron

a T —rrT
— e (AT SR
E * ON DRFT B
Fo= {- O KON DRIFT
ox- & 1
L . ]
[ — mu.ums
- L oo
P o .
wl . =
E . 3
L [0 N ]
ml- -
i i i al i i 1 i
o [ os 0 [ "
’ g /! 2. 12
Fig. 1 Threshold data Fig. 2 \’eEf‘f"'e{ vs. Ea I!O:

pulse[I], which is produced as a result of the anomalous absorption. This
pulse profile, measured outside of the rescnator, is assumed to correspond
to the radial profile of anomalous absorption region in the resonator, and
the length of the region is assumed equal to the resonator length. The

data in Fig. 2 are thus obtained. The horizontal axis is the square of

the ratio of the electric field in the resonator to the electric field at
threshold, Buzliu 2. The vertical axis is the ratio of v to the elec-

;o eff

tron-ion collision rate, It is interesting to note that the depend-

ei”
2 2
ence of “uff'“ei on Eo IEOC depends strongly on whether the plasma density

corresponds to the threshold minimum, 0,93 %w” /u® £ 1.0, (see Fig. 1) or

not, e.g. 0.74 < w;nwa < 0.77. Theoretical calcuin:inn,iz] predict

N
\'eff".’!l = Ea ,Eoc

for Eoi Em;' This dependence would be 2 straight line
of slope unity in Fig. 2 lying between the two data curves.

*ork performed under the auspices of the United States Atomic
Energy Commission.
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THE PLEIADE ACCELERATOR EXPERIMENT
by
R.Celler, W.R.Hess', M.Hesse, B.Jacquot, C.Jacquot
ASSOCTATION EURATOM-CEA
Dépantement de Physique du Plasma et de La Fusion Contaclic

Senvice IGn - Contne d'Etudes Nucldaires
Cédex 85 - 3§ GRENUBLE Care (France)

In order to increase the density of the ionic current it is necessary to
have :

1/ a higher density of cold plasma in the preicnization zéne (limited by
the cut-off of the R.F. wave and triggering of instabilities).

2/ the sharpest gradient of pressure in the resonance zone where the fluid
must be collisionless.

Therefore we utilize a single injector where the hydrogene gas is introdu-
ced in a capillary tube of (iB) ¢ =5 rm sliding in a quartz tube = 20 m
The position of the NiD tube is determined in crder to obtain the best io-
nic density current. With this single injector we obtain 100 mA of ions with
an energy between 1,5 Kev and 3 Kev, (ni Wi 10'? ev/er®) an an ienic
density current of €0 mh/cm®,

The product of current density and particle energy beeing roughly constant,
we can increase the total current by increasing the plasma cross section S,
provided that the incident R.F, power is also®ncreased. As amatter of
fact, we know that the total available power in the ionic beam is propor—
tionnal to the R.F. power. But if we want also to maintain the optima in-
jection conditions, and enhance the efficiency by loading more the cavity
then we must multiply the nurber N of injectors (cross-section s} to have
5=08 with s <& N FF.

This simple scaling law indicates that we can expect with 3 injectors 3
times more particle current with a little less particle enerqv.

Example : 300 mA of fons ( S = 4 em?) witha 1,5 KeV energy and w 2,5 ki
of R.F. power.

The follewing corrections should be made on page 123, line 16 should read
10 GHz - line 3 should read 57 mA,

S
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ASCORPTION CF THZ MICROUAVE ENERTY IF A MAGNETOACTIVE PLASHA

Jo lusil, F. Zfadek

Institute of Plasma Fhysics, Czechoslovax Acadewy of Sciences,
Nademlynska 600, Prague, Czechoslovekis

decause the efficiency of the collision absorption strong-
1y decreases with the increasing electron tempergturs of the pla—
amg it is very important to find out if the absorption of a micro-
wave energy described in mein conferance peper is caused by col-
ligion or if is collisionless one, The charucter of the absorpti-
on was determined on the basis of the analysis of the measured
dependence of the reflection coefficient R on the plasma densi-
ty aF=&gff. We have memsured the reflection coefficient R of
the RHCP wave at q%:ﬂ'l,-l. RMCF wave was incident on the system:
quarter wavelength dielectric plate ( €= 2,55 ) - plasma. The die—
lectric plate, which was placed tightly in front o the flat very
thin bottom of the discharge tube, mads possible more efficisnt
trensfer of the microweve enerzy into a flasma at higher densiti-
es a- 2 4.

