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PREFACE 

This volume contains the texts of the invited papers and the 

su pplementa ry papers prese nted to the Fifth European Conference 
on Controlled Fusion and Plasma Physics. 
The invited papers were selected by t he Paper Se l ecting and 

Programme Committee and by the Organizing Committee from a list 
suggested by the Responsibles of leading pl asma research groups 

t hrough the world. 
From the li st of presented subjects,it i s apparent that they 

deal with a large part of the world effort in Plasma Physics 
as related to Research on Control l ed Fusion. 
These papers are printed in the same order as they were presen­
ted to the Conference ,exce pt for Dr. Kovrizhnikh' s paper which 
was not presented ora ll y. The invited l ecture by L.A.ARTSIMOVICH 
was presented by B.B.KADOMTSEV. 

Last minute arrangements durin g the Conference permitted t he 
presentation of the following two additional i nvited lectures 

M.N. Rosenbluth : Prob l ems in physics of Laser-Plasma 
i nteracti on. 
E. Velikhov : Comments on pulsed thermonuclea r systems. 

The Organizing Committee would like to thank warmly Professor 
Rosenbluth and Dr. Velikhov for accepti ng the heavy task of 
giving these important contributions within a very short dead 
1 i ne. 

Some minor editorial work was carri ed out . Reproduction by photo­
graphic processes means th at the authors must bear responsability 
for their t exts. 
We wish to thank authors for carrying out the relatively rigou­

rous instructions necessary for this type of publication. 

The Organ i zing Committee, 
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INVITED PAPERS 



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 radi al 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 q values at the limiter of 

densi ty regime from 2 x 10
12 

to 5 x 1013 
about 

-3 
cm 

3 or larger and for the 

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

limiter q value are summarized in Fig . 1. For currents of about 50 kA and 
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Fig. 1. Operating regimes 
of ST tokamak for about 50 kA 
plasma current. 

large enough q 

densities around 

values, discharges at 

1 x 1013 cm- 3 show 

the best longtime stability, this con­

tinues to lower densities, but here the 

electron velocity distribution has the 

tendency to develop into a runaway 

electron distribution. At densities 

around 1 x 1012 cm- 3 most discharges 

terminate by current inhibition, and for 

gas pressures corresponding to electron 

densities lower than l X 1012 cm- 3 , it 

is difficult to initiate a discharge at 

all. At high density the current channel 

has apparently the tendency to shrink, 

with the result of low central q values. 

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 

1 

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. 



2 

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.
2 

In the regime of larger density or low q values the problems of macroscopic 

stability are of interest. Thirdly the electron velocity distribution has 

been determined in all operating regimes, but especially in the Iow-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 
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Fig . 2. Measured Ohmic heating current I 
and the loop voltage Vm . The curve IR is 
the voltage corresponding to a resistance R, 
determined from the spitzer resistivity with a 
toroidal correction. The dotted curve is the 
resistive voltage calculated from the electron 
temperature profiles assuming negligible skin 
effects. The arrowS indicate the time at 
which radial profiles of T (r) and n (r) e e 
were measured. 

d ' ,3 h' h enslty reglme, W le 

was produced in a toroi-

dal field of 37 kr with-

in an aperture o f 13 cm 

radius, limited by a 

tungsten rail limiter . 

The working gas was hy­

drogen at pressure of 

6x 1 0
12 cm- 3 The 

ramping time-shape of 

the current from 5 - 35 

msec was designed to 

minimize the expenditure 

of volt-seconds of the 

transformer core by a­

voiding too l arge cur­

rents at early times, 

where the temperature 

and conductivity are low . 

The dashed curve labeled V 
m 

gives the loop voltage, which consists of a res is-

tive voltage IR and an inductive part determined by the leakage inductance be-

tween plasma and vacuum vessel. The IR is the computed voltage correspondi ng 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, whi ch are shown in Fig. 3, were determined 

from Thornson scattering . The very initial phase (which is not shown) develops, 
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Fig . 3. Radial temperature 
profiles, at indicated times , on 
the horizontal midplane of the 
torus. Major radius increases 
to the right . The profiles are 
symmetrized about the short ver­
tical arrows attached to each 
curve . 

apparently due to the current skin 

effect, into a cylindrical shell 

wi th maximum temperatures nearly 

three times the central temperature. 

In the slowly varying part of the 

current rise the current penetrates 

to the center and the temperature 

distribution becomes rnonotonic. At 

25 msec a peak temperature of 2.2 keV 

i s reached. While the current grows 

further, the profile gradually widens. 

The density profiles are rough ly pa­

rabolic; that is, distinctly wider 

than the temperature profiles. In 

these discharges, the total rate of 

and impurity line emission and H 
Cl 

t he Doppler width of H 
Cl 

and of 

various impurity lines has been mea-

sured. From this we deduce (a) the 

total ionization rate and hence the 

particle confinement time, T , (b) 
P 

t he effecti ve charge of the ions for 
- 2 

momentum transfer Z = (Ezlni)/(EZlni ) 

(c) the total power loss by radiation, 

(d) the ion and neutral a t om energies at various locations. The impurity con-

centration was found here t o be rather high, 12- 14% oxygen; the other impuri­

t i es are negligible compared with the er ror in the oxygen concentration. The 

probable radial distribtuion of Z was computed . 

Two points are of particular i nt e r est: the resistivity and power input and 

t he energy balance and partic l e confinement. We conc l ude from the previous 

figure that after 15 msec there i s no skin effect and therefore the knowledge 

of the resistivity and of the t otal current allows t he determination of t he 

r adial di s tribution of the current dens i ty and power input . We assume that the 

l oc a l resi s tivity is the Spitz er r esistivity corresponding to the temperature 

and Z profiles, and taki ng i nto a ccount the effect of trap'"" j . ,lectrons. 

Figure 4 shows the profiles of these quantities at 35 m~ec. 
-1 

curve shows the electron conduc tivity [n (r)] mul t iplied by 

The lower 

r/R. The area 

unde r this curve is the t o tal c onductance. Also shown are the electron temper­

atur e profil e , the density p rof ile , the profile of the average Z, the ion 

3 
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Fig. 4. At 35 msec the (symmetrized 
radial profiles of electron density, 
electron and ion temperature [0 from 
charge exchange, [], 6 from Doppler 
broadening of the A1623 OVII and A1548 
CIV line~, respectively], the mean ion 
charge z, the inverse rotational trans­
form qr' the energy confinement para­
meter TE , and the electrical conduc­
tance per cm shell thickness. 

temperature, (at the center 

from charge exchange and fur­

ther outside from Doppler 

broadening of oxygen and car­

bon) , the q value and the 

energy confinement parameter 

T' defined as the l ocal 
E 

energy content divided by the 

local power input by Ohmic 

heating. 

The low q-value implies 

that the current at the hot 

central part exceeds the 

Kruskal-Shafranov limit . It 

seems quite likely (and we 

have other data which con-

firms this idea) that the 

flattening of the T (r) 
e 

and 

its failure to grow after 20 

msec is directly related to 

the q < 1 condition. 

The total power input in 

these discharges is probably 

fair l y well determined by 
2 I R. This quantity is shown 

in Fig. 5 as W 
e 

The difference P. The total electron kinetic energy is 
1n 

P - w (the 
in e 

dashed curve) represents the total power loss from the plasma 

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

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

power loss to the ions by Coulomb collision is given by 

of the power loss is expressed as an energy confinement 

P . • 
e 1

2 
time 

The remainder 

= w /(P. 
e 1n 

- w - P . - P d)' which in this case is nearly equal to the particle con-e 81. ra 
finement time, which is also shown. 

Half of the ionization rate in this discharge is due to oxygen. The hy-

drogen ionization rate is deduced from the total H 
Cl 

intensity measured at 

various l ocations around the torus. The basic diffi culty 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 ~he discharge and move inward as ions. Most 
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Fig. 5. The total electron energy, We' 
and average particle energy confinement times, 
Tp (liD) and TE (+), with total power input, 
Pin' total power loss rate by electrons, 
Pin - We' the power loss by radiation, Prad' 
and by Coulomb collisions with ions, Pei. 

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 
4 

follows: At the port 

opposite to the limiter 

the central density is 

found to be about 3 x 108 

-3 
cm from optical mea-

8 -3 
surements, and about 4 x 10 cm from charge exchange neutrals; at the edge the 

density is about 1 x 10
10 

cm-
3

• within about 20 cm of the limiter the central 

density from 

energies 25-

Ha flux and Doppler energy measurements is 3 x 10
10 -3 

cm at atom 

30 eV; the edge density is 
11 -3 

about 1 x 10 cm • 

around the whole 

2 x 1010 cm- 3 . 

9 -3 
torus is then: central density, 1 x 10 cm 

The average 

edge density 

The main conclusions drawn from a number of ST tokarnak discharges in the 

"optimum density regime," as described above, are the following : The resis­

tivity measured in discharges in the optimum regime in H2 , He and Ne in­

dicates no anomalous resistance factor when compared with the 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 discharges6 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 

5 
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Fig. 6. The total plasma energy 
(electron + ion) per ern axial length, 
as a function of the Ohmi c-heating cur­
rent for a variety of conditions. Open 
circles are T3-A data [Culharn Lab. 
Report RI07 (1970) ] . Aperture radii 
from 4 to 12 are included; two speci­
fic values of a are shown by ~. 

The straight lines indicate the val­
ues of Se = 8~nkT/B~ (a) for the 
tokarnak 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 

limi ter settings from 4 - 13 cm and 
8 plasma currents from 1.7- 74 kA. 

The average particle confinement 

time is plotted in Fig . 7 against 

average electron temperature . In 

the temperature regime above about 

150 eV the ST tokarnak confinement 

time increases with temperature 

about as T3/2. In the regime 
e 

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 (H
2

, 

He, Ne) and different toroidal 

fields. Se is about constant 

(although this is not strictly 

true for fixed current and varying 

density); this confirms the 
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Fig. 7. Particle confinement 
time and temperature i n the ST 
Tokarnak and the C stell arator, for 
various values of aperture-limiter 
setting and plasma current. The 
T~/2 line i s drawn approximately 
through the upper points. The Te l 
line is the Bohm-loss line for 
B~ = 43 and a = 5 cm (the C stel­
larator aperture) . 



below about 100 eV the stellarator results show 

time Tp also obeys roughly the T!/2 relation 

- 1 
Tp - T e . 

during the 

The confinement 

temperature in-

crease in the process of the discharge, and i s inversely related to z . I n 
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Fig. 8. The observed particle 
confinement time p lotted against the 
computed Pseudoclass ical time for 
c 2 = 1 . The points at the right repre­
sent high current and high temperature. 
The temperature at 1 msec is about 
150 eV, and the points to the left are 
lower in temperature. Observe that the 
points belong to very different limiter 
radii. 

Fig. 8 the observed overall par­

ticle confinement time is plotted 

versus the computed pseudoclassi­

cal time9 with c
2 

= 1 . The 

points to the l eft represent dis­

charges of low current and low 

temperature. At temperatures 

above 150 eV the points seem to 

follow roughly the 45° line. 

These points represent discharges 

of quite different plasma radii 

currents and densities. 

We tentatively conclude from 

our data that above a certain 

temperature the energy and parti­

cle confinement increase with 

temperature and pol oidal field 

strength. The absolute value s of the confinement times are more than an order 

of magnitude shorter than the neoclassical ones and (considering the shapes 

of the profiles for 

h ff " 10 Ba rn cce lc~ent. 

density and temperature) they can also not be fitted to the 

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 ins tance , in Fig. 4 the e lec tron temperature gradient is largest 

i ns ide the quite 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 t o the limiter by par­

t i c le transport, heat conduction, radiation and charge exchange. The outside 

l ayer ac ts then onl y as a virtual limiter. The particle replacement time re­

ferring only to the region near the center can be much longer than the energy 

repl acement time. A detai led computer model has been employed to study the 

discharge behavior as a function of radius. 11 

Macroscopi c i nstabilities are observed in the ST tokamak for high-density 

discharges where shrinkage o f the current channel to low q values occurs, or 

7 
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simply for low initial 
12 

q values . They are low frequency oscil l atory 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-be am-probe or with magnetic pickup probes. Their mode 

structure is (me - noj», with m = 6 to 2 f or n = I . mln is always less 

than q at the limiter, so that the point q(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-
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Fig. 9. Effect of the disruptive insta­
bi lity on the discharge voltage and current, 
and on u = Be t - Be' (major radius shift out-au 1n 
ward is positive). Conditions are Boj> = -15.5 
kG. The short-time effects are shown expanded 
in time in the top right figure. Ha intensi­
ties are for locations A (limiter) and J 
(-opposite) . The frequency and amplitude of the 
m = 2 oscillation l eading into the instability 
are displayed in the bottom right figure . 

mechanism of the current shrinkage is not certain. 

known. It may be re -

lated to magnetic sur­

face breakup . Al though 

the modes at higher m 

have little effect on 

the p l asma confinement, 

it was observed that 

runaway electrons are 

l ost from the discharge 

volume during this pro­

cess. The occurrence 

of these instabilities 

is a severe res triction 

on the maximum density 

at which a long-time 

stable discharge could 

be produced, and the 

lowest q which can be 

obtained without addi­

tional stabilizing fea­

tures . The detailed 

The electron velocity distribution in the vicinity of t he 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 
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to the MeV range. The distribution varies markedly with density. A typi-

cal spectrum is shown in Fig. 10. 

from Brem$s t rahlung 

It consists of a Bremsstrahlung continuum 

with lines of the most prominent 
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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 Ka and KS lines of molyb­
denum are from impurity atoms 
originating from the aperture 
limiter. 

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 

lirniter material, for instance 

molybdenum, gives rise to Ka 

lines . A rough indication of 

and 

the de-

gree of ionization of the M- shell can 

be obtained from the ratio . 

In this case, Z is about 25- 30. 

The absolute intensity of these lines 

gives 

to be 

the Mo concentration, 
10 -3 

about 1 x 10 cm . 

estimated 

Spectro-
16 

scopic measurements (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 

outside . The character of the velocity distribution depends to a large extent 

on the filling pressure. This is seen in Fig . 11. Only the straight line 

approx imation is shown, and the spectra are normalized to 1 at zero energy. 

The velocity distribtuion for condition b) represents a discharge in the 
-4 - 3 optimum regime; with a gas pressure of 3 x 10 cm ,it was just below the high 

pressure instability region. The spectrum was Maxwellian over may orders of 

magnitude and shows a temperature of 800 eV. Condition c) is at somewhat 

higher pressure, and here negative voltage spikes occur. 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 

9 
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Fig. 11 . Electron-vel ocity distribution 
functions determined from x-ray spectra; various 
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age traces [sub figs . (a) , (b), (c» belong to the 
correspondingly marked c urves. 

the pressure is re­

duced, a continuous 

increase in the nurn-

ber of high-energy 

electrons is ob-

served. The distri­

bution bends slowly 

in the region of 10 

keV and shows here 

large tails with 

temperature of 10 t o 

20 keV, followed by 

a less intense high­

energy group with a 

slope of 100 to 200 

keV. For curve a) 

taken at a 

of 4x 10-5 
pressure 

Torr, 

the number density 

of the runaways was estimated at 3 x lOll cm- 3 for the 21 keV group, and 
10 -3 

3 x 10 cm for the 110 keV group. The angular distribution of the x-ray 

flux shows that the fast e l ectrons are accelerated in the toroidal electric 

field. 17 The number density seems large enough to make a significant contri-

bution to the va l ue of ~ I; 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 

largest. 

E/E 
cr 

is 

At very large pressures with insuffic i ent preioni zation, 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 c ase make dominant contributions to the current 

and 811' but a quantitative answer to this question is not available yet. 

Discharqes 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 coupl ing of heating and confinement, and the rela­

tively low plasma current. 



To determine the current dis tribution, three methods are being developed 

to measure the poloidal fi e l d as a function of the radius. The thal l ium ion 
18 

beam method uses deflection of the beam i n 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 i s so fast that also fluctuations of 
19 these quantities can be measure. Preliminary results show that a reliable 

current distribution measurement seems possible but has not been obtained yet. 

The space potential on t he other hand has been measured in a l ow confining 

field discharge at low density and current. It is shown in Fig . 12 . Local 
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ARB IT RARY UNITS 

15 

SPACE POTENTI AL VOLTS 

Fig. 12. Computer display of density 
(IT12+) and space potential (V

pl
) versus 

radius on the detector line for a 21 kA hydrogen 
discharge. These are the raw signals. The den­
sity profile appears skewed due to attenuation 
of the primary beam. 

h
. . 21 . . . 

t e m1crowave reg1rne and col11s1onal exc1tation of 

. atoms of a cold beam is used in the optical regime.
22 

fluctuations of den-

sity which occur in 

the presence of m = 2 

oscillations are in per­

fect synchroni sm wi th 

the signals of magnetic 
20 

probes . The two 

other methods for ob­

taining the current 

distribution deter-

mine the direction of 

the field lines from 

radiation pol arized 

with respect to the mag­

netic field vector. Mi-

crowave exitation of the 

extraordinary wave in 

the plasma is used in 

Zeeman lines of neutral 

Ion cyclotron heating has been deve l oped to work in the curved tokarnak 

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 mee ting. 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. 
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ADVANCE IN THE TOKAMAK PROGRAMME 
V. S. STRE LKOV 

Kur.chatov Ins titute Moscow 

The Tokamak devices are i ntended for the production and investigation 
of a hot plasma. The current fl owing through the plasma co lumn in these de­
vices is known to heat the plasma and to play the mai n role in its insula­
tion. MHO instabilities are sup ressed by the st ron g longitudinal magneti c 
fi e 1 d. 

13 

The plasma macroscopic equilibrium and stability conditions, the ener­
gy and particles losses and the heating mechani sms were inves t igated in the 

early experiments. The measured energy confinement time was shown to be con­
siderably longer than that of Bohm and Bohm-type sca ling did not describe 
these discharges. Such a result showed the toroidal sys tems were of interest 
from the fusion point of view. 

The appearance of the so called neoclass ical theory based upon the 
works of A.A. Gal eev 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 s hows the dependence of 
the electron and ion temperature on time over the l as t fifteen years. In 
our l argest machine T-4 we have reached electron temperatures of some keY, 
a de uteron temperature of more th an six hundred eV, an energy confinement 
time of order of 10-2 sec and a pa rt icle confinement time of order of 10- 1 

sec. 
Table 1 shows the principal characteristics of t he Soviet tokamaks. 

One can see the main lines of research are: instability inves tigations, the 
dependence of transport processes on plasma parameters and plasma heat i ng. 
The l ast prob l em i s of a great importance because the calcul ations show 
III that an Ohmi ca ll y heated tokamak will al low as to rea ch fus ion tempera­
tures only at very l arge fi elds and currents. The value Il = 1 6nkT/H~ then 
appears to be small and the reactor to be unprofitable. The next prob lem 
of the reactor of such a type is the cyclotron radiation and the brems­
strah lung radiat ion due to impu rity ions but t he losses due to the former 
mechanism can be reduced by the multipl e reflections at the walls. Tokamak 
of non-circu lar cross-section seems to be more preferabl e than the circular 
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Now let us look at the progress made in solving the three above men­
tioned problems. 
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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 instabi lity appeared at q " 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 si multaneously 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 specia lly 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 i s large enough, the plasma is stab le 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 limiter 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
lity by approaching the conducting shell. 

The plasma column at q " 2 does not contain energy as long as in the 
regimes with large 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 impu rity level increases 
due to operating the machine under less clean conditions, or due to the 
injection of neutra l 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 stab ility improvement due to approaching 
the conducting she l l appears to point to the MHO nature of this instability. 
T-4 experiments show that a shrinking of the channel seems to be a possible 

__________________ ...J 
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explanation of the plasma co l umn outward shift observed before a spike. 
Such a constriction may be caused by the re lative conductivity increasing in 
in the centre of the plasma co l umn. Sl ow 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 low currents / S/ .cannot be 
exp l ained in some cases by on ly the current channel shrinking. It is most 
likely to resul t from a runaway electron current / 9/. 

Generally speaking the stable discharge region in TM-3 li es between 
tlvO lines in the di agram plotting the plasma current against el ectron den­
sity (Fig. 3) . The disruptive instability takes pl ace to the right of the 

line 1. The anomal ous outward shift is observed to the left of this li ne 
and near to it . When the density decreases the plasma becomes stab l e up to 
line 2. An instability simi lar to the di sruptive one can be produced by 
lowering the densi ty to a critical val ue. 

This instability is characterized in particular by regu l ar diamagnetic 
spikes in the diamagnet i c loop traces . These spikes can be attributed to 

the increase of transverse energy of the el ectrons because of the absorption 

of a runaway electron beam. 
A new type of instability was observed and investigated in the Tokamak 

T-6 installati on in the Kurchatov Institute / 10/ . The distinguishing feature 
of these discharges are posit i ve spikes in the voltage in contrast to the 

negative spi kes 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. Attenti on must be cal l ed 
to the fact that these installations are characterized by the very good 
homogenity of the main magnetic field. Experiments on T-6 show that the 
unstab l e discharge becomes of the usual type if an inhomogenity of 2-3% 
i s produced on the axis of the column. The phenomena observed seem to be 
connected with the exi stence of a very energetic el ectron beam carry in g 

almost all the current. 
The energy balance investigations show that energy l osses due to elec­

trons are at least three to five t i mes greater than neocl ass i cal even in 
the macroscop i cally stable discharges while the ion temperature seems to be 
in accordance with th i s theory . Neoclassical ion energy balance i n the pl a­
teau region suggest the dependence of the ion temperature on plasma para­

meters Ti - (nHzJ)l13 provided that ion heating is due to the ion heat con­
ductivity / 11/ . L.A. Artsimovich has cal l ed at tention to the fact that in 



the collisionless region the ion temperature is proportional to J 2. 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 Vu. N. Dnestrovskii is shown in Fig . 4. One can see 
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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, TO-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 toroida l 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 ion heating. In booth experiments the heating was 

identified using the diamagnetic method and Doppler broadening of impurity 
lines. 

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 lead to instability which can be dangerous in future large 
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 dependen ce 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 113/ . 

Fig . 5 shows the dependance of the energy confinement time on the electron 
temperature. The latter was changed by the variation of the microwave 
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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 lines of tokamak .research lead 
so far are : 

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

2. The approach of the conducting she ll 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
lity 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 i s 
classical. 

5. Using additional heating of the electrons we have obtained t he 
dependence of the energy confinement time TE on the electron temperature. 
TE is found to increase when the lectron temperature in creases at low 
dens ity. 

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



Fi g. 1 

Fi g. 2 

Fi g. 3 

Fi g. 4 

Fi g. 5 

The dependence of the electron and ion temperat ure on time over 

the 1 as t fi fteen years. 

The current amplitude as a function of stability factor q . 

Boundari es between stable and unstable discharges on the TM-3. 

The cal cul ated 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 NEOCLASSICAL DIFFUSION IN THE d. c. OCTOPOLE 

by 

Tihiro Ohkawa, Teruo Tamano, and Ronald Prater 

Gulf General Atomic Company 
San Diego, California 92112 

Abstract: The plasma transport rates in the dc Octopole device are measured 
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for various values of collision freCJ.uency. rrhe dtffusion rates are propor­

tional to the inverse square of the magnetic field strength 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 classical 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. 

Many types of plasma loss have been observed.(1-3) They may be classified 

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 loss due to 

magnetic field imperfections, and the diffusion due to thermally excited 

convection cells(4) (Okuda-Dawson diffusion). Each process may be studied 

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

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 

agree with the classical-neoclassical(5) diffusion theory. Namely, the dif­

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

formula and is given by the neoclassical formula in the long mean-free path 

regime . 

Section I gives a brief description of the device and the experimental 

procedure. Section II describes the diffusion in the absence of the toroidal 

magnetic field. Sections Ill, 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 

total area of the supports is about 

100 cm2 • The maximum average magnetic 

field on the stability limit line is 

~ "jl dt/(jl dt/EX) = 520 G, where EX 

is the octopole field (poloidal field). 

This corresponds to 36 gyroradii from 

the separatrix to the stability l i mit 

line for 1 eV protons. 

The diameter of the rings is from 

1.4 to 4.0 m and the effective p lasma 

volume is 1 x 107 cm3 • All the rings 

are installed inside an aluminum vacuum 

tank, 8 ft high and 16 ft in diameter. 
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Fig. l--Octopole magnetic 
flux configuration 

-7 is evacuated below 10 Torr by 

four 10-inch diffusion pumps ,,,ith liquid nitrogen traps and by a titanium 

pump. 

The t oroidal field is produced by a 36-turn toroidal coil wound outside 

the vacuum 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. Ini tial plasma density is up to 1012/cm3 • 

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

the pressure to about 3 X 10-5 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. 



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 10-2 Wb/m2 in the same way as reported in the 

previous paper . (l,2) In the large colli sion frequency regime the reciprocal 

of the density is a linear function of time at every point on the profile. 
-1 Namely, the m profile is constant , or . o( n'f) lot ~ 0, where 1". ,,( l/n) 

(on/ot) • 

The <liffusion equation in the f lux 1'unction coordinates is given by 

, (1) 

where f i s 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 o(n'f)/at ~ 0, we obtain 

(2) 

where fS 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 

where ~ i s the perpendicular electric resistivity and T and T. are electron 
e ~ 

and i on temperatures, respectively. 

The right-hand side of Eq. (2) i s computed from the measured n'f curve 
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and from the magnetic geometry and the result is shown in Fig. 2 as a function 

of f. The quantity y(DR2/2n)dx/y(R2/~)dX i s almost a constant in f-space, 

which demonstrates the B- 2-dependence of the diffusion coefficient since the 

magnetic field is quite non-uniform in space. 
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The magnitude y(DR2/2n)dX/Y(R2/~)dX is 

about 50% greater than the theoretical 

classical value ~(T +T. )/2 for the e 1 

plasma temperature of 0.1 eV (T =T.). e 1 

The dependence of the diffusion 

coefficient upon the magnetic field 

strength is also tested by changing 

the magnitude of the octopole field. 

The result shows that the nT value is 

inversely proportional to ~ for a 

wide range of magnetic "fields. Since 

the shape of the density profile does 

not change for various magnetic fields, 

it can be concluded that the diffusion 
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Fig. 2--Diffusion coefficient as a 
function of flux function 

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 y(DR2/2n)dX/Y(R2/B~)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-
1 

ment within a factor of two with the classical theory (T-Z-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 (liT) is 

plotted as a function of R lA, where R is the major radius of the axis of o 0 

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 
-2 I 2 the order of 10 Wb m are employed so that diffusion processes are dominant 

and other losses, such as support losses and recombination, are insignificant 

in comparison. 

The decay is characterized by three regimes, In the high collision 

frequency regime (R lA > 5) the reciprocal of the density is a linear function o 
of time. When the mean-free path becomes comparable to the machine dimensions 

(R lA ~ 3), the decay becomes approximately exponential. For a longer mean-free 
o 



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 fun~tion of t/B2, 

where B is the total magnetic field. 

With this normalized time axis, almost 

exactly the same curves are observed 

30 ,--------------------------------, 
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20 

/"'----DECAy WI TH TOROIOAL FI ELD 
10 

o~------~------~~------~--~ o 8 12 

Fig. 3- -The observed instantaneous 
decay rate as a function 
of Ro/A 

several different magnetic field strengths, although only two cases are shown 

in Fig . 5. This feature indicates an inverse square dependence of the plasma 

decay upon the magnetic field strength 

in all the regimes. 

4. Diffusion in the High Collision 
Frequency Regime - Pfirsch-Schluter 
Diffusion 
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In the high collision frequency 

regime the curves l/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. This indicates that the decay 

process is collisional and the shape 

of the density profile is constant in 

time, i.e., o(nT)/ot = O. Thus, local 

diffusion coefficients can be evalu-

,., L--____ :-, .'::,,-------:-, .0:,,-------:-, . '::,,-------;-,. '::,,-------' 

Fig. 4--The reciprocal of plasma 
density as a function of t/# . 

ated from the measured nT profile for various magnetic field configurations 

in a way similar to that described in Sec. 1. One may rewrite the diffusion 

Eq. (1) a s 

f(Pi-) dX 

f(::) dX 

(4) 
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If the diffusion is Pfirsch-Schluter 

diffusion as the theory has predicted, 

then the left-hand side of Eq. (4) is 

(T + T. ) 
e J. 

2 'F , 

where F is the Pfirsch-Schluter 

enhancement factor. The general 

formula for the geometric factor F is 

given by J. L. Johnson and S. von 

Goeler (8) as 

4 

'0 

-le 2 

~ vs . t WITH TOROIDAL FI ELD ON 

o 9 CH 
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tJ. 7 CM 
[J 5 CH 
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o 100 200 lOO 

t{HSEC) 

Fig. 5--The reciprocal of local 
plasma density versus time 

D 
F - "'D-"::-'-- ~ 1 + f dX 

(1 dX)2 . 

~ ( )-1 
f (~)" f ,~: ( 6) 

classical R~2 -
X 

X 

where B~ is the toroidal field. Here we have neglected the difference between 

perpendicular and parallel resistivities. 

The quantity Y(DR2/2n)dx/[Y(R2/B
2

)dX.F] i s evaluated from the measured 

nT profile by use of the right-hand side 

result is shown in Fig. 6. The values 

are found to be constant for the 

greater portion of Y-space. Since both 

the magnetic field strength B and the 

rotat ional transform t vary with Y, 

this result confirms that the measured 

diffusion coefficient has the B­

dependence and t-dependence predicted 

" by Pfirsch-Schluter diffusion theory. 

The t -dependence of the diffusion 

coefficient can be f urther tested by 

varying the ratio of poloidal to 

toroidal coil current. The ratio of 

the measured diffusion coeffici ent to 

of Eq. (4) and Eq. (6) and the 

f!to) " " (nom) (Joul e ) 

f~F • 
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Fig. 6--Diffusion coefficient with 
toroidal field as a function 
of flux function 



the cla ssical di f fusion coefficient is plotted as a function of (2n/L)2 in 

Fig. T. The experimental values are indicated by the points and are in good 

agreement with the theoret i cal curve, 

whi ch is the Pfirsch-Schluter enhance-

ment f actor calculated from the 

Johnson and von Goeler formula 

[Eq . (6)J for the magnetic field 

geometry of the octopole. 

The theoretical value for the 

diff usion coefficient may be calcu­

lated by use of Spitzer ' s formula for 

the resi stivity ~ with the assumption 

that T = T.. The absolute value of e 1 

the measured diffusion coefficient is 

about 50% greater than the theoretical 

value f or a temperature of 0.1 eV. 
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" Fig. T--Pfirsch-Schl uter factor 
as a function of (2n/L)2 

Inac curacy of the el ectron temperature measurement f or 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 heli um plasma. The 10 cm mi crowave system is used to increase the plasma 

temperature up to about 1.5 eV 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 values 

and the solid line show the theo-

retical curve " for Pfirsch-Schluter 

diffusion. The experimental points 

clearly indicate that the quantity 

Y(DR
2

/2n)dX/[Y(R
2

/B
2

)dX.FJ is a 

decreasing function of temperature, 

and all the data points fall within 

a factor of two of the theoretical 

curve which has T-i dependence. The 

ion temperature is possibly 10>1er than 
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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, 

L-dependence, and T-dependence of the diffusion coefficient all agree with 
• • 11 the dependence predlcted by the Pflrsch-Schluter theory. The magnitude of 

diffusion coefficients are in agreement with the theoretical values within a 

factor of two. 

5. Diffusion in the Low-Collision Frequency Regime - Neoclassical and 
Intermediate Diffusion 

In the low collision frequency regime the plot of liT versus 

approximately a straight line through the origin. (See Fig. 3.) 
R /A is 

o 
The slope 

of the straight line in the low collision frequency regime in Fig. 3 is 2.2 

times greater 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 

Dclassical 

dX 

B2~ 

Figure 9 shows the ratio of the neoclassical to class ical diffusion coef­

ficient as a function of I'¥ - '¥S I evaluated by E'ls. (6) and (7) for the 

particular magnetic field configuration used in the experiment. Here, the 

separatrix and the stability limit line (or the flux line at the ring limiter) 

are indicated by '¥S and '¥C' 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 dens i ty peak . This 

makes nT profile time dependent . 

However, the diffusion coef ficients do 

not vary much as a function of I ~- ~S I 
where the densi ty gradient is large as 

shown in Fig . 9 . Therefore the 

observed nT value may be used to esti­

mate the diffusion coeffi cient evalu­

ated at the flux line where the density 

gradient is maximum . The observed 

ratio of the slopes of the short and 

~ 

"s 
2 ) 4 5 6 ~ 

long mean-free path regimes in Fig. 3 
is 2.2 which agrees with the theo-

I" - "s 1 
(x 10-1t Weber) 

Fi g . 9- - The theoretical ratio of 
neoc~assical to Pfirsch­
Schluter coefficient 

ret i cal value 2 . 5 within experimental error . 

The transi t i on value of R lA from Pfirsch-Schl~ter to the plateau regime o 
has not been calculated accurately for the octopole configuration. However , 

"C 

a rough estimate may be obtained by equating the collision frequency to the 

transit time between the trapped r egions . The calculated value i s five for 

the case shown in Fig. 3 and agrees with the experimental value. The tran­

s ition values are f urther examined experimentally by varying the pl asma 

temperature . Application of the nonresonant microwave heating gives a temper­

ature range of 0 .1 eV to 2 eV . The results are shown in Fig. 10. The decay 

rates are measured at the same density wi th various temperatures. The dif­

fusion coefficient increases with longer mean-free path. The region R lA > 5 o 
represents the Pfirsch-Schl~ter regime 

and R lA < 1 the neoclassical regime . 
o 

These values agree with the prediction 

by the neoclassical theory for the con­

figuration. 

T In .v 
n _ 2. 5 XI015 m- 3 

10 

\ 
Similar results were obtained at ~ 

the higher temperature and higher 

density regime . Shortly after in­

jection the electron temperature is 

8 eV and the density is 2 x loll cm-3 . 

The mean-free path is long and 

Ro/A < 1. The temperature cools 

rapi dly because of the interaction 

with the neutral gas . The mean-free 
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Fig. 10--The decay rates as a 
function of the mean­
free path 
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path becomes shorter and R lA > 5 . The measurement of instantaneous decay 
o 

rate shows the results similar to the one shown in 

When the plasma density decays to a low value 

Fig. 10. 

(R lA < 0.25), o 
the decay 

becomes exponential with time . The electron-ion collision frequency becomes 

smaller than the electron-neutral collision frequency at these dens i ties. 

The decay rate is proportional to the inverse square of the magnetic fi eld 

strength. From these characteristics thi s regime may be explained by the 

neoclassical diffusion due to electron-neut ral col lision. 

The reduction of the neutral gas pressure e liminates the above diffusion. 

Instead, a new diffusion process that is tentatively inte rpreted as the 

Okuda-Dawson diff usion dominates. This sub j ect will be discussed in a sepa­

rate paper. 

In conclusion, enhanced diffusion due t o trapped particles (neoclassical 

and intermediate diffusion) is observed . The type of diffusion experie nced 

by the plasma is determined by t he mean-free path, which is a function of 

plasma density and temperature. The experimental results are consi stent 

with the predictions of neoclassica l theory . 

Work supported by the U.S. Atomic Energy Commission, Contract No. 

AT(04- 3) - 167, Project Agreement No. 38. 
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S.C. Burnett, W.R. Ellis, R.F. Gribble, C.F. Hammer, C.R. Harder, H.W.Harris, 
F.C. Jahoda, W.E. Quinn, F.L. Ribe, G.A. Sawyer, R. E. Siemon and K.S. Thomas 

Los Alamos Scientific Laboratory, University of California, Los Alamos, New 
Mexico, U. S. A. 

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 L = 1 helical fields and L = 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 L = 1,0 and toroidal forces or a long wavelength 

m = 1 instability. Containment times up to 11 ~sec, 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 ~sec (_ 3 e-folding times for end loss). With simultaneously applied 

35 

mirror fields of 2.5 mirror ra tio the plasma column shows evidence of an m = 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, L = 0 windings are driven by a power ampli-

fier from a signal generated by plasma displacement as determined by an 
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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 IS-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 F = 
R 

2 2 
~B a /4R, which in a smooth-bore coil drives the - 1 keY plasma to the outside 

o 

wall in approximately 2.5 ~sec, was balanced for about 4 ~sec by the Fl 0 , 
force [5, 6] produced by a combination of an t = 1 helical field (33-cm 

period) provided by capacitor- driven coils, and an t = 0 field formed by rec-

tan gular grooves of equal period cut into the compression coil wall. 

The Madison data were obtained from "land" regions of the t = 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 = I , 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 t = 1 fields on account of the varying 

image current strength with coil to wall distance. Also this groove depth 

gives a 0 (relative plasma bumpiness) considerably larger, relative to the 
o 

presumably more stable 01 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 t = 0 bumpiness until after the shock implosion phase, 



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 L = 1 image currents. The L = 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 ~secs 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 L = 1 current. This suggests a loss of 

equilibrium, which may be due to changing ~, changing plasma radius, poor 

tracking of the main field by the L = 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 ~sec) were obtained in the 

0 . 75-cm groove-with-shell configuration ( L = 1 current of 62 kA and 0.3-

~sec onset delay). The improvement is presumably the result of better uni-
I 

formity in the L = 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 

6 loading of the plasma. The "unstuffed" geometries, however , show a more 
o 

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 lO- 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 

~ on axis increases, and the inflection point radius of a best fit Gaussian dis­

tribution decreases, for about 4 ~secs. [1] 

Values of 6
0 

and 61 for the optimized containment times are derived , re­

spectively, directly from the l uminosity profiles in l and and groove regions 

and from the measured ~ through the sharp-boundary-model relation 61 

BL=1/(Boha(1-~/2» . [2] The product 616
0 

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 L = I and L = 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 L = 1 current- driven coil with unstuffed 

groove results, and additional L = I windings are energized to provide a fine 

adjustment on confinement. Subject only to the smaller field corrections of 

these L = 1 trimmer windings, the L = I field now tracks the main field more 

closely, and the L = I 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 = I instability preferentially trig­

gered in a nearly vertical plane at about 6 ~sec and striking the wall at about 
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8 ~sec. Computer fits to the observed motion favor a parabola (constant 

force) rather than exponential growth, although an i nstability 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 stabi1ization (see below) and conversion to a full torus are 

planned in the near future. 