The measured dependencs sz T(v) for argon at e pressure
4.10-3t.urr was then compared with the theoretical dependence cal-
culgted from the formula
Vi-Pop® Vep-(a - V- B
Y'i-(a‘f/lcf. vEp“[;‘,ﬁ:"l o= YE _{1”‘:)1 ()

ar(4-Y) + aZ

UYT+2 ' UYF+ B

Y=ty T=V70 i ¥* is the effective collision freguency
which determines what part of the inciient microweve energy is
absorbed in the plasma; A, is the free-spsace wavelength of the
incident wave, A, is the critical wavelength in the circulsr wa-
veguide. The formuls (1) sutisfies the energetic balance conditi-

o
on R%41%+42 = 1, where 7%, A% denotes the trensmitted and sbsorbed

where

(2)

W= A=

»ower. The calculation shows that the agreement of the measure’
dependence R2 = f (v) with the calculated one can be obtairned on-
1y in the case when ¥Y* increases with the plesma dengity in such
a way as it is shown in Fig. 1. The magnitude of the effective

collision frequency vy ie

¥ v agout two orders of the magni-
' Gl tude greater than ie the col-
1] . lision frequency of electron

with ione and neutrsl partic-
: e s
0 les, i.e.V MY +¥Y, . This

analysis cleerly shows that

el the abscrption of the microwa-
FIG. 1 ve enersy cannot be caused by

g clessical collisions but it iz
0 igu_‘g /—'"'2}9 —_— caused. b, some 65.501.'\'.5.&11:] To-
i _ Te efficient collisionless ab-

0 - ... . ... sorption mecharism. The ahsor-

- 1 . N :
w0’ 1 %' w0'—=veés' ption probubly erises in con-

sequence of waves transformation - in regions of waves resonances
&t oblique propazastion - into short wavelength plasms waves which
are very effectively absorbed in an inhomogenecus plasma.

This result is very important. It shows that thie mechani-
s of the microwave energy absorption could be suitable for hee-
ting of a dense and hot magnetoactive plaesmp.

In meny practical cases (toroid:l devi cec) is advaniegeous
Lo generate and heat a plasma by meens of a micrawave gun. There-—
fore we had measured also the dependence of the density of the
Plasua, created directly by the gun, on the magnetic field c“’ﬂ@
Experiment was carried out with two cylindrical guns, see Fig. 1
in mein paper. The gun I wes fed from the generator (f = 2,35 GHz)
the power of which is to be absorbed in & plesma. The gun II pro-
duced Jthe independent plaema at "‘i't/u_,»f. Results, given in Fig. 2

Nlerd®) 4
ARGO Pl are very promising, It
10" | pe310 torr 26 ] is wortwhile to note
15 e : -
= 1n.g that at great incident
10* L powers the sbsorption
o atrongly inereuses in
X PLASMA FROM . .+ «, =
10 m/NI:.GUNII ony Vicinity of €8ty 05.
REGION OF MICROWAVE
- GUN If OPERATION FIG. 2
w Glgg,

0 0s 10 15 20 25 10
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EXPERIMENTAL RESULTS ON THE _DAMP 0F A

FINITE AMPLITUDE ELECTRON WAVE
.\ Frankling 5.M. Hamberger, G.l. Smith
(VKAEA Reseaveh Giroup. Culham Laboratory. Abingdon. Herksnire. United Kingdom)

Wave propagation over more damping lengths (kjx < &) than wn in Fig.2

is shown in Figods  this was achieved by inersasing k; ond k v o= Al em
(ns eurl 3. Tt shows clearly that there is some initial omplitede such that
the wave propagates, at distances for which kyx = A with o constant amplitude,
From atn we estimate the value of the § eter o= Y, 4 at wh this
oceurs to be g = 0.72 = 0,07, in good agreement with q = 9.77. (he value g
dicted by Sugihara and Kamiwura, We believe that this is the lirst laborators
observation ol a stable BGK  equilibrium.