B. LINEAR SCYLLAC 

The 5-meter linear Scy11ac has as its primary objectives the investigation 

of end-loss scaling for co11ision1ess plasma (by comparison with the 1-meter 

Scy11a IV results) and the effects of strong end mirrors on MHD stability and 

containment of high ~ plasma. 

Initial operation without end mirrors at 10 mTorr and 45 keV gave a reason-

16 -3 
ably well behaved plasma of n '" 2.5 x 10 cm Ti " 2 keV, or'" 20 ~sec, B = 

60 kG, ~ " 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 ~sec 

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 

off" 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 t o the shortened discharge tube just outside 

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

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

grams as late as 10 ~sec . 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 ~sec, 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 IS ~sec is approximated from the streak pictures. 

The mirror coils used are of high strength steel, l6-cm long and driven 

by capacitor banks identical to the banks which independently drive each I-meter 

section of the main coil. There is a S-cm gap between the main and mirror coils. 

At 4S keV bank voltage the mirror coil field rises to ISO kG in 7 .S ~sec. 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 ~sec this typically has the form of a m = 1 , long wavelength in­

s t ability of _ 2 IJosec 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.S m from one end, 

while R-lO are single- plane views O.S m from the other end of the main coil. 

The interferogram with mirrors at 10 ~sec 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 L = 0 MHD feedback experiment, designed to control the m = 1 mode induced 

by L = 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 0 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 L = 1 instability 

in the linear Scyl la IV-3 geometry [4, 10]· Its magnitude per unit length is 

given by sharp-boundary theory as 

where a is plasma radius, and 01 and 00 are the normalized helical displacement 

and plasma bumpiness, respectively, and h is the common wavenumber of the applied 

L = 1 , L = 0 fields. The destabilizing force per unit length due to the L = 1 

fields is 

where p is the maximum plasma mass density on axis, ~ is the displacement from 

equilibrium, and Yl is the e- folding growth rate of the instability . The latter 

6 
has been measured [10] to be Yl = 0.54 ± 0.09 x 10 . Equating these two forces 

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

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

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 ~ 2 ~sec . 

In Scylla IV-3 both the £ = 1 field as well as the £ = 0 feedback fields 

are generated by coils, whose configuration relative t o the main compression 

coil is illustrated in Fig. 5. The system [3] consists of the fol lowing 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 

~sec 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-S6lS power vacuum tubes operating at 35-kV 

plate voltage. The output is an S:l step-down transformer that drives up to 

6.S kA for times up to 20 ~sec in the £ = 0 feedback coils. Initial current re­

sponse to a plasma displacement signal occurs at about 0 . 2 ~sec and risetime 

to 90% peak current is 1.3 ~sec. 

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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FIGURE CAPTIONS 

Fig. 1. Streak photographs of the toroida1 sector plasma showing horizontal ( t op 
and bottom) and vertical (center) motions at t wo f illing pressures for 
0.75-cm- unstuffed- grooves-with- shel1s . Ma i n compression field and neutron­
scinti11ator signal for same case (lower left) and 0 . 9 cm stuffed grooves 
(lower right). 

Fig . 2 . Sector coil with both L = 1 and L = 0 gr ooves . 

Fig. 3. Holographic interferograms of Linear Scy11ac pl asma without and with 
mirrors activated. 

Fig. 4 . Streak photographs of Linear Scy11ac without and with mirrors act i vated . 
R-7 is 1.5 meters from one end , R- IO is 0 .5 meters from other end. 

Fig . 5. Coil arrangement for L = 1 and L = 0 on Scy11a IV- 3 feedback stabi1ization 
experiment . 

Fig . 6 . Pertinent parameters for Scy1la IV f eedback experiments. All symbols as 
defined in text. 

*Work performed under the auspices of the Atomic Energy Commission . 



44 

FIG. I 

TOP (13-1) 
GROOVE 

FRONT 
03-1,2) 

TOP 03-2) 
LAND 

Bo 
NEUTRONS 

I/L soc/div 

FIG.2 

A(2844) 

12 /Lsec 

P02 • 15 mTorr 

VP8 • 50 kV 

1J.1 • 60 kA 

A 

A 

... 1 

FRONT VlEW 

B (2873) 

12!!. sec 

~ .----- -

e 

10 mTorr 

50kV 

62 kA 

L , 

~ 
'.. ---
ii~ .. , . ':. 

: l ' 

e """'" El '"' ,., 



45 

WITHOUT MIRRORS WITH MIRRORS 

FIG. 3 
t· 10 fL sec t = 10 fL sec 

R-7 R-IO 

I- 20 fLsec--l ~ 35fLsec ~I 
WITHOUT MIRRORS 

, . 
~-

I--20 fLsec -I L 35 fLsec ----.l~1 
FIG. 4 WITH MIRRORS 



46 

FIG. 5 

CURRENT 
COLLECTOR 

..t-, COIL 

FEEDBACK STABILlZATION 

r = a[1 + 8Q cos (Q8-hz)] 

F 1 = 7TCl
2 p'yh 

F = ~(3 - 2m B2 h2a38 8 
1,0 8 0 1 0 

COMPRESSION 
COIL 

SCYLLA IV-3 PARAMETERS 

B - 42 I G n = 2.7 x 1016 o - (, 

a = 0.7 cm, ~ = 0.88 

81 = 0.7, 11 = 0.54 x 106 

F1 0 max 
~ max = '2 2 = 1.3 cm 

7Ta PI 

11 7 =0.8 

FIG. 6 



THE HIGH BETA TOROIDAL EXPERIMENT 

. * + D.C. Rob1n.on, 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 stab le 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 SB ~ 0.6 and 

provided the axial flux is positive, th~ lifet ime can be 30-40 ~sec 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 B 
z is comparable to the azimuthal magnetic field BB' gene-

rated by the current. In contras t to Tokamaks where B
z

» BB 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 plasmas with high values of S. A number of experimen-

tal devices were designed to set up such configurations, in particular Ohkawa 

et al (1) presented results from a toroidal pinch in which the external 

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

was the lar ge toroidal pinch device Zeta(2) in which the fields varied much 

more slowly and in this case a stable field di stribution was ~et 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 ob tained with reverse field con­

figurations on the HBTX at Culham(3), though screw pinches, high-S Tokamak 

like plasmas and stabilized z-pinches have also been studied in some detail. 

This device has a major radius of IM, radius of the quartz vessel 6 cm and 

the conducting shell 7.5 cm. The I current has been varied between 30 
z 

and 100 kA together with fast and slow B 
z 

fie lds of 2-6 kG. The fields and 

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

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

from laser light scatt~ring, fie ld configurations from magnetic probes 

(envelope sizes 9.5 and 4 mm) with "a variety of Be ' B , B coils of diameter 
z r 

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

external Br' Be coils, helical sine/cosine Rogowski coi ls(4) 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 = 1 current driven instabilities has 

(25) . (123) 
been established both theoretically , and exper1mentally " . This 

arises from the fact that a plasma confined with an Quter vacuum region 

would possess a m1n1mum in the pitch P = rBz/B
e 

if the field were not rever­

sed and this leads to a kink instability. Such a stable field configuration 

Jpr~r has to sa tisfy other requirements (see Table I) notably that Se = 41f I < 1 

which for an optimum field configuration gives S values approaching 30% 
r 

and that the axial flux ~ = J w rB dr > 0 to ensur e wall stabilization. The 
o z 

pressure profile must remain hollow or flat near 

P dZP 
~ 0, a critical shear a = 

the magnetic axis, if flat 

PZ 

P 
R 

« 

( 
1 dP ) 

2r dr r-.{) 
4 

< -
2 drZ 9 

r-+O 

1S required if 

1. If the pressure profile is hollow a lower value of 15 required 

. . d 1 . f' Id b d . 11 (1, 2) . for stab~llty. The reverse e ectrlc le 0 serve experlmenta y 15 

associated with a reversed current which creates more shear and automatically 

satisfies the Suydam criterion in that region. 



Due to dissipative processes within the plasma the field configuration 

will evolve in time, thus we must consider the compat ibili ty of stabil ity and 

diffusion. For example, if the outer reversed field decays rapidly then 

stability wi ll be l ost or if the central regi on of such a pinch is such that 
dP2 

P2 = 0 then we requ1re ~ ~ 0 for stability in time(6). 

Consider first the cent r al reg10ns of such a pinch. I f we expand the 

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

obtain an equation for 
dpz 
dt 

of the form 

dt 

B2 
z 

[ (3 + 4a) (y - 1) + • •• (J) 

for P2 = o. y 1S the ratio of specific heats, 

B (0) v 
z 

v3 = --"--- - v being the radial veloci ty. K is a term related to the 
E (0) r3 

z 
thermal conductivity and temperature gradient. As 8 + 0, the l ast two t erms 

in (1) vanish and therefore a < - t for stability in time. The stabi lity 

criterion for P2 = 0 is " < - ~ , conseq uently diffusion demands more shear 

than MHD stabi lity 

Fig. J where a) 

theory. The 
(3 + 82/bf) 

4 

to cases where P2 f 0 and 82 = 

behaviour of P2 in time i s demonstrated in 

is the generalization of the critical shear 
2 

8np2/B. The curve marked 'Zeta ' depicts 
z 

the temporal behaviour of P2 up to the time of improved stability observed 

in that device where P2 + 0(2). The most desirable case of " < ") is hard 

to attain 1n practice as current diffusion tends to limit a > - 1 . As the 

value of 8 increases the imposed e l ectr i c fie lds contro lling V pl ay an 

important role. Axial flux conserva tion within this reg~on reduces the neces-

sary critical va lue of the shear whereas an axi a l f ield maintained at the 

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

vity (3.3 B nk, 
K becomes 

CT4 all 
. , 

~ T2 5T2 ) 
- 20.8 (b2 + n) 

b 4 T ) 0 0 0 
) 

where the temperature profile is given by T 

This term imposes a limitat i on on 8 compatible with full current diffusion 
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stability and 
dP2 

> ~ _ 0, of 13%. 

Let uS now consider t he overall behaviour of a reverse field configu-

ration and how it evolves 1n time. If such a configuration were to be main-

aB 
tained ln a stationary state in cylindrical geometry then curl E = - a- = 0 

- t 

i mp lies Ee = 0 and E
z 

= constant, but even a generali sed ohms law reso l ved in 

the e direction gives J
e 

= 0 at the point where B
z 

= 0 for any ve l oc i ty f i e ld . 

Consequently there is no j e to maintain the reverse field and ther~f()n:~ such 

a f i eld configuration is a non- stat i onary state. For examp le, a projected 

device with the initial reverse field configur a tion shown in Fig.2 with the 

Bz, Be fields main tained a t the outer boundary and Te(r) = 640(1-(r/18)4)eV 

held constant, diffuses inwards towards the stationary stat e possessing no 

reversal. Thus the computed fiel d evolution leads to instability in a small 

frac tion of a field diffusion time, as ~ becomes negative and wall stabili-

zat ion is ineffect ive. If the axial f lux is conserved and positive the 

diffusion is favour ab l e for stability as shown ln Fig.3, until the fie l d 

reversal disappears. For apprec iable positive values of the axial f l ux, 

gl vlng a better margin of stabil ity, the reverse fie ld disappears quite 

quickly (see Fig .1 3), however this can be improved by allowing the axial 

fl ux to decay at the same r ate as the current . 

Table I compares the stabi lity and diffusion requirements and it seems 

that di ffusion necessitates a higher shear and lower S than MHD stability. 

The r esistive tear ing mode a l so imposes a stronger limit at ion on the axial 

f lux 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 

s ufficient positive axial flux is created without fie l d r eversal and this can 

lead to a strong current driven instability. In the case of a stabilized 

z-p i nch with no applied reverse fie l d(7) with B
z 

and Be at the wall of 2 kG 

and the plasma away from the wal l , thereby creating a pit ch minimum , a cur-

rent driven instability partially l ocalised within the minimum of the pitch 



variat ion is both predicted by so l v ing the e igenvalue problem for the growth 

rate and observed . The agreement between theory and experiment ~s within the 

experimental errors giving a gr owth time of 1 .2 ~sec and a wavelength of 33 cm 

corresponding to pitch length c lo se to the minimum in the pitch. The measured 

eigenfunction is also c l ose l y in agreement with that predicted numerically . 

As Bz at the wall be comes less than Be at the wall corresponding to the 

initi a l app lication of a fast B fie l d which will u l timate l y reverse the B , 
z z 

so the growth time increases as the pitch length at the minimum be comes much 

shorter than the wall radius. Unfortunately the real situation is not quite 

as favourable as this might suggest because the value of Se in such dis­

charges is about 0 . 6 and the pressure distr ibution is annular in form which 

l eads t o pressure driven instabilities whose growth time is only a little 

longer than the worst current driven instability. 

These exper i mental and theoret i cal s tudi es show that we have 1-2 ~sec 

~n which to effect field reversal at t he fie l ds 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, 

EeB
z 

- EzB
e 

i s direct ed outwards during the formation of such a pinch. 

Fig.4 shows oscillograms of the B and I variation where such minimisation 
z z 

has been achieved . 

The strength of the !A~ driving f orce must not be s uch as to g~ve rise 

to too high an inward radia l velocity whi ch will lead to overcompression of 

the plasma and vio l a tion of wall stabilization. This control ~s effected by 

crowbarring Be and B
z 

at the appropriate instants in time (E
e

, E
z 

+ 0) to 

g~ve a plasma of the desired size. 

Diffusion of the magnetic fie lds during the formation phase must not 

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

s ure gradient there or that a l arge fraction of the trapped axial flux is 

lost making it difficult t o sat i sfy the condition ~ > O. This has been 
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achieved by not uSlng preionization and operating at filling pressures 

greater than 30 mtorr, when a plasma sheath or skin current lS 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. = T this gives a Se value of 0.6, a value 50% higher than that usually 
l e 

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

by the additional J e 
current associated with the reversa l of B. 

z 
The vari-

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 SeI2 = 2 NkT with Se = 0.4 and 0.6 

respectively . 

We have studied also the variation of Se uSlng 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'-lived plasmas are perturbed by the presence of such an envelope. A 

oonsistent picture has been obtained using a 4 mm diameter envelope. The 

evolution of Se is shown in Fig.7 for an uncrowbarred discharge, the normal 

crowbar time is about 3-3.5 llsec when Se 'V 0.6 Ca value which is too large 

for absolute stabi lity for an annular form of pressure profile). The mea-

sured field configuration at 3.4 ~sec is shown in Fig.B, after corrections 

have been app lied to Be and B 
z 

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 (~7mm). As this field 
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configuration exhibits no detectable instability - and in its quasL-

stationary form is observed to last for many growth times, it is of interest 

to examine its stability properties Ln 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 l arge a value for Se. 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 ~sec for a mode 

whose eigenfunction is localised about the point where Suydam failure occurs 

and whose extent, 4 mm, ~s about an 10n larmor radius. This field configura-

tion lasts for much longer than 2 ~sec, though modified by diffusion of 

course, and no instability is observed electrically or optically. In this 

case we believe that finit e l armor raius effects are stabilizing the locali­

sed Suydam mode and we have used some results due to Stringer(8) 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 all 

and a~ 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 Ee is due to compression of the trapped axial flux rather 

than paramagnetism in this case. From these fields we then obtain the all 

variation shown in Fig.IO - again note the thin sheath and the close 

agreement with the Thomson scattering results for the temperature (Fig.5). 

Almost no anomaly Ln the conductivity is indicated; the ratio of the 

drift speed to sound speed is less than unity everywhere Ln this case. 

The behaviour of the transverse conductivity a or the ratio of a /a 
...1.. .L 11 

is of direct interest as a small value of this ratio can lead to rapid 
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eroslon of the trapped flux and a collapse of the plasma column, similar to 

that observed ln some ear l y 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.ll. Independent measurements of v 
r 

from the density profile obtained from continuum measurements and also from 

the evolution of the pressure profile support the conclusion that 0L cannot 

be very different from all • 

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

crowbar, Fig.12, show plasma lifetimes extending to 30 or 40 vsec though a 

gross but weak m = 1 instability is sometimes seen at about 20-25 vsec. The 

.. . > . 
most reproduclble dlscharges are obtalned when ~ ~ 0 and the current 18 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 vsec depending on the Slze and therefore the inductance of the plasma. 

As Thomson scattering data show little change in the temperature or 

density for the first 16 vsec 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 configurat i on at 3.4 ~sec and the measured conduct i-

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 suff i ciently to make the growth times rather long 

(~ 5 vsec). 

On the basis of the I and B 
z decay times we can evaluate the energy 

confinement time assuming that the velocity is sufficiently low that any adia-

batic healing or cooling effects are negligible, obtaining 12-16 vsec, for 

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



CONCLUSIONS: MHD stability criteria 1mpose 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 fie ld diffusion. 

Reverse field configurations with Se ~ 0.6 have been set up experimentally 

without wall contact or instabi li ty. Good agreement between theory and 

experiment for the growth and character of gross instabilities has been 

obtained but i n the case of the reverse field pinch finite larmor radius 

effects appear to allow a somewhat higher S than predicted on MHD stabil i ty 

theory. Their lifet i me, provided the diffusion cond it ion that the axial 

flux be positive is satisfied, can be 30-40 ~sec corresponding to the clas-

sical resistive decay time of the fields. The behaviour is comparabl e to 

that observed on Zeta where the larger radius (48 cm) permitted li fe times 

of 3 msec but in that case the field conf iguration was not set up in a con-

trolled way. Of the configurat i ons stud ied on the high- S 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 fUr Plasmaphysik, Euratom Association 

Garching bei MUnchen, 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-~ 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 ~-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 ~-values and at higher compression ratios. It can be 

heated therefore rather effectively by piston or fast magnetic 

compression heating. However, at high ~-values, necessary for 

these heating mechanism, the screw pinch is basically m = 1 

unstable. 

with respect to high-~-confinement therefore the question 

arises how to change the high-~ 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 
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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-~-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-~ 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 B to the poloidal field B at the plasma sur-
z ~ 

face which is roughly given by 

\ 
)

1/2 
2M 
-~-

A is the coil aspect ratio and 0 the relative shift of the 

equilibrium position. 

(1) 

For stability with respect to the Kruskal-Shafranov modes 

the pitch length of the helical fie l d at the plasma surface 

has to exceed the major circumference of the torus. This re­

quires a second condition for the field ratio which can be 

written as 

B 
z 

Bq:> 

2 q 2:: --
2-~. 

(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 r the stability condition 
p 

is then in the usual form 

(3 ) 

For an elongated cross- section of height h. we have 

practically ~ "" 2 h and the Kruskal-Shafranov condition be­

comes 

TT R = q. h (4 ) 
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Compared to the circular cross-sect ion one can fulfill 

here, at fixed Bz ' the stability condition (4) for much higher 

poloidal fields B because h can be chosen independently of R. 

Consequently stabTlity and equi librium can be obtained simul­

taneously also for high-p-values in contrast to the circular 

case. In this way the critical P for an m = 1 stable equili­

brium can be increased considerably. 

The equilibrium considered in egu. (1) is necessarily con-

""~---R ----.,~ 

Fig.l: Scetch of currents and poloidal 

fie ld in the compress i on coil. 

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 

an additional toroidal 

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 coi l and the plas­

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

a = € = R 
A = r 

c 

Simple model ca l cu l ations in a sharp boundary mode l indi­

cate then, that also for the system of fi g. l a high-~ equili­

brium below the Kruskal-Shafranov limit should be possib l e if 

h 
2R 

4n j P 
A. £ 

• F (a) 

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

(5 ) 

For example with A = 3; € = 6; a = 0,5 and ~~ 1 it fol­

lows from (5) h / 2R ~ 1,1. 

In a Screw Pinch with a rectangular cross-section of the 

compression coi l the plasma after the first implosion is usual­

ly not in axial equi librium. It starts with height h, and is 

subject to an axial contraction to the final height h . The de­

gree of this axia l contraction ho/h can be estimated on ly very 

roughly in the simple model under certain assumptions . It turns 

out that ho/h should be in the order o f 2 for the parameters 

ment ioned above. Initially on e should fulfill then h > 4 R 
o~ 

for these parameters. 

This is on l y a very rough model which indicates some 

essent ial features of a configuration with very e l ongated 

plasma cross-section. More detai l ed theories have been done by 

a number o f authors [1,2,3,4,5]. Here are considered, however, 

mainly special cross-sections of elliptical and triangular shape. 

with respect to fast compress i on heating in a Screw Pinch one 

wou l d like, however, plasma cross sections wi th near l y f l at 

sides as in the be l t pinch. For ohmicallY heated Tokamaks a l so 

special el liptic 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

l oning modes. For special el lipsis like cross-sections some 

authors give positive result s also for these modes [1,4]. For 

non e ll iptical shapes Herrnegger [7J has investigated a special 

analytica l solution of the toroidal equi l ibrium with a nearly 

bar-shaped cross-section. Similar calculations are reported al-



so by Luc et al.[B]. 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 
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but these calculations give some indication that also bar shaped 

cross-sections could be stable for l ocalized modes. But never­

theless in this situation the stability behaviour of Screw Pinches 

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

At JUlich 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 a-pinch which produces the closed configuration [lO J. 

As an example fig.2 shows the magnetic surfaces 2 )lsec after 

ignition as they follow from very precise probe measurements. 

They agree relatively good with calculations. The plasma be­

haves grossly stable 

and disappears after 

about 25 - 30 )lsec main-

ly because of the decay 

of the currents. 

At Garching we are 

interested in very elon-

gated cross-sections 

with nearly flat sides. 

These belt pinch ex­

periments are carried 

out so far on the 110kJ 

device ISAR IV (11,12J. 

The toroidal screw 

pinch coil has a rec­

tangular cross-section, 

r (cm] 
Thetapinch -coil 

d 

6 

4 uartztube 

2 --------- -- - ~------
'---Hardcore 

0+---.---.---.---.---.---.---.--
2 4 6 8 10 12 14 z (cm] 

Fig.2: Magnetic surfaces, measured 2 )lsec 

after ignition in the JUlich RESI 

experiment. 

a height of 110 cm which is somewhat more than 4 times the major 

radius of 23 cm, according to the simple model mentioned above. 

The toroidal and the a-pinch currents are produced simultaneous­

l y 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 l oops in parallel which can be short-cir­

cuited by spa,rk gaps. This allows an adjustment of the outer 

toroidal current j for a proper equi librium position and 
2 
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for momentum compensation . The ~ 

bank is crowbared with a time con- I \~ •• ~~~I 

stant of 600 psec . The total , 
field is about 7 kG. Filling ) 

pressure is from 20 to 50 mTor r 

deuterium. \ 

The influence of the j2 

variation by crowbaring the cop-

per loops on the equilibrium is 

shown in fig . 4 . These are 

streak pictures taken end- on 

(/ 
Fig.3: Coil- system of ISAR IV 

belt pinch. 

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

t ure is with open loops. j2 is too large, the plasma is pushed 

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 Po = 50 mTorr D2 

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-
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ence. Fig.5: End-on streak picture. Po= 50mTorr02 

A typical result is shown in fig.6 giving three framings 

of one shot again at 50 mTorr. 

5 ~sec after ignition the formation 

of a well defined sharp belt. 

15 ~sec later the axial contraction 

without any deformation at the end~ 

After 25 psec the final state. The 

ends behave more or less stable and 

no serious deformation is to be 

seen. 

The bright region in the F' 6 S'd f . . t 19. : 1 e-on ram1ng P1C ures. 
midplain could be two colli- Po = 50 mTorr 02 

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 framing 

pictures. 
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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 B5 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 Fig.B: Side-on steak picture·po=50 mTorrD2 

at the equilibrium position. A typical example of these obser­

vations is shown in fig.B. One recognizes the axial contraction 

and then the plasma stays essentially symmetrical for at least 

lOO psec. 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 

distribution of the fields 

after the first implosion is 

shown in fig.9. For technical 

reasons it is only around 

the plasma centre in the 

that toroidal midplane. Note, 

the point of symmetry of 

B~(r) is shifted by about 

0.5 cm outwards with re­

spect to the plasma centre. 

The Bz- measurements give 

at this stage a ~ of about 

B5 % at the axis. 

S<jl[kG] 

O,B 
~=B5% 

Sz [kG] 

2 

0,4 ~Sz 
o 

2 

Fig.9: Measured radial field 

distributions after the first 

implosion. Torus midplane. 

Po = 20 mTorr D2 • 

o 
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A second set of measurements concerned the axial component 

By' of the poloidal fi e ld at the inner and outer wall of the tu­

be as a function of the distance from the midplane: By (y,t). 

Fig.10 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, By changes its sign. 

This indicates field lines which leave the coil so that there 

could be situated the separatrix. 

q 
0/ o~ / 

B'JIi 3 \ /' 
I / 

16 \ /' q ~ f Itl 
12 \ 0" ,/ po=50mTorr 

2 \ p' 
3 '0--' Uo= 25kV 

" 
Kruskal-Iimit I~ =0,5) 

o 5 10 15 20 25 45 y(cmJ 

O+---~ __ ---.----.-----,-__ 
o 20 40 60 t[~sJ 

Fig.10: Axial field component Fig.ll: q(t) as evaluated from 

By(Y) at various times after optical and magnetic field 

ignition. measurements.po = 50 mTorr. 

The optical and the probe measurements allow also a first 

evaluation of the development of the q-value in the configu­

ration. The rough result is shown in fig.ll. The first drop of 

q 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 

q is well above the value for the Kruskal-Shafranov condition 

at reasonable ~-values. 

A f urther point of interest is the time behaviour of the 

toroidal plasma current I z ' Field measurements indicate an ex­

ponential decay with a time constant ~z of about 60 - 80 psec. 

Assuming classical resistivity in a simple model this would 

correspond 

other hand 

to electron temperatures of about 25 eV which on the 

~s in 

electron density 

agreement with pressure balance for a mean 

of about ne ~ 5.1015cm- 3 as it follows from 

the compression ratio. 
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For the belt pinch geometry it turns out that there are 

two dif f erent time scales for t h e decay of the toroidal and the 

poloidal plasma currents in the sense t hat the po l oida l 8-

pinch current decays faster than the current I because of the z 
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 z 
limits the plasma life-time to about 50 - l OO psec as i s ob-

served exper i mentall y. For higher temperatures bo t.h time con­

stants and therefore also the containment should be increased 

drastical l y provided that c lassical diffusion can be assumed 

and that energy l o sses at higher temperature s do not become 

dominant. Radiation losses can be overcome by fast compression 

heating. At l ong time scales, however, charge exchange and 

heat conduct ion have to be taken into acc ount. These l os ses 

shou ld be compensated by corresponding ohmic heating rates, 

an~ ,it might be , due to estimates by Bateman [13], that this 

limit s the energy confinement time. But this depends strong l y 

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 question of interest is the l o ng time MHD stabi ­

lity behaviour of the configuration. Here we are sti l l at the 

beginning. W.Grossmann has performed an ideal MHD anal ysis of 

a simplified belt pinch model [14J . He has shown that higher 

m-modes with respect to the torus axis should grow faster than 

the observed stable behavi our of about 100 psec at ISAR IV. 

Finite Larmor radius effects yield, however, p l ausibility ar­

guments that these modes should grow servera l 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 p recise theoretical predictions 

cannot be made and l ots 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 densi t y d istributions by laser-scattering and 

holography. I intended to give you the first re sults here but 



the technique of high voltage insulation was against us and we 

had s ome trouble which delayed the measurements. Secondly we 

use a new coil system which will allow to go also to smaller 

q-values in order to find the stability limit of the belt­

pinch. 

The decisive question is, h owever, whether or not the 

plasma life time can be drastical ly increased at higher tem­

peratures. In other words the question for stability and dif­

fusion processes in the keV temperature regime. 

For this reas on as a third branch we are building a new 

device of 1 MJ with a discharge tube of 1.5 m diameter and 
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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 kG. 

In this arrangement ion temperatures up to 1 .8 keV should 

be obtained at densities around 1015cm-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 l ong time confinement of high-~-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 
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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 theoreticall y 

stable for the Dory-Guest-Harri s mode and those that were unstable . In 

both cases nT at high densities was below that calculated for co llisional 

losses by a factor of two to three and decreased as the density fell . Al­

though losses induced by other instabi lities (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 Baldwin-Callen[l] theory of "collective 

scattering" . 

EXP ERIMENT - The 2XII experiment at the Lawrence Livermore Laboratory was 

constructed to further inves ti gation of plasma containment in magnetic 

minimum-B wells. As in the earlier 2X experiments, an energetic plasma i s 

formed in the well by trapping and subsequently compressing a portion of a 

plasma burst which is injected al ong 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 mag neti c 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 ass umed to be limited to the density change calculated for 

adiabatic plasma expansion . Characteris'tic f ield and plasma parameters of 

the initial 2XII experiments are compared in Tabl e I with those of the pre­

viously reported [2][3] 2X experiments. 

TABLE I 

Magneti c Fi eJ d and Pl asma Pa rameters for 2XI I an d 2X 

2XIl Initial 
Parameter Operation 

Maximum dc guide field (kG) 2 

Maxi mum centra l magnetic field (kG) 6.5 

Lon,git udi na 1 mi rror rati 0 2 

Radial we ll depth measured at wall (%) 21 

Plasma to wall distance along 
magnetic field lines (cm) 

300 

Pulsed magnetic field rise time (~sec) 400 

Magnetic field decay time (msec) 

Distance between mirror points (cm) 

Plasma diameter (FWHM, cm) 

Maximum plasma density 

Maximum mean ion energy (keV) 

Electron temperature (eV) 

wC i(sec- l ) 

( / ) 2 101 2 cm- 3 wpi wci at ni = 

8 

100 

12 

6 x 10
13 

1 - 10 

80 - 250 

3.1xl07 

900 

2X 
Ref. 3 

2 

13.2 

1.33 

2.5 

20 

160 

2X 
Ref. 2 

2 

16 . 3 

1. 33 

2.5 

20 

160 

8 8 

160 160 

6 6 

5 x 1013 3 x 1013 

8 6 

200 200 

6.4 x 107 7.9 x 107 

210 130 

All field li nes which thread the 2XII plasma exit into the 1.5 meter 

diameter end chambers where adequate pumping is provided for non-trapped 

injected pl asma and for plasma l ost through the mi rrors. As predicted, thi s 

feature has reduced the influence of the centra l chamber walls on plasma 



conta i nment. The field lines are convex toward the center at al l pOi nts 

between the magneti c mirrors, so there i s abso lute hydromagneti c stability 
( 

rather than" i dl', / B s t ab ility" . Ad i abati city is assessed by calcul ating 
"' 

part i cle orbits[4] through SO or more mi rror reflections. Deuterium i ons 

up to 100 keY are found to behave adiabatically for th e 6.S kG central mag­

netic fi eld level . Stability aga inst interchange instabilities in the fully 

developed magne ti c well i s predicted for all values of B by the Cordey­

Watson criterion[S] . 

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 ~ f capac itor 

bank , each injecto r provides an energetic de uterium plasma of approximatel y 

2.S key mean i on energy. The outp ut of a si ngle injector i s proportional to 

the square of the capacitor bank potenti al and at 10 kV, i s approximately 

S x 1017 ions/pulse. The equivalent total injected ion curre nt exceeds 10SA . 

When used intermi ttentl y (as in operat i on thus far) the injector electrodes 

tend to l oad with hydroge n from the residual backgrou nd gases. Consequently 

the concentration of hydrogen ions in the energet i c plasma is in th e range 

from 30 t o SO%. Although the ve locity ranges of the hydrogen and deute r ium 

ions are nearly the same, the ve locity distribution of the hydroge n compo-

nent is not necessaril y 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 t o 10 keV. Limited cont ro l of the pl asma i on velocity 

distribution is achie ved by firing groups of the pl asma gun array at dif-

ferent times. 

-9 -8 Base pressures are i n t he range of 2 x 10 to 10 torr. To insure 

clean, "acti ve-pumpi ng-surfaces " , t itanium i s deposited on all interior 

surfa ces just before each pl asma contai nment run . 

MEASUREMENTS - The centra l el ectron density i s measured with a 70 GHz stab-

i lized wave interferometer and a second 4 mm interferometer is occas i onally 
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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 fo r the injec-

ted plasma burst and that the mot i on of the trapped ions is adiabatic during 

magnetic compress ion . Longitudinal density scans are made with a moveable 

35 GHz ~wave interfeo rmeter . Two 10 GHz ~wave 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 ~waves . 

-The intensity and radial distribution of line radiation from heavy ions 

is monitored through the use of a dual-channel , grazing-incidence, vacuum 

ultra-violet mono chrometer . Time dependent intensities of radiation in the 

visible range and the H line are al so recorded. a 

For the operation discussed here we have no direct measurement of 

electron temperature. A Thomson scattering measurement is now insta lled 

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-

( 14 - 2) tral particles to pass through a nitrogen gas ce ll nt ~ 2 x 10 atoms cm 

then through an ll-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 ana lyzers. 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 i on energy spectra are derived from the neutral ana lyzer 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 estilnate that less than one-thi rd 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 
. -1 12 ionization of thermal particles 1S ~ ni xlO 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 low 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 cal i­

bration of the neutral analyzer the charge exchange rate is found to be a 

factor of 10 to 100 too low to account for the lowest observed plasma loss 

rates . J . R. Hiskes[6] in an independent evaluation of the data has also 

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

OBSERVATIONS 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 opera ti on. Typi ca l examples of these "plasma 

dumps" are shown in Fi g. 1 at t = 1300 Ilsec in the run B density his to ry 

and 630 Ilsec in run C. However, such obvious plasma catastrophi es before 

2 msec are the exception and the density decay of the trapped pl asma is usu­

all y similar to that of r un A in Fig. 1. 

From i nspecti on of t he data 

we see that the plasma -dumps are 

always accompanied by inc reas es 

in al l of the following: a) scat-

tered Ilwave power, b) the re1a-

ti ve number of hi gh energy atoms 

in the charge exchange current , 

c) tota 1 1 i ght, and d) H radi ­
Cl. 

ation . The H signal is very 
Cl. 

si milar to the tota l li ght signal 

and is not included in Fig. 2 

whe re data from run care repro-

duced to illustrate the time cor-
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charge exchange current). In fact, broadening of the energy distribution as 

indicated by relative increase of energeti c particles in the charge exchange 

current has been found to be our most sensitive indi cator of plasma turbu-

l ence. 

No correlat i on 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. 

I f the seq uence of operation i s timed to trap l ow energy plasma t he 

trapped ion energy spectra usual ly have a singl e maximum lying near the l ow 

energy cutoff simil ar to that in the 420 ~sec run A spectrum shown in Fi g. 

Ill. As pred icted shorter delays between in jection and trapping increases 

the relative number of hi gh 

energy i ons but a lower energy 

group i s als o formed resulting 

in two and eve n three maxima in 

the trapped i on ve locity func­

tions; e.g., the 420 ~sec run C 

spectrum shown in Fig . Ill. 

Frequently, as in run C, 

during peri ods of rap id pl asma 

l oss the l ow energy maximum 

disappears and ev i dence of 

plasma turbu lence is no longer 

140 
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FIG . ill EN ER GY SPEC T RA 

detectable. This transition i s accompan i ed by an abrupt decrease of the 

loss rate (see Fi g. II). 

In run B the charge exchange current rises before evidence of pl asma 

turbulence (at t = 1300 ~sec) suggesting that this particular plasma dump i s 

triggered by the influx of co ld gas. Run B energy spectra have two or more 

maxima and the ev idence f rom thi s run as we ll as that from run C suggests 
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plasma losses resulting from doub1e-humped[7] instability. 

The correlation of detectab le plasma turbu l ence with doub l e-humped 

velocity functions is not restricted to the case of obvious plasma dumps, 

but rather such ev idence 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 ana 1yzer channels or because the observed spectra are 

representat i ve of t he pl asma boundary rather than its interior . 

The mechan i sms leading to the formation of the lower energy max ima 

have not been identified. However, intense r. f. fluctuations occur in 

every run during trapping and into the magnetic compression. Thus when the 

cycle i s adjusted to trap high energy ions lower energy ions streaming along 

the f iel d li nes wil l be trapped in the magneti c well if they can acquire 

sufficient rotational energy in one transit time. The fluctuating electric 
'V 

f i el d E necessary to provide one key rotationa l energy to a one keY deuter-

ium ion wh i ch is moving direct ly along a field line may be estimated by 

~na1 = (e/M) ~ 'v;: where t is the transit time ('V 3 ]lsec) and T is 

the electric field corre l ation time which we take to be one cycl otron period 

('V 0.2 ]lsec). The required field , E ~ gOY/cm, is much less than the va l ues 

deduced from the intensity of the ]lwave scattering during pl asma trapping. 

Fluctuations at this level , which may escape detection, provide a mechanism 

for accumulating l ow energy ions. Since the ionizati on mean free paths are 

much less than the pl asma radius this mechan i sm cou ld lead to double-humped 

instability l osses l ocalized in the plasma boundary. This mechanism may 

acco unt for the observed variation of loss rates in runs in which the energy 

spectra are quite similar. 

Infinite medi um kll = 0 stability ana1ysis[8] of the 420 ]lsec run C 

energy spectrum shows unstable frequencies around 1.lwci for the densities 

above 6 x 1011 cm- 3. As suggested by the appearance of the spectrum the 
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instability results from the presence of two maxima in the velocity function. 