When the resonant electrons are prevented {rom becoming trapped a large
wive exhibits linear Landau damping. This i= shown in Fig.5: (i) shows the

amplitude variation of a very small amplitude wave (e, AT, =27 107) which

Landau dar (1) shows a lurger wave ez, 4T, = 1072) whose damping ol varly
depurt woexponentinl ut  x taem . amd (Qil) shows Che same wave as (1)
but in the presence of a ond perturbing wave (2, k). of amplitode similas
to that of &, but at a [re ey well removed from t, ., whose effect is to
prevent electrons becoming trapped in the potential wells of &, .
Supplementary veferences celevant to non-linear wive theory

Kruskial, Phys. Hev.. 108, 516 (1057).
V(1061 dda. 1300 (TR63) .
(1065). —
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RESONANT INTERACTION OF TWQO ELECTRON WAVES
WITH AN ION WAVE

by
R.N, Franklinf S.M. Hamberger and G.J. Smith

(UKAEA Research Group, Culham Laboratory, Abingdon, Berks., U.K.)

Measurements of the spatial variation of the mixing product
have been made. In order to carry out such measurements with the
plasma unperturbed by the antenna detecting the ion wave, it is
necessary for the antenna to be of small area and the signal is
conseqguently small. Care has to be taken to ensure that mixing
is occurring in the plasma rather than in the detection circuit
or in the sheaths surrounding the probes. The distortion of this
latter effect has been removed in the dashed portions of Fig.4.
It is expected from theory[SJ that the spatial variation of g

will be of the form
KZKIK X

o T e - | e
kTe kT, kTe 2 [l“'V(Ti/TE)J
\

where wave numbers and lengths are normalized to
= (e
D~ \2g kT,
and the assumption has been made that the damping of all the waves
is small, i.e. KX, KgX « 1.

Figure 4 shows the spatial variations of g ,g, and gg
for particular frequencies corresponding to resonant mixing.
Direct pick-up leads to the interference shown in the ion wave
signal. Note that the scale for o, ,p, and g o, is logarith-

mic; that for g is linear.

Figure 5 shows, for different frequencies, a comparison
between measured values of the interaction strength M defined
by # (K K ,X) = § ¢ M, (K,K)[exp- (K -K })X-exp-KJX]
and theoretical prediction[sl. The fall-off at higher freguencies

is due to increased Landau damping.
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Fig.4 Signal amplitudes of electron waves o and
©, and of the ion wave product o, between

transmitters T, and T,
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Fig.5 Comparison between theory and ex;

pari-
mental moasurement =----- Of the resonant interac-
tion strength as the wavenmbers are varied,
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NONLINEAR PLASHA OSCILLATIONS IN TERMS OF VAN KAMPEN MODES
by
Robert W.B. Best
FOM-Instituut voor Plasmafysica, Association Euratom-FOM
Rijnhuizen, Jutphaas, Nederland

4. Initial value problem. We take new amplitude functions in

terms of phase velocities instead of frequencies and we further
restrict ﬂz' in addition to the symmetry condition (6), as

follows:

A, (k) = k|~ A (k)

Aytk k' w,0t) = [kk'[=F B Ok k! w) 8 (wew'), (17}
in which

w=uwk, w =w/k', w' = w"/k". (18)

In these new variables the potential (3) reads

o= ff Eleik(x—wt)dkdw « 111 ézelk""“w"’dkdx'dw", (159

and the corresponding distribution function (15):
£ " : 3
£ = Fivi- 2 [[K°F) & FVE gay

- 2 [[fre2i ee kT W) gpaie gue

fo = =, [x" P s R i gt R T ]
e l]][élél{——kk. e [;; Kokt K =K TR 3KK kS (v-w®)
; T
oY (kzl(—k"}(']} e W) gy Akt duwdw? (20)
w-w' 3V

in which K is given by (16) with w/k replaced by w, and

A = élu{',w'). Writing the initial condition as
= : ikx
E{x,v,0) = F(v) + fﬂl(k,vJe dk , (21)

Eq. (20) for t = 0 reduces to the set of Egs.

[k xaw = - 2 g, [k"EKdw" = o j]glﬁg{...}dwdw' o [22)
o

in which -Eii and 5—2 oceur in the same way in Lhe l.h.s. The curly

brackets in (22) contain the same expression as in (20).

The solution of (22) involves the introduction of func-

tions éttv] associated with any function #(v) defined by

st = 3 [am + 1 L';G 4 (u) du] .