Following the plasma dump when there is no detectable )Jwave scattering or 

energy spreading, unstab le frequencie s were found in analysis of run C 

spectra due to the limited spread of ion velocities; i.e. Dory-Guest-Harris 

mode[9] . 

With the exceptions of the occasional appearance of a component in the 

frequency band about wci /2 the scattered )Jwave frequen cy spectra associated 

with these plasma dumps are consistent with the double-humped instability. 

The l ower frequency component may i ndicate a secondary effect due to an in-

flu x of cold heavy ions wh i ch drive a lower frequency double-humped insta-

bil ity. 

On the basis of li mited analysis of data from run s with double-humped 

energy distributions we observe that the nT va lues at 425 )Jsec decrease with 

increasing re l ative depth of depression between the two maxima. From insta-

bility ana lys is the bandwidth of unstable frequencies and wavelengths are 

found to increase with increasing slope of ve locity function between the 

maxima. We conjecture that marginally unstab le 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 durin g plasma dumps to 
9 -3 5 x 10 cm sec in weakly turbulent runs. 

Qui'escent plasmas such as that of run A have been generated with mean 

ion energ ies in the range from 1.2 to 2.7 keY . The velocity functions of 

these plasmas are all s ingle peaked. Observed nT va lues in the turbulence­

free plasmas at the end of magnetic compress i on are only a factor of two to 

three l ess than the nT va lues calcu l ated (through the use of Fokker-Planck 

codes) for co ulomb co 11 i s ions. However the plasma decay in these "best" 

cases i s in obvious dis agreement with collisional losses as nT decreases by 
13 12 -3 about a factor of ten during th e density decay from 2 x 10 to 2 x 10 cm . 



80 

In an ea rli er di scussion[ l] of pl as ma containment simi l ar t o that of 

r un A we advanced arguments t hat the anoma l ous loss rate resulted from 

either the Dory-Guest-Harris[9J or the drift-cyc lotron loss-cone i nstability 

mode[8] . Infinite medillm kll = 0 stability analysis of run A spectra shows 

instabi lity for the zero frequency DGH mode. Inclusion of the hydrogen 

term in t he dispersion re l at i on sh ifts the predicted threshold density to 

higher va l ues in this examp l e and in other cases leads to predicted absolute 

stability for the DGH mode. Deuterium ve l ocity functions in two turbu lence-

free runs were fo und to be DGH stab l e. Thus, in the absence of recent theory 

of "coll ecti ve scattering" fo r l oss-cone particle di st r ibutions we would 

have been incl ined to attribute the anoma l ous losses to the drift-cone mode. 

However, as shown in paper 91 [lOJ of this Conference, it appears necess ary 

to add to the cl assical i on-ion scattering loss ra te a co rrection . Such a 

correc tion has the right functional form to fit the observed dependence of 

nT with density and indeed the init i al comparison of experimental data[ lO] 

with theory suggests that the anoma lous loss ra te cou l d ari se so l ely from 

this process. 

In comparison of 2XI I data with theory it is conven ient to rewrite Eq. 

(2) of Ref. 10 in the form 

.~ 2 2 1/2 
1 dn 1 dn A ! 

dza 
I W[!e /wce I 

~2 dt - 7 dt + 2 2 2 exp i 
\ 1+ 2/ 2 ) cl assica l [1 + wpe /wce ] , 

./ wpe wce I 

where dependence upon t he ion ve 1 ocity function is inc luded in the factor Cl. 

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

If the density i s expressed in units of 1013 and magnet i c field in units of 

104 gauss then W 2/w 2 ~ ~ For l arge va lues of (w 2/w 2) where the pe ce B pe ce 
exponential is independent of density (prov ided that the ve locity fun cti on 

is time i nvariant) the curve n- 2 dn/dt vs (1 + n/B2) -2 should be a strai ght 

line which intercepts t he axis at the cl ass ical va lue of (nT)-l. High den ­

sity data from l ow energy (1 to 2.7 keY) plasmas lie close t o straight lines 



-

and nT values derived from the intercepts show an E3/ 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 i s more difficult and has not been completed. 

CONC LUSIONS 

• Turbulence in 2XII appears to ar i se primarily from double-humped 

instabilities. 

• Plasma loss rate resulting from the double-humped instability appears 

to increase with increas ing relative depth between max ima in the 

velocity function. 

• Plasma los ses from quiescent plasmas are greater than predicted for 

cou lomb scattering and do not have an n2 dependence. 

• Charge exchange effects are negligible. 

• It is unlikely t hat Dory-Guest-Harris instability mode contributes 

to the anomalous loss rate. 

• Theoreti ca 11y 2XI lis unstable to the drift-cyc 1 otron loss-cone mode 

but other than the anoma lous loss rate there is no direct evidence 

suggesting i ts existence. 

• The data from l ow energy quiescent plasma decays is consistent with 

the Baldwin-Callen theory of col lective scattering. 
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PLASMA DIFFUSION IN TlvO AND THREE DIHENSIONi:i 

by 

J.B. Taylor 

Culham Laboratory, Abingdon, Berks., England. 

Abstract : Investigation of diffusion in two dimensional plasmas has shown 

that at high magnetic fi elds it is always proportional to liB. When t his 

investigation is extended to three-dimensions a 2D-like contribution to 

diffusion is found which dominates the classical, (l/ B") diffusion at high 

fields. This 2-D like contribution diminishes slowly with the size of the 

system and is susceptible to shear. 

is discussed. 

Its importance in experimental plasmas 

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 ) l asmas this is 

equilibrium is given by (l 

proportional to l/B" and in thermal 

where p" 
e 

and llA3 , 

1 

D '" (ls1l"f" p" c e 
w .....Lslog (n AS ) 

pe n A 

is the mean square electron larmor radius, W 
pe 

(» 1) the number of particles per debye cube. 

the plasma frequency 

Equation (1) gives 

the mass diffusion (Flux/ Density gradient) or 

diffusion; the ion 'test-particle' diffusion is 

the electron 'test-particle' 
1 

(M/ m)" times greater. There 

has often been discussion of a larger, anomal ous, diffusion proportional to 

l / B for which Bolun originally proposed the expression 

D _ L cKT 
- 16 eB 

but it has always been assumed that such anomalous diffusion is due to non­

thermal fluctuating electric fields. 

Some time ago the author(2) inv e::; t.igi:tted diffusion in a two-dimensional 

guiding-centre plaslna. This can be envisaged a s an assembly of charged rods, 

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 inves tigati on were somewhat surprising; it was found that in this 

two dimensional guiding centre system the diffusion coefficient always has 

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

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

for this system. 

83 



84 

This surprising result l ed to several further investigations, both of 

the two dimensional system itself and of the ro le played by this two­

dimensional phenomena in real, three-dimensiona l, plasmas. In this paper I 

shall try to review t h e original results and some of the extensions, 

endeavouring to l{e ep clear \V'hat is in some sense exact, ,,,hat is approximate, 

and what is speculative. 

2. THE TWO DIMENSIONAL MODEL 

In this model the plasma is represented by rods with a charge e./~ per 
1 

unit length (e . = ± e), aligned with a uniform magnetic field B. 1be guiding 
1 

centre equation of motion for these rods is* 

R. = c(B x V~ )/If 
1 

(3a) 

and the potential ~ is determined by 

o(r-R. ) 
1 

where the sum i s over all particles. Together with an initial probability 

distribution these two equations completely determi ne al l the plasma proper­

ties. In thermal equilibrium the appropriate distribution would be 

(~ 
e.e. ) 

W [Ri J ~ exp -. . ~,A log [Ri -Rj [ 

1 J 

These equations can be reduced to a universal form by t he scal e trans­

formations, ~ = q~e~ and t = (Be/q~ec)~ and in the scal e variables the 

probl em invo l ves only N, the total number of particles, and ~ = KT~/q~e2 the 

number of particles per square debye length (~2 = KT~/q~ne2). It is apparent 

then that a ll plasma properties can be expressed in the scale variables as 

functions of N and ~ alone. 

To make u se of thi s result in determining the dif f usion coefficient we 

write it in terms of the velocity correlation as 

< i.(O) i.(~) > d~ 
1 1 

o o 

which, in ac cordance with the remarks above, must take the universal form 

D = CKT f ( N) eB ~, 

Ive see therefore that, if a diffusion coefficient exists, then even in 

thermal equilibr ium it can only be proportional to l i B. Furthermore this 

r esul t is an exact consequence of the guiding centre b,o dimensional model. 



To de t ermine the flUlction f( TJ ,N) we again use (It), 'vriting 

'" 
c

2 J D = - <E (OO) 
E2 1- ' 

o 

E (r,t) > dt 
1-

(6 ) 

wh ere r(t) i s the orbit of a test partic l e . Using fourier transforms the 

e l ectric field may be written as t.he stun of contributions from each field 

par ticle, 

so t hat 

""here 

E( x ,t) [[ 
k j 

< ] (O,O)](r , t ) > ~ 
ij 

1&2e.e. 
1 J 

exp (ik· [R.(t)-x]) 
J 

L k k 
~ Hk(R. ,R. ,r) 

k 4 1 J 
k 

(7) 

(8) 

H = < exp(i k· [ R (0) - R(t)])exp(i k· [ r(O) - r(t)]) > (9) --I< 1 J 
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It is at this point that an approximate procedure must be invoked. Originally 

Taylor and HcNamara concentrated on the corre lation fWlCtion at a fixed point 

< E(O , O)E(O,t) >, which they calculated self-consistently using the hypo-
~ ~ 

t h es i s that, for t h e calculation of particle velocities, the time his t ory of 

E(t) could 

~tion(2). 
b e adequate l y represented by a s ingle, jointly normal , dis tri ­

The diffusion coefficient was t h en calculated as if the test 

particl e were at rest. 

Ivi t hin the same approximation t he test particl e motion may be retained 

and Hk written as 

Hlr = ( exp i k· [ R . (O)-R. (O)] > (exp i k·[R.(O) -R.(t) ] > (exp i k·[r(O) - r(t)] > 
, 1 J J J 

(10 ) 

Since they obey the same equation of mo t ion, the averages involving test and 

field particles are both of t h e form 

exp(i c .!E. J dt] x !!IE2 ) (11 ) 

and t he resul t of including t he motion of the test particl e is only to 

change(3) t h e final calculated diffusion coefficient by a factor 2t. Using 

the hypothesis t hat the fi eld fluctuations are normally distributed, t h e 

average (11) becomes(2) 

(exP(ic k I dt E ~2 B» = exp ( -

Then introducing 

c2 1<" __ 1-_ 

4B" 
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t t 

R( t) = L J J < E( 't,.)E( 't2 ) > d't1 d't2 
2B2 

(n) 

using equation (12) and the approximation (10), one obtains from (8) an 

equation for the fie l d auto-correlation 

(-2k"R( t)) 

Integruting this equation, and observing t hat as t ~ ~ , R ~ ~ and dR/dt~D/2, 

the diffusion coefficient is finally given by(2) 

(15) 

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

dimensional guiding-centre plasmas. In thermal equilibrium th e two dimensional 

fluctuation spectrum is given by 

1 (16) 

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

a cut-off at k = ~/L, 

D _ cKT [ 1 
o - eB ~nA2 

LF 
log ~AJ (17) 

This expression shows the Bohm like (liB) dependence on field strength ; 

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

preceding discussi on the function f(~,N) is 
1 

f(~,N) = (~~ log Nh)" 
Before di scussing the significance of this two dimensional diffusion, 

which Dawson(4) has aptly termed "Vortex diffusion", we shall describe some 

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

two dimensional mode l it.R~lf and (b) investi gations of the importance of the 

two dimensional (or Vortex) dif fusion in real three dimensional systems. 

3. EXTENSIONS OF TEE 2-D HODEL 

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

(rods) is completely neglected. ThiS'is valid in the 

Dawson, Okuda and specifically, when (w I w )' « 1. 
p c 

limit B -+ 00 or, 

Carlile (4) have 

more 

extended the calculation to finite w Iw . 
p c 

The most important change is in 

the electric field fluc tuation spectrum. Although the exact partition 

function, and therefore the spectrum Ek' is independent of B, that part of 



1)( 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 ~/811: but 

(
1 + 411:pC

2
) ~ 

B2 811: 

so that the low frequency fluctuation spectrum is given by 

411:KT =-e-

I~,en this modification is incorporated into equation (15) the diffusion 

coefficient retains the liB variation at large B2 /411: pc' but at smaller 

magnetic fields it becomes independent of field strength and takes the 

value(4) 

(18) 

(19 ) 

As t he field is still f=th er reduced the guiding centre model becomes 

invalid and there is presumably a transition to the classical l iB' variation. 

4. THREE DIMENSIONAL SYSTEMS 

l,re 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 solel y 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 cl 0; hm.ever, the 
11 
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k 0 fluctuations continue to behave in an entirely 2-D fashion and contri-
11 

bute to the diffusion exactly as they would in two dimensions. 

The se lf correlation of t he electric field is again given by 

< E( 0,0 )E( r , t» L 
ij 

and H by 

,--, 

167c' ei e j L ~ I\(Ri ,Rj ,r) 
k 

(20) 

Hk = <exp i k·[R. (O)-R.(O)J) <~xp i ko[R(O)-R(t)]) <exp i ko[r(O)-r(t)] > 
1 J J J 

(21) 

the only change being that k 
~ 

is now a three dimensional vector. If we 

consider, for the moment, only the k o terms in (20) the diffusion coef-
11 

fici ent may be calculated exactly as 1n section (2), with a simil ar result 

[ 1 t.. L.L Jt c (2KT L )t 
2'J1:nt..3 L log 211:t.. = B L log 211:t.. 

11 11 

(22) 

as given by Montgomery, Li u and Vahal a ( 5 ) . 
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This expression is again proportional to l iB. It tends to zero as 

L ~ ro because in 3-D the fraction of the total energy carried by the k ~O 
1I 11 

fluctuation diminishe s with the lengti1 of the system. 

If we agai n introduce the modification to the spectrum induced by 

finite gyro frequency, as discussed by Dawson and Okuda(6), the vortex contri­

bution to diffusion becomes 

D 2% ~ [ KT log (L/~" ) J! 
v B ( l+q7l:pc2 / B2)L 

At high magnetic fields this i s again proportional to l /B but when (w . /w . )2«1 Cl pl 
it becomes independent of B, exactl y as in 2-D. The ratio of 'vortex' diffu-

sion to classical diffusion lS 
1 

D 67C 
w 

( Af 
(log L/271:,, )2 v ce 

D 
~ 1 • nA" ' L • log(n,,3 ) (2q) 

(l+tif jtif . )2 W 
C pe pl Cl 

and it should be noted that while ,,/L is typically small, t he parameter n)," 

is equally typically large, and t he two factors tend to cancel each other. 

To calculate 3-D diffusion in full we r eturn to eqs. (20) and (21). 

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

k'(R(t)-R(O)]~ k v t + k • !C(E x B)/ B2 d'r 
11 11 -.l 

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

bution for v and the "jointly normal" hypothesis for E . Then 
11 .L 

where R(t) has been defined earlier and 2y2 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 ~ a: /D + f3 (27) 

where 

a2 c2 L 1 
~-

~ B2 
k ~O 

11 

and 
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00 

13 :; ;: L (~(!{) J exp L_(J~v"t2+ l~Dt )dt] 
k fa 0 

" 
It is tempting to argue, as do vahala(7) and other authors(5,6) that in 

evaluating the k fateI'm one may negl ect k. However t here is always a 
11 ..l 

region of k space, k < I~ Dlv , where the influenc e of the transverse motion 
11 ..l 

may be important. Accordingly we retain k in evaluating 13. After substitu­
..l 

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

An approximate evaluation of thi s integral , valid when Avi D > 1, leads to 

13 '" D c 
[log(Av/D))2 
log(n ,,3 ) (28) 

which is proportional to l/B2 and close to the classical value. Vahala (6) 

derived a somewhat similar expression but with a different logarithmic factor. 

Thus equation (27) shows that3~D diffusion consists of two 
• 

distinct contributions. First there is a 2-D like term, proportional to l iB 

at hi gh fields and independent of B when 4npc2/B2 « 1. This contribution is 

given by equation (23) and i s always dominant as B ~ 00 for fixed L but tends 

sl owly to zero as L ~ 00 at fixed B. The second contribution is a classical ­

like t ern, proportional to l / B2, which is independent of the size of the 

sys tem. The relative importance of these two contributions is given by 

eq. (2 l,) • 

5. EFFECT OF SHEAR 

So far we have considered diffusion only in a uniform magnetic field. 

Rosenbluth and Liu(8) have rec ently investigated the effect of introducing 

'shear' into t he 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 mocles wlaffected by the parallel motion of the particles. 

Rosenbluth and Liu's calculation is based on a ".K.B. solution for the 

fluctuating fields. Here we give an alternative derivation following more 

c losely the methods used in the earlier sections of this paper. 

\'le confine ourselves to the 

sheared magnetic field B = B (; 
~ 0 

but now se t 

high field 

+ yx/ L ). 
s 

limit and consider a simple 

\Ve return to equations (8) and (9) 
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A 1 A 

(
X. ) 

= y L + z vi t 
s 

(r (t) - r. (0)) = zvt 
""1 ........ 1 

and treat all the field particles as independent, then 

( E (0) E (t) 
Y Y 

= 1 67< e2 n ~L '~ 
i kk kl<' 

y z x x 

k" 
y 

( exp i[k - k') X + (k +k X/ L) Vt+k vt] ) 
x x z y s z 

The k ,k' integrations lead to a factor exp (-21< Ix I) where K2 = (k" + k2 ). 
X X Y z 

The averages over maX\vellian ve locities v , v can be carried out when 

(E 'E ) 
y y 

The corresponding diffusion coefficient is,with (k + k X/ L) = k ~, 
z y s z 

.!. 
81t 2 ne2 c2 L 

D = ____ --=-s \, k" J -t ( k L ;t d~ [~2 +1] exp - 2 -!- Ik 1 1~-l IL ) 
" s 

In this integral the major contributions are from k « k , so that K ....... k . 
z Y Y 

An approximate evaluation of the integral gives finally 

D ~ D 
c 

log(A/p )l og( L /A ) 
e s 

log( nA3 ) 

as given by Rosenblut h and Liu(8) which is close to the classical value . 

It should be noted that in deriving t his result only electrons "ere 

considered. If ions had been included in this model diffusion would be 
1 

increased by (M/ m)". However, because of screening, the independent test 

(29) 

particle model cannot be applied to t he ions and (29) is probably a more 

accurate assessment. The important point is that, while the numerical 

co efficient may be in doubt, eq.(29) shows that a small shear can remove the 

vortex contribution to diffusion. Only in shear-fre e 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 l / B dependence at high magnetic fields rather 

than the classical l / B" . 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 



thermal equilibrium using a normal functional distribution hypothesis 

for the fluctuating field and is given by e~uations (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 

whic.h 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 imbalanc e of charge between various flux 

tubes, e. g. during its formation or as a result of an unstable phase, then 

th ese tubes behave exactly as the charged rods of our 2-D model. 

Secondly, ~ven 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, 
11 
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have an exceptimally 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 1S dominant as B'" 00 but diminishes slowly with the 

length of the system. 

The total diffusion in a 3-D system is thus made up of two parts; the 

vortex contribution and a classical, l i B', contribution. The ratio of these 

two contributions is given by equation (24). In multipole experiments such 

as CLDUl[(9) (T ~ 50 eV, n 10~~/cc, B ~ 2000 g, L ~ 100 cm) or the G.G.A. 

Octopole(10)(T ~ 0.5 eV, n 3 x l09,B ~ 150 g, L ~ 400 cm) vortex diffusion 

would be comparable with the classical value and would become dominant at 

hi gher 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 Bollill 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 hi t herto 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 1n Computer Simulation of Plasmas 

D. Biskamp and R. Chodura 

Max- Planck-Institut fur Plasmaphysik, Garching b.Munchen . 

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 6600,1600 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 
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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 of the 

microfields around each particle the number of particles, one can handle 

even on the largest machines, 1S 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, 1S the PlC' 

(particle-in-cell) method1)2). Here the fields are computed on a Eulerian 

grid whose meshsize 6x should be small compared with the wavelengths of the 

effects under consideration. For collective modes with A » AD,6x~AD is 

sufficiently fine. This method has the double advantage of reducing 

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 

microscopic plasma processes 
. 1) ) . 1n-cell . F1g. 1 shows the 

(another name of this method is CIC~clouds­

Coulomb cross-section in 2D and 3D demon-
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strating the smoothing properties of finite particle Slze or cell Slze 6x. 
. . 3). 

Note the part1cularly strong dependence 1n 3D 

Let us briefly indicate what kinds of systems can presently be treated by 

computer simulation . 1D systems do not cause any troubles. Usually N = 104 

particles are sufficient. Only if very large system size is required, or i f 

very weak collective effects are investigated requiring a large number of 

simulation particles per cell, N must be larger. 2D computations 

problems. Typical N' s are several times to possible for a number of 

several times 105 . These numbers can usually only be handled by use of 

external storage , and 2D runs are 1n 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 i n the near future. Even 

if ther e are computers 10 t i mes as powerful as the pr esent ones, in 3D this 

means only an improvement of a factor of 2 in the linear dimensions. Hence 

r eal life simulat i on is practically not possible, and for a rather long 

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

To character i ze developments in plasma simulation of the last one or two 

years we would like to distinguish three main tendencies: 

a) Inc l usion of multiple length and t i me scales. Special topics are turbu­

l ent electrical resistance and coll is i onless magnetic shock waves. 

b) Development of fully electromagnetic codes including radiation. First 

application: simulation of the Weibel instability. 

Main interest: Investigation of plasma i nteract i on with laser light or 

relativistic electron beams. 

c) Investigation of collisional effects, to study collisional transport 

phenomena such as cr oss-field diffus i on. 

This list 1S by far not complete, the different i tems glven being just 

examples . There are of course multiple (time and length) scales in any 

two- species code , and in cases wher e electromagnetic and electrostatic 

effect s are treated simultaneously. The emphasis in category a) is on 

computations where either these scales are l ar gely different,for instance if 

a large mass ratio is required, or where a whole variety of different scales 

1 



appear explicitely. 

If the meshsize 6x of the grid lS made smaller than AD' discreteness 

effects appear in the particle model, and in 3D, PlC 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 

diffusion
4) were reported in the preceding talk by Dr.Taylor. So we will 

not touch the tast 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 

phenomena. 
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Electrostatic instabilities excited by an electric current in a plasma are 

well suitable for i nvestigation by particle simulation. Since typical wave­

lenths are much shorter than any macroscopic plasma scale, these processes 

may be regarded as quasilocal and the assumption of a homogeneous system lS 

a good approximation. First simulation results on turbulent heating were 

presented at the Madison conference a year ago . We think that the situation 

.i::; sorn€y,hat clearer no,",. The present status of the simulation work on tur­

bulent resistance is as follows: 

1) No external magnetic field, Bo = 0: 

In 1D no sUbstant i al resistance exists ln the ion-sound reglme vd < v
the 5)6)7) 

In 2D appreciable electrical resistance lS found, which is caused by a 

broad cone of unstable ion- sound waves. The numerical value of the 

effective collision frequency veff' however, is still too small to ex­

plain the resistance in turbulent heating exper iments7 ) 

In 3D computations are just marginally possible . It has been found here, 

that veff is about 2-3 times larger than in 2 D, because of the more 

rapid ther malization of electrons in a 3-dimensional turbulent field8 ). 

This value comes closer to experimental observations. 

In all these cases the f ormation of an electron tail ln the distribution 

fuction gradually reduces the resistance. 

2) External field parallel to the current BII j : 

Tas is the usual situation in turbulent heating experiments. 

Simulations in 2D show a resistance comparable to the one in unmagneti3ed 
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plasmas for n Iw < 1,and a much lower ce pe 
greater than w . No appreciable level of pe 

value when n 
ce 

becomes 

electron cyclotron oscillations 

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 n Iw > 1, it cannot be simply interpreted ce pe 
in terms of ion-sound instability . 

3)Magnetic field perpendicular to the current, Blj: 

Electron runaway is prevented , when the current is flowing perpendicularly 

to B, which is the case in high - 8 configurat ions such as shock waves and 

magnetic sheaths. We want t o treat this case somewhat more ln detail. 

The discussion about the type of instability producing anomalous 

resistivity in collisionless shock waves was ini tiated by the experimental 

observations of Keilhacker and coworkers9 ). These experiments seem to indi ­

cate that the presence of anomalous resistance is not depending on a high 

temperature ratio TIT . . Thus the usual ion-sound instability appeared to 
e 1 

be a somewhat doubtful candidate. The electron cyclotron drift instabili ty 

at first sight seems to solve the problem, since it predi cts unstable wave 

growth quite independently of TIT . . However, in a h igh density plasma, 
e 1 

n «w , this instability will saturate at very low fluctuation levels 
ce pe 10) 

(Lampe at al . ) and hence cannot expl ain the anomalous resistivity observed. 

On the other hand computer simulations show strong instability and efficient 

electron heating in a parameter range where the usual two- stream instability 

does not exist 11 ). 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 jiB ins t ability fo r ampli tudes greater than the 

saturation level of the electron cyclotron drift instability. The following 

features have been found in the l D case: 

i) The instab ility threshold is not much diffe rent from that of the usual 

two-st ream instabi lity, see Fig . 2 , in contrast to the electron cyclotron 

drift instability. The numerical simulations of Forslund,Morse and Niel -
11) . . 

son reported at the Madlson Conference had parameters Just between 

the two curves of Fig . 2 . 

ii) Nevertheless,the basic nonlinear me chanism suggested by Forslund , Mor se 

and Nielson is correct. In lD electron heating occurs by a rather co­

herent process of t rapped electron acceleration, and not by some 



stochastic (quasilinear ) electron scattering. This is seen directly In 

Fig.3 . While the quantity W/nT 0 const, W = <E2>/8n,in the turbulent 

phase, the thermal velocity and hence the effective collision frequency 

increase lineari ly with time vthe ~ \l
eff 

~ Slcet in contrast to the quasi­

linear prediction \leff 0 W/nT 0 const . 
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iii) The electron temperature finally saturates (Fig.2c) , when the drift 

approaches a certain value v
ds

' The theory of ion-sound instability predicts 

vds ~ cs ' while the electron cyclotron instability predicts vds~Vthe Sle/wpe 

(although the linear electron cyclotron instabi lity does not play a role In 

these cases , the strong dependence of the collision frequency on Sl may 
e 

suggest a dependence of the switch-off drift v
ds 

on the magnetic field in 

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

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

o 2 c and that there is only very weak dependence on B. I f one assumes 
s 

th i ckness ~ of a magnetic sheath to be dete rmined by anomalous resistivi -

ty in the way that r esistive magnetic field penetrat i on occurs until the 

current density approaches en vd ' we would obtain the usual 6 ~~w . (for s p1 
S ~ l),and not 6 ~(c/w )(c/v

th
) ~ c/Sl (for S ~ 1) as predicted pre-

e pe e ce e 10) 
viously on account the electron cyclotron drift instability 

In 2D the general behaviour IS rather different f r om 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 elect r on trapping. Fig.3 

shows some results of a run with T /T . =50 and m. /m = 1600. One finds, eo 10 1 e 
that \leff reaches a max1mum at about the same t i me as W/nT, and t hat after-

wards \leff/(VI/nT) becomes constant, indicating stochastic heating. The decay 

of \leff after the maX1mum is a common feature of all 2D runs. It is roughly 

consistent with the following scaling: 

\I /w ~ 
eff pe 

v -(Xc 
d s 

Cl. ~ 2 • 

Thus we find that the gross features of the development of the instability 

in 2D may be described as an ion- sound instability with electron runaway 

prevented by gyration. The strong trapped electron heat i ng s eems to be an 

artefact of the 1D system. Nevertheless 1D simulations ar e useful, since 
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they may glve 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
ds 

lS found independent 

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-B 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 

. . f' d h th . b . t . 13) F' 5 to the magnetlc fleld one ln s t at ere lS no eam ln eractlon ,1g. a. 

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

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 
. . h d' 1 14) electrostatlc and electromagnetlc l engt an tlme sca es . 

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 codffi. 

Since in most cases of interest the radiation energy lS much smaller than the 

thermal energy, the plasma i s in strong non-eQuilibrium with the radiation 

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 

b M d
· 15) . 16) Y orse an Nlelson and Borls . 

good electromagnetic codes were given 

Interesting results have been obtained 
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for instance by Morse and Nielson in the 2D simulation of the Weibel in-
.. 15) . . . 

stabIlIty 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 n.ave 

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 . 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Coulomb cross section for finite Slze particles ln 2D and 3D, 

taken from Ref.3 

Critical drift velocity for j l B instability l n 1D, as obtained 

from simulations . The critical velocity for two-stream insta­

bility is given for compar ison . 

T /T . = 2. The eo 10 

computatuion . W " 

drift velocity vd is kept 

<~2>/8n. n /w = 0.04 . ce pe 

constant during the 

Computer run of the j l B instability 

T /T. =50 , n /w = 0.04. 

in 2D: m. /m =1600,vd/vth =1 , 
1 e eo 

eo 10 ce pe 

Magnetic collisionless shock waves, propagating from right to 

left . The ions are not magnetized . Plots of ion phase space, 

total magnetic fie l d and electr ic potential. a) Perpendicular 

propagation; b) oblique pr opagation e = 45 0
• 
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The critical discussion of rresent state under stand ing of 

anomalous resistivity probls ln is given . Different types of 

inst abilities, invoked in the problem , and their non-linear satu I'ati on 

are considered. 
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I - INT RODUCTION. 

(t5st; O":~ 1:1ssnnt.i61 i.n:3tatrLliti i:;S - c,') rts erv.:..:t it' !l ~~q L! 0t: j. r..:: ncj for' ·----. ---------------.--------.- .-----.-------... _ .. -----_._--

An uf,clllalcu3 '~~8 s i st ivity c:flp 8E!r'S , \·.'~ c n the electric Gurrsnt i n 

plosma Qx~ed s some cI'it i cal value : j ) Jc . Th9 ri s8 of anoma~ 

can be i:l 't81'p~G te ~ as a re5ul't of same of ins '~~b ilities, 1 ~33ding 

to an uc!di t.io nDl lo ss of mO/'!18r.t C! Gy e18cT.i:' ons d ue to the r;oherent 

!'adiatton of f.lppr l:1pri ate IIJrJV 8 S(1)'In t.h2 tdbl e I ttl8 list of dif -fp- r ant 

pl u~.mo ins t2;Ji li ties is gtv8rl) v/hose purtici~,ation in anorT:f..llGl..is 

r esistJvi ty is Guspecb::d. It is completc:iy adequate t o the pl'o b l o rn 

tu rti.vide al l pnsslbls cases into b··}o groups : 

I o.e. currents 

I1 - A. C. CUI'rents 

As it is S8en 'From the table I, D.C. currci nts in s tabiliti es c lso 

can l.J3 genurutecJ 1.n {I, . C 4 si tUu tion , if ch6.I:acteri~' t ic tt n~e sca.le 

for an appr"opriate instabiU.ty in InLJch fd~I Clll e(" , the n ,,\~C, period . 

But besides them in 6 . C. situation nnoth8r ins~abil i~i8g ~nDuld 

08 consich:~rHd. 

YOLl can S88 hFJ!'8 all fdl;)ilirJr ins:~dbLilti os . ?unr~;;lan i!1~t abi l ±ty 

. -' ,, 8 i l"o, lor.5 \.~ 1';1 v th ~ anl ~ believed to evolvo 8v ontually i nto iOil-

acoustic one. This 1 [~3t one represe nts t he ob ject l1 'F the most .tri tB P S8 

and hard attack by 8xPGriment~lists and th~orists. 

~lagnetic field u ;;ua lly (curl (up) d oes not clli"lngc ;;hes8 mod8s 

significunt l y) but brings nm-J rnGdc3. As an old eXarrp18, the 

Orulf:lnoild- i{o scflLJluth mode could bo me ntioi~~~d (2) • . It is cornparit~_v81y 

s 101 . ..1 grr.1v/i ng Il)oc:a and J pr ~l_bab ly J is 8dSY S ':ituro led by simp le 

quusilinesr plat82u 8"P Fect. II~ cuntrast to t ll is instabilitYJ 
..." 

inhnrent to the currnnts aJ_ong H~ J the so calJ8d morJif.! r1 d 

r-iunemal"l instabi lity i t) or ven by pe r pendiculDI' Cl}:'r8nt (.)). 



This mod e allows also gene rali s ation to ki notic r e sonant type (4) arid 

dissipativ8 one. The latter is be lieved to plcy CJn irctpCJr t ant role 

in ionospheric phonomenas . These instabilities have very small 

gro"th rat e , but also a 10"' thr8shold j . 
=c 

As a last example of o .e. current in 3tabil i ties v·le have to 

discuss current driven Be rnsteirl modes. The se modes are driven 

"ith very high gro"th rate by perpendicular currents . But the 

net result of it does not look very impressive, probably because 

of quite sensitive resonant features (w ~ nw
M
). 

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" instabil:lt~eS 

" i th considerably high thresholds , and parametric instabilities 

"ith surprisingly low thresholds and therefore with more importance . 

Most of these instabilities, though having different origin, 

lead to quite general formulGs for their net effect 011 anomalous 

resiStivity, based on momenta p~d energy exchanges bet"een electron ~ 

and waves. 

It is convenient to start with def ini t i on of electric 

conductivi ty 

a 
mv 

where v - co ll ision frequency of electrons in respect to the loss 

of momenta . In unstab l e situation , "hen elect rons generate the 

waves, an anoma l ous transfer of momenta is taking place ( i.8. t o 

collecti.ve modes, involving ions,from electrons). To get a n 

impression of ~eff is sufficient to apply the conservation of nat 

momenta of a system , containing electrons and waves (5,61 . In the case 

of 0 C. current this momenta ev e ntua l ly goes to ions. So it is 

reas~"able to leave the discussion of at leest some A.e. situations 

for the last moment . The loss of momenta per unit time is : 
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m N V veff • - F (1 a 1 

where F - collectivtdrag force due to waves. If waves wi t ll s pectra l 

ener gy d8 nsj.ty Wk are generated, F is proportional to 

e Kj cl 3K 
fYk "k 3 

wk (21rJ 
F ( 1b ) • 

e 
here Y

k 
- the contribution of elec t rons to im~ginary part of 

f requency , K. - projection of vJave vec t or on j (electri c curr ent ) . 
J 

Thus we hoNG {5,61 : 

( 2 ) 

e 
If we wou ld hav e in mind that Y k shou ld be understood in 

quasilinsor sense , the whole problem is r educed to the findi ng 

of waves spectra \:!k . The formula (2) can be derived also fr om 

the quasi l inear theory . 

If plasma resistivity is anomalous , the J oule ' s heating of 

plasma is anoma l ous : 

Q .-l 
(J 

an 

Such a hoati ng (which often i s called "turblllent ") \'lOuld heat 

the plasm~ species (ions and electrons ) at different rate, 

ge llerally speaking. As a r ule, the electrons are heated faster 

then ion s . vie ca n see v/ hy, usi ng following argument s . The power 

of fr iction force is an energy , dissipated in pl asma per 1 ~ec . 

Q V F 
-2 

• m N V veff 

d3 K 
~ 

e (K. V) 
( 3 ) f Yk Wk ( 211 ) 3 wk 

In a sto<"dy state , ,,,hich is reached when nonlinear effects 

saturate im:tabili ty, the momenta of waves (and therefore the ir 

ener gy ) must be absorb'3d by ions. Hence in a st ate of non linear 

saturation ions would a bsorb the energy of waves ~t the same rate 

as electrons would generate it : 



As a result t he rate of ions heat ing is 

Now f rnm Elqu ati on s (3) ill1d (4) "1 8 obtain 

d(E +E.) 
e 1 

dE . 
1 

(4) 

( 5 ) 

(there \;0 used 
d(E +E.) 

e 1 
Q =-~~ 

dt ). For an estimation by the order of 

ma~nitud8 is sufficient to put : 

(0 ) 

whops <K> J <00 > - average wave number and frequency , representative !, 
of the spectra. Thus l,e have : 

dE 
e 

dE . 
1 

V.K _ 1 
w 

(7) 

Thi s formula , as it written here, does not depend on 

specification of unstable mode, and therefore has universal 

leads to a character. For a majority of modes sq . (71 indeed 

pr8dorninant heating of electrons , since ~ 
W k 

usually» 1 (Buneman, 

or ion acoustic , for example). 

For this latter examples time expression (2) can be r educed 

to Cl more conclusive form. The main contribution ot integral in 

(2) coml1S from wave 
-< -1 

numbers , corresponding to the highest growth 

rate , so K - rO • 

e V 
Substituting Y

k 
~ W --­

P VT 
\"e obtain , 

w 
W NT P e 

( 8 ) 
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III c onclusion of ttl ~S chapt8r wc can st l"eSS again , that the 

main prob18m i s in finrling W 
"-.::: 

II - THE STATUS OF ION ACOUSnC TU RBULENT RESISTIVITY 

Ion wave turbulence was especially promising, sin ce it can be 

qualified as a vleak turbulence. But afh, r a decade "18 are still 

far from complete ~nderstanding . I'.t U,e limit of sufficiont ly 

high electric fields instability c an not be saturated by 

quasi linear effects and non linear mode-mode coup li ng should be 

taken int o account. B. Kadomtsev in a well known work ( , ). 

considered induced scatte ring of ion waves on ions 

(w, - w
2 

~ I K, - Kzl 0 Vi) as a dominant mecha nis m of nonlinear 

saturation . Kadomtsev's spectra 

( 9 ) 

r epreSGnt s approximate solution for Im'l 1 • .JaVB number s Kr « 1 . o 
Therefor e we mu s t confes s " that an enthusiasm of seme a llthors , 

who claim to confi r m spectra ( 9 ) at KrD~ 005, is too naive . 