It can be shown that (A operates always on the v-variable)

. + i Es
K = 2, (k)6 vew) = o e (23)
in which v, = v + i0 (cf. k, in Eq. 10) and
£, =2 Tioni 2y B piu) =i 2y [CL & Fiyan, (20
=i e mk® dv E;ﬁ?’ v,=u du '
We find that
-y -~ £
k’&i (kv E (kov) = = (efeg)g; (kev) 125)
and
24 Gy,
ot e i
K"TEY - 3kk 'k
T i (26)

4

in which ! and E? signify & (kx',v) and E, (k",v), respectively.
Further work will deal with the connection of (26) with

known results, e.g. Egq. (A 16) of the reference.

The author acknowledges helpful discussions with Prof.
H. Bremmer and Dr. M,P.H. Weenink.

This work was performed under the association agreement

of Euratom and FOM with financial support fram ZWO and Euratom,
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CLASSIFICATION AND STABILITY OF THE B.G.K. STATTIONARY STATES
FOR A DOUBLE WATER-BAG MDDEL

U.Finzi*, J.Holec'! J.p.poremis™

*ASSOCTATION EURATON-CEA
pPépartement de Physique du Pfasma et de la Fusdon Contadfée
Senvdee T0n - Centre d'Etudes Nuellacres
Cedex &5 - 38 GRENOBLE Gate (France)

eroupe de Physéque Théonique et Plasma
Uncvers 48 Naney T (54) NANCY (France)

A new set of parameters which sinplifies the representation of results in the
case of apericdic solutions has been introduced in recent calculations. Instead
of assuming the potential ¢ to be zero at neutrality, one sets & =0 and d¢/dx=0
at x = 0. The parameter characterizing nommiformity is now ¥=" /m(0). For ¥ >4
the potential® has thus its maxima atp= 0, The rate[3 betwsen the total ener-
gles of the particles on the inner and outer contour is now always og%;l. The
definition of @ is kept unchanged. For each value of 3)1 all the points of the
square (O¢w¢l, 0¢2¢ 1) represent a physically meaningfull eguilibrium.
In regions 1 and 2 of Fig. (4) one has oscillating solutions without and with
trapping of the inner contour respectively. In the remaining part of the
{u,P) square, solutions are aperiodic. The problem of their stability has been
conpletely solved. An example of the results is given in Fig. (3) which concerns
the casea = 1.5,‘3 = 0.5 . The bars cover the values of ¢ for which a given
symmetric (n S )} or antisymmetric (- AS ) mode of rank n is unstable. The me-
chanism of the instabilities is the same as in ref. /5/. The values of ujz oor-
responding to instability are always camplex (no absolute instability). These
instabilities are due to a resonance between two eigenmodes of the same rank of
the inner and of the cuter contour. Near the boundary between regions 2 and 3
a series of secondary instabilities can appear, due to resmances between ei-
genmodes of different rank.
In Fig. 4 the boundary of the unstable region is partially shown ; each tail
corresponds to a single unstable mode. On the left of the L‘\I[VE'tl:-t.l all the
solutiens are stable.
On the right of the deshed curve one has : N A
" ¢E_Z‘v_.)m dx »0 , thzci;'ifll‘ d.':;hlj"!_'ll

e e
°
This is, according to Minardi, a sufficient condition for instability. Agreement
of the eigenmnde analysis results with both criteria ( ‘<1; "E'l and Minardi) has
been obtained for all the values of o ,)B,bf examined.
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MICROWAVE RADIATION FROM A TURBULENTLY
HEATED TOROIDAT, PLASMA

S.M., Hamberger, L.E. Sharp, J. Jancarik, H. Kyama

Detailed studies of radiation emitted both radially and tan-
gentially to B, have been made for H, plasma, n~1-2x 107 em™3,
z'.cp~70«350\.'un". Under these conditions the Buneman instability
is excited during the current rise (vg>2x 10 ems™). Fig.4
shows the time variation of (i) ion fluctuation energy (ii) elec-
tron temperature, (iii) total microwave emission (Ag<4em) , (iv)
radial density fluctuations with |k|m30em™ , wSwp; (from scat-
tering of 2 mm microwaves). This shows that most radiation and
electron heating occurs following the collapse of the strong
Buneman oscillation, and coincides with the appearance of ion-
sound fluctuations le .
weaker (NB the most unstable modes would have |k|210Cecm™) .

Fluctuations By at this |k| were much

This suggests that the original modes generated IB, decay into
longer wavelengths propagating across the field.

Fig.5 plots broad-band power received tangentially and
radially vs. E,, together with vg and ¢. It shows emission
increases roughly with input power.