The spectra ( 9) results in an often ci t8d formula for anomalo us 

!'OSi3tivi ty 

"eH 
(10) 

But sti 11 it has to be confirmed by experiments , v,here 
V Te 

and dependencos would be deciphered. 
Cs "ii 

The full energy in spectra (9) J W" d
3

K is di vergent as 

log K , an d needs in cut off at small K . However , mome ntu m loss 
n:n11 n ~ 

( equation (Z) for "eff ) i s converge nt . So we should ' nt worry 

about this unprinci pal divergence. 

Ind uced scattering on ions , of course , goes with small f acto r 
Ti 

'\.. ~T J si nee it has to do with ions thermal motion. Therefore some 
e 

i nv85 tigators made an attempt to find a stronger nonlinear 

saturation effects . 



f'1ak ing routine 1,\}eak turbulence expansion so me authors hEllJe got a Vory 

strong nonlinear effect in electron contributiofl (essentially 

for _:~he b8Cl tS {01+ w ~ (K +K Jv J. Nonline a r saturat i on l Evel 
_. 2 1 2 8 

for W due to this mechanism would be almost m 
times srna ll e r. But 

f'l 
detailed ~n~lysis has shown that such electron reson anC8S do not 

play a role because of non linear broaden ing (7). 

So this question is completely settled nm,l. 

All montioned CJbO\}8 about ion sound relates to sufficiently 

high electric fields 

3 
1/4 

E » 10 - 2 J~_ (l c 
e p s 

when i 
Y

k 
(linear damping by ions). 

If it is not so , electric field is not stro rl g enouzh to drive 

electrons up to high ~ , so that Y~ would be insignificant. Moreover 

we coul d expect an opposite situation with e lectrons V almost at 

the thresllOld of instpb ili ty . Such a case "'!as considered 1.n 

a numher of papers (8) . The most complicate question lios 

in the great serlsitiveness of threshold V on the form of d i strib~-
c 

tion function for resonunt ions~ so to speak , from the far tail 

of ion di stribution. 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 int~ract 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 in'tuitiv8 idea, 

that long-time behaviour of plasma in a regime of anomalous 

conductivi ty would le ad to an establishing of seH- similari.ty, for 

examp le, in a sh~pe of distribution function. (~)1/4 amount of 

ions in this case were always resonar,t gettirlg thermal energy ~ T 
e 

and keeping threshold on V'O C (.f:1.) 1/4 . Data on resistive 
s m 

collisionlsss shock fine structure J. H are in preliminary 

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

non linear trapping of ions by waves was repor 'ted to give a 
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a ::.utu rat i.on for' i on sound instE',tJil ity. I th ini<. it is ossen ti a lly 

s i nli Jar ph(~r.orr,~ ~na J bes i.des t he fa ct J t! E::!t rnorp. harmonics are 

needed in nl..Ji:181':Lcal pld Sfi1i'?1S to get an o\lGrlapping of ions t r ap pod 

by diffot'8n t \'I '::.N03 . 

Thus, more v .... ork is neE:1de d t n i nt13racti o n of ions \·lith ions 

sound turbulence 

One of tr1R most cru cia l prob lem::; in anomalous r e si stivi ty 

is an e l actron interaction wi t h ion sound wav e s . Veloci1:y dependence 
1 

rv -3 of e l cwtrons ~scattering on 10n waves r emind the si tU El tion 
\ I 

witll Lo r enz gclS , v..J1th t he e lectrons e v e ntually going to II rUil6\tJtW " 

Would it l ead to even tual increase of V ? 

Of course it is not related to th8 current s H. But for the 

currents to the very s trong magne tic field it is certainly 

the big problem . Ye t is was i mpos.tble to avoid runaway in a 

the oretical model wittlouL s pecula tions about new modes of 

:i.nstabillties or "macropurticles ll (bunches) . Of course 

in mdny rea l exper ime nt a l oituations J thi s run cMAY may not be 

r.Jach8d becau s e of finitness of time, or due to the predomina nt 

loss of r un aw ay 8lectron s . 

III - MilGNETIC D. C. CURRENT MODES 

Modifi ed Buneman instabi lity is de scri bed by di s persion 

equation : 

2 ~-
2 K2 1 K2 

1 + 
wp wp 

D 
2 2 K. V)2_K2 V~ wn w (w-

e 

( 11) 

It gtV8S the growth rate 

Y '" (w
H 

11 ) 1/2 
H 

l 12) 

V 
at KrH '" 1 K '" K VT e 



The formula (7) has a meaning if v »V • The opposi te limit 
Ti 

If w »w tt18 corres ponding 
p H 

is of tell cCJll ed "an electron sound". 

to it grc 1tlth rate is : 

w 
y '" ----- - (w - KV) ( 13) 

Oath limiting case s lead to a much smaller grm""th rate thE-1n 

ion s Gu nd ins tability. Ther8fore th"y may contribute to \I eff 

ge nerally s!-Jea:~ing .. only if ion sOllnd turbulence is absent. 

Inst abilIties (12) and (1 3 ) cannot be qualifi e d as learjing to "eal, 

tu r bu len ce. So it is difficu It to expect to get more then rough 

estimation of corresponding veff ( s trong turbulence type 8stimate) . 

,a..s usual ~'.J E: t'li 11 put in nonlinF.!ar saturation regifli8 typical linear 

and non linear terms in appropriate equations for the problem. 

~1odified Buneman mode is described in fluid model. Therefore, let 
alf 

us compare at and (V'7)V in equation for electron fluid (8) 

vie obtain 

KV '" 
KC 

Ho 
I q, 

or 
N

2 Iq, 12 
R - e k 

'V m N V2 
(Kr '" 1 ) (14) 

2T He e 

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

iJlld with the use of equation (2) we are getting (5J 

( '15) 

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

electron to ion heating 

T 
e 

The l ast example of D.e current instabilities is current driven 

Bernstein mode instability. 
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~jigh freq lJ8ncy e lectron oscillations w ~ lw. (K ~! J are 
t1 0 

SGe n by j,ons fiS w' 

elcctroll-Jon modes . 

= lw - KV 
H 

Gl'Q\.'lth ratH i s qulte high 

Y 'V 
v 

OJ ---H VT 
8 

but _ small nnnlinsi-)ri cY J developing as result of an instabi lity 

is suFficient to Snlsar out Bernstr3in resonances. So the net result 

i s "mall (9) 

< 
V .L-f 'v e, 

I do not believe t hat such a resistivity was already ob~8rvad, 

IV - ,~.C , CURRENT INSTABILITIES 

As it l'j,:,\S mRntioned any D. C . current mode eau Id in pri ncip18 

r.8 exci ted by A. C. current . Besides 

fullfill the condition : 

y » 1 
T 

\I > V 
c 

it is necessary to 

where y - o.e . grm.vth rate) T - A ~ C . period. In the right side 

of (16) in fact , enters a factor, ilccount ing for initial fluctuCltiOT\ 

a"pli tude (noise). If there was therma l equilibria at t = 0, this 

factor may b8 the same order of magni.tude as Coulomb Log . 

Specific oscillatory instabilities are repre senting t ile 

p.igenmodes f or plasma \-,i th A. C. current. So they don't neeu such 

criterid . The most import ant class of such eigenmoues is 

parametric instabilities. Suppose in plasm'] there is A.C. electric 

fic<ld 

E sirl(w t - K r) 
o 0 0 

which we wou ld relate to so called !'pump wave ". Plasma as an any 

\fliNe media can be considered as an ansamble of Gsci ll ato rs- I,-IaV8s . 



Ncnlir18arity of plasma 8qu ations couples this waVGS to a "pump/' 

in a parame tric way . ThG sj.t lJation is analogous to a p6rama t rica lly 

coup l ed system of oscill.:Jtory in classical mech.::nics. Tll i s E;n ~ logy 

l l-=! arJs tu r"1athieC:lu-type zon es tn the frequencY-Ernplitud!3 (~J.p pump 

'_,ave) plane (6). 

Condition of parametric instability is resonance (1s t zone) 

W 
o 

K 
o 

( 17l 

between "pump " \,-Jave ancJ perturbation ~'!aV8S w
1 

and W
2 

1 is similar 

to I~inernatics of decay procosses. Ttlis is why in ortgtnal paper 

it was called "decay · i nstability (10). This width of tl,S Mathieau 
zones 

('1 - gro"lth rate of instability). 

Tile first example of such an instabili ty ~-Jas a decdy of "pump ;' 

wave with w~ wp into w
1 

- electron plasma wave + w
2 

- ion acoustic 

wave. Corresponding growth rate is (10, 1) : 

'ilZ Vcv 
(l 

wp 
'1 cv 

p (KC ) VT 5 8 

where Vcv = eEo 

mw 
0 

When E is becoming comparable or greater then cv 
o 

the \v idth of the main ~Iathieau zone i s becoming> wz' so another 

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

if w1 and Wz have a damDing. It i s s e en from expression for growth 
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ra te (12 1 

y 
cc "' p s 
(---

2v v 
e s 

(V e - dampi ng in "'1 

- 1) ( 19) 

\)s - in "'2 ) 

Thi s formu la from linear tlloor'y of instability coulJ ho lp 

with a quick answer to the ~ u8stion of ve f f ~ Wllich would be a 

result of instability on "pump v.JBVe " a Nam81y ;, \'18 cou l d expect 

that i n non linear saturat ion state v
eff 

of electrons i s elevated 

up to such a level, that 

y 
"' "' s 

'" (- p 
2Ve ff Vs 

it gives 

"' lu 
~ -p~ 

2v 
s 

D 

( 13) 

(20 ) 

This is no t a bad approximat ion for an e arly age of nonltn9ar 

theory of parametric instatJili ties . 

This paper could not pretend to give a comprehensive list of 

reforGnccs , since it was prepared for an oral presentat i on . Moreover ~ 

u f ew r e ferr8d articles contain most of nece ssary refere nce s . 

In con clus ion I would like to ack nowledge t he hos pi tailty of 

Prof. F. CA~IBD U, the Director of Lannion SUlnmer School on Co s mic 

Physics, wher e this paper was wri t ten, 
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TABLE 1 

- :;- ::: - ::: -

Lj.st of plasm.] instabilities J involved in anomalous resistivity 

1 - O. C. CUR RCNT INSTI',BILITI[S 

;--- 'r'-'-
Type of Its threshold Frequency GrooJth ra te 

instabili ty range 
.- --- ._ -

-
Buneman V > IfTe > Q > Q 

'" P '" P iIlS t-:lb :i. li ty 

I -- V Ion 6coustic If > C < Q < Q --s '" p '" P VT (T", » Ti) e 
-Drurnmond- - If V > C '" Q

H '" Q
H s 1fT - Rosenbluth e 

nodifie d 
'" T. « wH IWH ~ 1 

BunelTIan inst . 

-- V BBrnstein modes V > VT· £wH '" tLi
H ~ VT e 

11 - A.C. CURRENT INSTABILITIES 

,---

Any O. C. mode , if '( » 1 -
T 

Osci llating -
V > VT beam type '" e 

Parametric Dope nds on 

instfJbi li ties 
dampi ng Wo -~w l + w2 '" IV I 

V - matrix eleme nt 
for 3-wave coupJ 

ling 

'---
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PROPERTIES OF SONE TYPES OF PLASNA SHOCK WAVES 

E. Hintz 

Institut fur Plasmaphysik der Kernforschungsanlage Julich GmbH 

Assoziation EURATON-KFA, Julich, 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 p l asma with 

r., <"< 1 and Wce 7; ei> ') 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 

ma inly in the various linear pinch experiments. Presently 
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several laboratories plan to use the existing knowledge and 

experience on shock waves for heating p lasmas in high-~-toroidal 

confinement experiments. What are the main questions? 

Apart from the question what temperatures can be achieved, 

and how,one would li ke to know, in particular, what compression 

ratio, i . e. what ratio of final to initial density and what 

B-va lue 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 deve lopment of these quantities as a func tion of time. 

Knowing what in princip l e can be achieved by shock waves, 

the quest i on 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 t he 
various shock layers out of which the shock transition consists 

and how the energy in the shocked gas is distributed amo ng 

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, dependin~ on the shock strength, are removed from thermal 

equilibrium by a variab l e 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 co llective interaction, i.e. 

anomalous transport can be studied. 

In this talk it is not possible to present a comp let e survey 

on the present state of knowledge on plasma shocks waves. 

On ly three areas shall be discussed: 



a) Heating and compression of low density, magnetic field 

free plasmas in 9-pinches. This appears to be of great 

interest for high-8-stellarators and for belt-pinches 
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(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". ' 
"-

b) Shocks in low-8-plasma with Wce " L ei ') '") 1 and the direction 
of propagation perpendicular to the magnetic field; for 

s i mp licity we call these shocks resistive shocks. 

c) 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. 

11. Sho ck 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. 

1. We start with a fully ionized plasma in thermal equilibrium. 

2. By connecting a low inductance capac itor 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 i s generated. Pressure equilibrium exists between 

the pressure of the piston B;/S~ and the pressure in the 

shocked plasma n2kT 2+ B2
2/srr. 
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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~/ 8 iT) 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 f., = 8 TTnK(T +T.)/B2 
e 1 

B = magnetic field T = temperature 

u = flow velocity K = Boltzmann constant 

R = plasma radius p = pressure 

E = electric field L - coil inductance 

Wce = electron cyclotron frequency J = electric current 

Wpe = electron plasma frequency V = bank voltage 

The subscripts e, i, p, 1, 2 ... 4 denote electrons, ions , the 

piston and the various states (1 . . . 4) through which the p lasma 

passes , respectively (see also Fig . 1). f is the number of trans ­

lational degrees of freedom of the particles. 

Shock relations: 

1. Initial state: 



2. Inward moving shock: 

Up = (f/f+1)u1 ; 

mi u~ I 2 = (f/2)kT2 

i.e. equ i part i tion of energy takes place between flow 

energy and therma l energy ; 

[1,2 =( 2f 1 (f+1) 3) r:~ ; 

3 . Ref l ect ed shock: 

(f = 3; [1,2 = 3 MA2) 32 

R3/R1 = 21 (f+2) (f +1 ); this expression shows that at 

l east collisional plasmas pass through a state of r a ther 

hi gh cOffipress i on. 

4. Equilibrium phase after expansion: 
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Instead of assuming an ad i abat i c expansion ) as somet i mes 1S 

do ne) we let the plasma do mechan i cal work by displac ing a 

constant magnetic fiel d B. 

From energy conservat i on: 

T4 2·f (f+1 ) (f+2) (f+3) + 8 
T2 = 

([+2) 3 ([+1 ) 

n4 (f +1) 2 (f+2) 3 (f 3 ; 
n4 

2.75) = (f+1) (f+2) (f+3) 8 = = n1 2 ·f + n1 
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5. 

The expressions for T4/T2 and n4/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. 

Adiabatic compression: 

f = 2~ ~2 = 
B5 T5 

= 
B5 

n4 B T4 B p p 

The following cons i derations refer only to theta pinches. 

For low inductance circuits it is appropriate to use an 

e lectrical circuit equation of the form V = J·dL/dt; this can 

be transformed into Ep = (l/c)·Up .Bp . Together with 

Putting f =00 and f = 1 we obtain t he well known snow plough 

and free particle model resu lts, respectively. 

Ill. Experimental studies of plasma heating in fast theta pinches 

We shall now turn our attent ion to the results of some experimental 

investigations of the dynamic phase in low density, magnetic 

field free theta-pinches Ill, 12/, 13/. We are mainly interested 

in how the quanti ties T i'? = ~~, R, and Te depend on the initial 
density n1 and the applied azimuthal electric field Ep. The 
studies reported here were performed on a theta-pinch with a 

coil of 80 cm length and 40 cm diameter at initial electron 

densities be t ween 1012 cm- 3 and 1013 cm- 3 and electric fields 

between 400 Vlcm and 900 V/cm. The mean ion energy and the 

compression ratio were measured as function of n1 and Ep at 

the instant of maximum compression, i.e. when R = R
3

. Fig. 2 

and Fig . 3 show results 121. The measured ion energy W( -
scales as expected with n1 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 ~ ~ 10, as expected. 

The ion energy was also measured at the time of maximum current 

when pressure equilibrium exists 13/. In this case a scaling 
, - 3/4 Vv, I\- n was observed, (Fig. 4)/ as one expects if the shock 

compression is followed by an adiabatic compression with f = 2. 

Me as urements indicated that the electron temperature is large 

in the current carrying sheath (~1 keV), while on the axis 

it is negligible compared to that of the ions ( ~ 50 eV); after a 

transit phas~ Te seems to adjust itself in such a way that 

energy transfer from the hot ions is balanced by therma l 

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 ind icate 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 ICv .. This was also confirmed by experiments. The condition 
p, .... 

for achieving high B-values is then Rp~ c luJ pi ' or 

c 2 " 15-1 tj--r-:-) . li . n e f 3 ·10 cm = Nc < 
p l. 

Fig. 5 

-shows B on the ax is as a function o f the line density N; one 

sees that B d ecreases drastical ly as N drops below Nc ' 

IV. Shock structures 

a) Res istive shocks 

For small shock strength C = (u 1 - u 2 )/2u s a rather complete 

theory of the shock structure does exist 141. An important 

result l.S that the plasma in genera l behaves as a single 

fluid; there is just one shock l ayer. Just as for a gas-

+~ 
B is defined using the external B-field 
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dynamic shock the profile is given by: p - (P2 + Pl)/2 = 
(P2 - P1)/2 tanh (E·x/L). In general L is a complicated 

function of plasma parameters Wce r'-L.ei , 8 etc. However, 

in certain regions of parameter space just one dissipation 

mechanism prevails. For the parameter range discussed here 

8 L< 1; CA) L .>,;> 1; the shock structure is determined by 
ce . · el 2 · 2 2 

resisti vi ty and L ;: c 14n(- ul = (c I CV ). -y: ./u l where 
pe el 

c is the velocity of light, 6 the electrical conductivity 
r-

and -r~ i = 1/ ' l ei the electron-ion-collision frequency. In 

Fig . 6 we sh9W an observed magnetic field profile for a 

resistive shock with C ~ 0.2 and for comparison the tanh­

profile; the agreement is quite good. In fig. 7 we have 

plotted the measured wid th L1 = Lie against lie One ob­

serves a linear dependence, as expected, and the slope of 

the straight line is in agreement with theory 151 within 

the experimental errors (20 % in L1 J L; 15 % in 1 If.) • 

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 direct ion 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 t J is large compared to t:1 ; the ion traj ectories 

are little influenced by the jump in B. As a resu lt electrons 

and ions are separated; a space charge field builds up which 

decelerates the ions. If the plasma is cold (8« 1) the on ly 

relative motion between particles which permits dissipation 

of flow energy is that between electrons and ions ; the rate 

at which energy is d issipated accordingly is j216 .Above a 

critical Alfven-Mach-number MA C ~ 3 16/ , resistive dissipation 
J 

is no larger sufficient to provide the d issipation for the 

shock to exist and viscous dissipation is required. 