Fig.6 shows radiation spectra measured tangentially for two
values of sz they exhibit distinct peaks at w_, and harmonies.
No clear correlation with w.e are observed, however, for the
radial spectra (Fig.7).

The general shape of the continuum spectra roughly follows

a power law I(g) =y &

where am2-4 and is insensitive to n,
Eg . Bw over our parameter range. Comparison with (a) the black-
body limit at T ~10" eV, (b) classical bremsstrahlung, {(c)
bremsstrahlung based on the measured effective collision freguency
(vem~7x 10* s~') shows that the measured level is generally much
more intense than any of those nstimated for incoharent radiation.
The peak emitted power from the whole column is ~40kW,
corresponding to a total energy loss <10°? J, e¢f. ~10-100J in

the plasma.
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LINEAR AND NON-LINEAR PROPERTIES OF CONVECTIVE AKD

ABEOLUTE INSTABILITIES IN A BEAT-PLASMA SYSTEM

by

D. Bellinger, D, Boyd, W. Carr, J. Manickam, H, Liu, M. feldl
stevens Institute of Technology, lioboken, New Jersey 07030 U,E.A.
Abstract: Recent results show that the saturation of the convec=

tive instability 1s due to the trapping of the beam particles.

Fig I illustrates the spatial growth of a convectlve wave, AL
saturatlion three harmonic¢s of the funcamental appear, After sat-
uraticen, trapped particle induced bounces in the amplitudes of the
fundamental and harmonics are seen. both The growth rates of the
harmonics and the phase relation of the bounce oscillations are in
agreement with ref(l), Fig II shows the measured wavelength

cinange after particle trapping. Above the wavelength dlagram, the
growth rate of the fundamental is ploited. A sketcn from ref(l) is
includea for compariscon. The measured changes are larger tnan pre-
dicted. A smell energy analyser which can move aleng tine plasma
column has been used to measure the beam velocity disctribution as

a function of axial position. Fig III shows the measured ailstri-
bution at the positions marked on the R.F, plot, The original team
energy 1s 350 volts ana the phase velocity in the linear growth
region corresponds to an energy of 335 volts. The trapped elec-
trons are easlly seen at positlons (L) and (6), By taking the
spatial equivalent of equating the bLounce frequency to the growth
rate to get the saturation amplitude of the wave, one would expect
ETGC 34. OQur measurements indicate the exponent to be 3.5% 0.5,

Ref(1l) T.M, 0'Neil ei al, Physics of Fluids 14, 1204, (1971).
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GRATIANOPOLIS

BrewFiz R ATIANO POLIS,interGalliz Narbonen(is vrbes antiquifsima,& Allobrogum pq

P,f_;n pulis pulla nonztate adferipta, non femperid nominis habuit: quippe olim A ccufio vey
. ‘-'}y Accufiorum colonia,vocara,Caballoniorum in Prouinciacolonia fuit, Nam & ita f’:o.
oo lemzoin Geographiadicirur, idemque ei permanfit nomen vique ad Diocletiani & Ma.
~., Ximini tempora, Quamobrem Cularona exinde vocara fuerit, nullaf rationem accepi,
oy Poftantem imperante Gratiano , ciim ampliore murorum circultu cius pomeeria non-
) nihil prolata effent,a Gratiano eius rei auctore, Romanis primiim Grarionopolis, Gallis
;> deinde,corrupto vocabulo,Grenoble,appellata fuit.ltaque nonipfe Gratianus (vtaliqui
3 falfo exiftimant) hanc vrbem condidit, fed quam reftauratam ampliaffer, nomen ab fefe
haberevoluir,Gallicx quidem gentis,apud quam Ambiani Romanarum Imperator factus effet, ftudiofus:polt
autem Anno Chrifti CCC.LXXXVILLugdunia Maximino tyranno cxfus. Czrerum,ante Gratianum Maxi-
mianusa Diocletiano in Galliam miffus, vt fubortos illic tumulus componerer, hanc vibem ita communie-
rat,vt Romanorum veluti propugnaculum quoddam aduerfus Gallorum vim effet: portas aurem exftruxerat
duas ex lapide quadraro infignes, opere fcalptorio per quam fubrili,coagmenratione tam folida, vene hodie
quidem illarum pulchritudinem, vilain parte, veruftatis iniuria kefam apparcat, Harum altera, quod ad viam
ipedtaret, qua R omamducit, appellabatur Romana louia: altera, per quam milites in Prouinciam graffatum
prodibant,Viennenfis Herculanz nomen habebat.Hze Maximiano;qui fibi pari cum Herculefelicitace blan.
diens, Herculesdici velletjilla Diocletiano, qui rebus geftis paremn fe loui crederer,dicata. Id hodieque fcalprz
illz infcriptiones docent,quas non Vienn, (vt [omniauit Pomponius Letus) fed Gratianopoli videas : alte-
ramquidemin porta,guzad meriedem pertinet,8c Romana dicirur:

DD. NN. IMPP. CAES. GATVSAVREL VALERIVS DIOCLETIAN VS PP.IN VICTVS,
Auguft. ¢ Imp. Cef. M, Aurel, Palerius Maximians , pins,felix, inuiétus, Auguft, maris Cularonenfibus,
cum witeriaribus edificys prowidentia fua inflicutis atque perfeCtis, portam Romanam Lomam Vocari inffermnt.

Alteram verd in porta,qua Viennam itur,quzquead feptentriones vergit:

DD. NN. IMPP. CAES. GATIVSAVREL. VALERIVS DIOCLETIANVSPP.INVICTVS,
Auguft. ¢ Imp.Cafar, Marc. Aurel Valevius, Maximianns,pius,felix inuilus, Augvftmuris Cutaronenfibus,
curn interioribus edificys prowidentia fua inflitutis atg perfetlis,portam¥ iexnenfem HerouleZ vocari mfferunt.

Sed nulla Maximiani tantimomenti Cularonz fuit fubftruio, quinei vrbi Gratianus; amplioriab fe fadte,
veteri abolito nomine, fuum dare voluerit. Cumdue is orthodoxa religionis Princeps, Gallis etiam charus
efferfacilein ea vibe nominis ac virtutis ternam memoriam aflequurus eft. Anriquacius formajongioreft,
quim rotundior, in angulum definens acutum, ac tantummodo oualis. Planiciem occopar, que paulatim a
montium radicibus ad Orientem extenfa,ita pingue habet folum, vt nulla omning regio ternlitate ipfam vin-
«ar.Sed neque tantiim abhac parte regio fruétuofa eft. Quocunque enim oculos verras, anicenitas, deliciar, &
rerum omnium copia fefe oftert.Ifara,ex altis Alpium ingis ab Oriente lapfus, hane perluit, gni magno impe-
tu per Centrones & Viconcios( Tarentalios hodic,& Moriennos vocant)delatus, irrigata Delphinatium re-
gione,in Rhodanum fe, inera Tinum, & Valentiam confundit, quo loco Fabius olim Maximus Allébrogas
memorabili pralio fuperauit. Ad Septentrionem in Hara pons firatus,omninm,quos viquam videas, pulcher-
rimus,ad fuburbia,qua D.Laurentjdicuntur pertinens.Nec longe fedinglapideg,exquibuslapides adomnem
ciuiratis vium ernuntur. Ad merediem praterlabens Dracus,torrensiramorofus,& vehemens, vtnen raro li-
mofis inundationibus vicinosagros de. ormet, nec vllo aggere cocrceri pofsit,nonlongg i ciuiratein Rho-
danum excipitur. Qui ab hoc torrente longius abfunt agri,latiisimis extenduntur campis, oinini fructuum ge-
nerc onuflis, & afpe&ui perpetuo quodam virore, fontiumgue, ac rivorum fcaturigine, mirum in modam
blandicntibus. Francifcus, cius nominis Rex Gallorum primus, Gratianifequurus exemplum, conflitucrat
hanc ciuitatem maiore murorum ambitu concludere,& iam fundamenta,que hodie guoque viderelicear, ja-
&a erant,fed pender opus interruptum,nullam civibusinucnientibus rationem,qua ranti momenti rem coep-
tam abfoluant.Gratianopolis fedem habet Epilcopalein, Viennen(i Archiepifcopo fubditam.Haber & Curiam
iudicialem primariam,ad cxplicandas maioris momenti caufas,qua apud inferiores ludices decidi non pof=
funt: inqua viri femper fine fcienria praftantifsimi, tum inttitia & vitzintegritate fummi, & ¢ui patrie iura
conferuent, & libertatem tucantur. Denique, ad cetera huius ciniratis ornamenta accedit , rationum xrari
cognitio.
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