With increasing E the drift velocity vd increases 

(vd/ve,th:::: Wcelei . 8-
1/2 

. E 2). Depending on the 8-­

value and the ratio of T IT. and CJ I W one expects that e 1 ce pe 
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the p lasma state becomes unstable against one of the current-

dr iven electrostatic instabilities. As a result of the 

instability, microturbulence develops. The amp litudes of the 

electrostatic f luctuations can become much larger than in 

thermal equilibrium a nd accordingly the effective electron­

ion collision frequency may be strongly enhanced. 

I-ir iting the expression for -..r... as follows: 
e1 

Wpe . In (const .. n . 1t6) 

we obtain with <1:2;;> 14i/nkTe = \1 and Wth "'" 1I(n . 1\6) for 
thermal plasmas: 

In case of ion sound turbulence one expects ->:ff ~ 

this leads to the relation - ¥effl -V-ei IV W/\" th' 

vi' W . pe' 

Let us now consider some of the ex perimenta l results Ill. Fig. 8 

shows density and magnetic field profiles and Te ahead of and 

behind the shock front for a shock wave in deuterium at MA = 2 . 4. 

Te and ne were determined by means of laser light scattering. 

In fig. 9 we present the measured ~ntensity distributions of the 

scattered laser line ahead of and behind the shock, which are 

identical with the electron velocity distributions and from which 

the initia l and the final temperature were derived. 

For the given conditions the energy balance equation for the 

electrons can be written as 
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Assuming a linear increase of the electron temperature in the 

shock the measured B- and ne-profi l es suffice to calculate 

the data we need in order to evaluate 6 from the above equation. 

In the following table we have summarized some of the data 

charac terizing the investigated shock front: 

2 15 0.17 

r--
Here I Ls is the rise time of the shock, vd is the electron 

drift, ve the electron thermal velocity, ~D is the Debye­

length. 

From this data we can conc l ude: the shock is "collision-free"; 

the p l asma 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 

observat ion that the measured Te agrees with the value 

calculated from the shock relations indicates that only electrons 

are heated. 

1"'­
Further results on resistive shocks at different VUce L ei-

and ~-values are presented in 17/. In these experiments 

~ffl ~. is varied by a lmost three orders of magnitude. e el 
We have compared the measured ~~f with the predictions by 

,/,- - 2 Te eva r.' '\ Sagdeev 181 (vS ·:::; 10 (-T.)· (-) . IN) and Krall and 
l. c,J ve pe 

Liewer 191 (-YKL~ l(Vd) .L (~) W ). The comparison is 
2 ve (2' wpe pe 

visua li zed in fig.l0. Concerning the proposal by Sagdeev we 

find good agreement with respect to the scaling of -Y-eff; this 

is conf irmed by measurements reported by J. Paul (the data 

point marked with "Culham") 110/. There exists a discrepancy 

of about a factor of 10 with regard to the absolute magnitude 

of ~eff. In contrast, the theoretical predictions by Kra ll 

and Liewer agree quite well with the measurements concerning 
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the magnitude of ~ff' concerning the scaling the agreement 

i s not as good . 

Working at rather low electron densities it was not possible 

at Jlllich with existing light sources to do cooperative 

scattering measurements and measure amp litude and spectrum 

of the enhanced density fluctuations. This was, however, done 

at Culham 1111 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 ang le of 50 degrees with the 

d irection 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 give n ko a scattered line is observed with a 

frequency shift ~ such that the pair of values ~, ko fits 

the ion wave dispersion relation. The measured effective collision 

freauency agrees quit e well with that calcu l ated by means of a 

stochastic theory us ing the measured fluctuation spectrum. 

Although most of the existing evidence suggests that the observed 

turbu lence 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 191, 1121 are 

responsible for the observed enhanced resistivity. 

b) Viscous shocks 

We shall now discuss shocks in a collision-dominated p l asma, 

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 of the shock. The fluid consisting 

of two gas es 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: 



132 

1101 J.W.M. Paul, C.C. Daughney, L. S . Holmes; 
Collision-Free Shocks in the Laboratory and in Space , 
Proc . Study Group, ESRIN, Frascati, Italy (1969), 
ESRO Heport SP 51, p. 207. 

1111 J.~.M. Paul, C.C. Daughney, L.S. Ho l mes , P.T. Rumsby, 
A.D. Craig, E.L. r·lurray, D.D.R. Summers, J. Beaulieu; 
Plasma Physics and Controlled Nuclear Fusion Research, 
Proc. Conf. Madison 1971, paper CN-28/J-9, Vienna, IAEA 1971. 

1121 D. Forslund , R. Morse, C. Nielson; 
Plasma Physics and Control led Nuclear Fusion Research, 
Proc. Conf. Madi son 1971, paper CN-28/J -12, Vienna , IAEA 1971 

1131 ~.i. J~ffrin, F.R . Probstein; 
Phys. Fluids I, 165 8 (1964). 

1141 Ya. B. Zel'dovich, i.P. Raizer; 
Physics of Shock 'v/aves and High Temperature Hydrodynami c 
Phenomena, Academic Press, New York 1967 . 

/151 P. Bogen, K.H. Dippel, E . Hintz, F. Siemsen; 
Proc. Xth Conf. on Phenomena in Ionized Gases, Oxford 1971. 

/161 P . Bogen, ~. Siems en; 
private communication, to be published. 



magnetic piston 

I 
reflected shock 

/ 
mogn~tic f ield 

I 
RI 

I . 
inward moving shock expansion wove 

Fig. 1: Shock compression in pinches, 
schematic (for f:3) 

EJkeV 

20 

10 

U/kV 

°5~0~----~7~5~------1~0~0------~'2~5~~ 

Fig . 3: Mean ion energy as function 
of voltage, ne:5.1012cm-3 at the 
time of max . compression 

~ma}( 

I, 

/ ' 0,8 

0,6 

( 0,4 

02 N 

N=Ne 1Ol5cni' 
0 

0 2 4 6 8 10 
, ,.. 

Flg . 5: Bmax as a function of the line 
density 

E/ keV 

20 

-112 -6 312 
ne1 110 cm 

O~~--,-~--~--~~--~~ __ 
~ ~ 04 ~ M ~ M ~ 1D 

Fig. 2: Mean ion energy as function 
of initial density, U:80 kV, at the 
time of max . compression 

20 

133 

Fig. 4: Ion energy as function of initial 
density at the time of current maximum 
( • neutron measurements, x pressure 
equilibrium; U = 80 kV) 
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D.J. Lees, W. Millar, R.A.E. Bolton, G. Cattanei* & P.L. Plinatef 

(UKAEA Research Group, Culham Laboratory, Abingdon, Berks., U.K.) 

Abstract: Experiments are described, using the t = 2 and t = 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 t = 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 . Apparatus and Diagnostics 

The t = 3 helical windi ng[lJ used for these comparison mea­

surements has 7 field periods, a major radius of 40 cm and a 

minor radius of 9 cm. The t = 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 ad j usted to give approximately the 

s,ame plasma radius namely approximately 5 cm. For the purpose 

of magnetic pumping, 14 circular coi l s 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 tu'b­

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 quasi­

steady cp field, of amplitude Bo ' a small field given on the 

minor axis by bBo sin wt sin k cp R in the same direction, where 

the modulation factor b is variable from 0 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 e V , although the resonance is very broad. 
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The expected e - folding time for T, 
J. 

increase[2], in the absence 

of competing mechanisms, is approximately 1 msec for 'b = 5%, and 

varies as b - 2
• The critical density, 'below which heating be-

comes less effective, is about 2 X 101lcm- 3 for b = 5%, and var ies 
;;. 

as b 2 

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 [ 1] and for t = 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 Te ~ 4 eV the 

error in containment time due to recycling is considerably less 

than 10%. 

11. Scaling Laws for Containment 

Fig . l shows graphs in which the particle containment time 

T, normalized 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 pi e/rn ~ 1 

is not fulfilled [pie is the gyro radius in the poloidal field 

and rn is the density gradient scale length ]. The experimental 

A~isymm~lric lh~ory 

lal,!' ~ 3 

, 

IQ 

A~;~ymmttrrc 
throry 

o 
o 

, 
10 10.1 ro 

Fig.1 Normali zed partic le conta inment time as a fUOlCtiOll 
of the ratio of connection length to electron-ion l7Iean free 
piJth for (a)l = 3 and(b)f =. 2 experime nts . 
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points shown on the curve take account of the measured T, Te ' Ti 

and n. It is seen that for both .t = 2 and .t = 3 there is 

reasonable agreement with neo-classical theory within the experi­

mental error, except at lower densities in .t = 3 where localized 

particle effects could be important. There are no results for 

.t = 2 in a comparable region of density. 

Ill. Fluctuation Measurements 

Correlated values of n, Ee ' Ecp 
~ 

and Vf have been measured 

-.'OL1~ ~ ·05 ·05 
no 

, , 

0.2~~kL "0.' ~, 
(V/cm) 

o 2 4cm -5 Scm 

~ 
5 0 

E'~ 0 ·' 
(V/cm) 

o 2 4cm 

-o~ V, 
(Volts) 

o 2 4cm 

(0:'] 1\ ";"JU 
o 2 4cm _5~---.J~---"---kO~.....J.......b."""-<;'m 

(0) (,) 

Fig.2 Radial profiles of fluctuation measured in 
(a) t = 3 and (b).t= 2 experi ments. 

as a function of radius in 

the minor cross section. The 

results are shown in Fig.2. 

It is seen that for both .t = 2 

and .t = 3 there is a peak of 

Ee and n in the region of 

decreasing density at the edge 

of the plasma (note that the 

hole in the centre of n (r) is 

possibly a probe effect). 

Measurements of the instanta-

neous cross correlation 

(Ee (T)n( T) averaged o ver 

time have been made in each 

case. The results are as fol­

lows for the radii at which 

fluctuation is a maximum :-

.t = 3 Ee = 0.10 V/cm 

r = 3.0 cm n/no = 0.036 

(Note r is distance from centre of minor cross section) 

.t = 2 coefficient Il - 0.05 
~ 

r=+1.5cm Ee = 0.069 V/cm r = - 4.5 Ee = 0.024 V/cm 

n/no = 0.048 n/no = 0.016 

0. = 0.154 0. = 0.15 

(Note: There is a large shot-shot variation of fluctuation 

level.) From these can be evaluated a radial flux (Ee;;) B-1 

cp 
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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 

(.f., = 3 land O. 15 sec (.f., = 2 l (compared wi th a measured ~ 5 msec l 

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 potential[5 ] . It is known that no strong 

temperature variation exists and thus contours of floating poten­

tial are expected 

to be equivalent to 

plasma potential 

" , 

surfaces. For both - r--+--tf-­
cases it is found 

that in the outer 

regions of the 

plasma the nand 

Vf surfaces are 

nearly coincident 

with no evidence 

of displacement. 

~ , 

(b) C = 2 

Fig.3 Contours of density and f loat ing potenti J! 
superposed on a magnetic surface for (o).{ ~ 3 
and (b) t = 2 experiments. 

In the inner regions there are some non-

, 
v, 
l1 a(jn~ tie 
~ ur(oct 

symmetric effects which may be due to the probe or to the filling 

mechanism. For .f., = 3 these regions have little effect on diffu-

sion since here t is small and thus D~ large anyway. Fig.3 

indicates t ypical contours of n and V f compared with a com-

puted magnetic surface for both .f., = 2 and .f., = 3 experiments, 

with the errors of the experiment indicated. Assuming that the 

Vf 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 Vf is measured and not 

vpl and thus it is only possible to state qualitatively that 

because of the good agreement between the contours of n, V f 

and the magnetic s urfaces, that we b elieve 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 .(, = 2 show that the plasma 

behaves similarly to .(, = 3 . I t 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 va l ues of t. 

In both cases there are fluctuations of nand E centred 

mainly on the region of steep density gradient. If wave­

numbers k -L and kll are inferred from V f and t:' then we see 

that k-L ~ kll ~ 1 cm-1 This is not in accord with an interpre­

tation of the fluctuations as drift waves, in which the fastest 

growing mode has k-L ai = 1 and k ll <1 k-L . 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 .(, = 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 b y 

Galeev[8] and it is now believed that the current should actually 

exist in stellerator geometry[9] . A search has been made for 

this current using the .(, = 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 

though t this may be due to the fact that the diffusion is an 

equilibrium phenomenon and since Tii is 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 sourc e 

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 

given by """ '"'"' - 1 < Ecp n ) Be rather than Since 

and Ecp ~ Ea 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 Applying 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 los s rate is 

not clear at present, but the experimenta l 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 i and Te and 

the natural cooling rate. Thus although condit ions were approxi­

mately the same within each experiment, it should not be assumed 

that they were so throughout the series. The toroidal confining 

field 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 

5 x lO" cm- 3
• The enhanced plasma l oss 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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+ no R,F. 

n. 
S[ 

, with R.F. 

10" 

5 

Fig.4 Decay of density without and ""1th 
magnetic field modulation of 1.3%. 

The RF envelope is 5h01m. 

Fig . 5 Electron t empe rature w'i thoui. and 
with 1. 59~ modula.tion . Hinged numb ers are 

density. The RF envelope i s 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-

tu de and frequency, plasma gun loading gas (H
2 

or D2 ), phase 

of RF coil current. The enhancement of decay rate was found 

to be almost independent of initial density, over the range 

5 x 109 to 5 X lO" cm- 3 • 

The affects of varying most of the other parameters is 

shown in Fig.6 . Here the loss rate 11 T, where T is the time 

for the density to decay by a factor lie, 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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(al The decay rate 

var ies linearly 

with the modulation 

amplitude over at 

least one decade. 

(bl The decay rate 

wi th H2 in the gun 

is not very differ­

ent from that with 

D
2

• A mass spectro­

meter was used to 

show that the 

plasma from the gun 

was predominantly D 
2 

• • H, f -125kHz in phase 
• H, f -121 'HI) • 

'/~ • 0, f .. 67 kHz onfi-

J 
(ms-I) • 0, f .. b2 u-tr. .phase 

• 0 0, f .. 174 kHt 
• , 0, f·125kHz: y • • • . 

~ • • 
• .. • o 1 o 0 

• "" • I. 8' , 
• I •• • • ... • • • • "1'-" eo a • • 

·'6~ • 
·cPlI6 • 

'" 
4' coil volts 

0
' 

I I I I I I 
0 100 200 JOO 400 SOO 600 

Fig.6 Inverse of density co nfin ement time, as a function 
of RF voltage. The modulation factors (ringed) are for 
a frequency of 122 kHz, and vary as l /frequency. The 
voltage shown is peak value, from either side of the 

balanced 3-turn coil to the vacuum vessel 

in the latter case. 

(cl The decay, over the range of frequencies and amplitudes 

used, is proportional to coil vo ltage 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 variat ion. 

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. 



In order to test 

whether the TTMP field might 

be affecting the magnetic 

surfaces, a quasi - steady modu ­

lation of 2.5% was applied; 

no change in confinement time 

was observed whether the 

coils were connected in the 
'r 

same or in alternate direc- (ms) 

tions. This result is in 
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3 

2 

accordance with computer pre­

dictions, where such pertur­

bations were found to have 
~. 

• 'with R F 

negligible effect on the 

magnetic surfaces. 

A double Langmuir 

probe was used to examine 

the electron density pro­

file as a function of plasma 

°o~------------o~·s~----------~ 
i/ io 

Fig . 7 Confinement time as function of heli ca l winding 
current. 10 i s t he optimum curr ent used in the other 
expe r iments. In thi s case there was 11 probe placed in 
the plasma, s o the confinement was not as good as usual. 

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 Cl> 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 RP 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. 

VI II . 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 Ti initial 12 eV, Ti final 4 eV 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. 

pulse. 

We have also attempted to measure T· 1. during the RF 

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 va lues, greatly in excess of 
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the measured T i taken 

shortly after the 

pulse when there is no 

RF component in the 

• 

• 

• 

analyser signal. Some 10 
(.v) 

results of this kind 

are shown in Fig.B. We 

deduce that during the 

RF pulse the analyser 

is receiving mainly 

ions which are not 

representatives of the 

whole plasma. If how-

ever this way of 

• 

°Or-------~10~O------~~------~------'*,_----_.d 

Fig .8 Apparent ion temperatures at various times during 
the RF probe, as a function of coil voltage. Loading 

is Ha, f = 122kHz, coi ls in anti-phase 

interpreting the signal is correct, the fact that such energetic 

ions are produced may well be associated with the pump-out 

mechanism. 

Conclusions 
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(1) We have compared the containment properties of similar t = 2 

and t = 3 stellarators and concluded that, from the evidence we 

have, they are the same . From the practical point of v iew, 

therefore, t = 2 shows a distinct advantage, since for the same 

plasma size and B 
cp 

field the current in the helical conductors 

is lower than in t = 3 . 

(2) In both cases fluctuations and convection are inadequate 

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 t = 3 

system. 

(4) TTMP produces an unacceptable plasma loss, at l east in 

t = 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 EXPERD.IENTS IN THE USSR 
L.M.Kovrizhnikh 

P.N.Lebedev Physical Institute, Moscow, USSR 

Abstract : The report presen"ts a survey of stellarator experi­
ments which have been carried out in the Soviet Union after the 
Madison Conference /1971/. The data on the particle confinement 
are briefly analyz"ed. 

This report presents a brief survey of experiments which 
were carried out on stellarators at Lebedev Physical Institute 
/Moscow/ and Thysical Technic"al Institute /Kharkov/ after the 
Madison Conference/I97I/. 

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 Bo , angle of rotational transform t ,she~ and 
aspect ratio 7i< / and on macroscopic plasma parameters 
/denSity N, temperatures Te , T i , their gradients, proper 
electric fields, plasma oscillations etc/. 

As has been already reported the laser injection in the 
TOR-I stellarator /Lebedev Insti tute/ was performed, these expe­
riments were carried out on the t = 2 stellarator of major and 
minor radii 60 cm aqd 5 cm respectively, the angle of rotatio­
nal transform I: ~ 5:i'IT = 0,25. the magnetic field being varied 
f "rom ;; to 10 kgs. Plasma was created by means of a neodyme la­
ser /energy from I to 15 jouls. the pulse length 50 nsec/ acting 
on a Li 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 Bo 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 Q 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 Fig 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 ~::t 4 
jouls. The mechanisn of this 
phenomenon is not still clear, 
but one can suppose that the 
decrease of the ion temperature 
is due to an interaction /charge 
exchange/ between trapped ions 
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of the plasma and neutral atoms the number of which :Increases 
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 
influence on a plasma decay in 
the L-I device /Lebedev Institu­
te/ which is similar to TOR-I. 
The plasma parameters were 

Je --3 
N ~ 10 cm, T. ~ 25 ev, Te ... .3 ev. 
It was found out that the plasma 
decay rate depends on the distan­
ce from the axis. In central 
regions intervals of a relatively 
large decay time /about a milli­
second/ take turns with intervals 
when the decay time is serveral 
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 oscillat ions Iw - 2. IO';~ec' l I 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 cm, I, I cm, 1.7 cm and 2.5 cm lIt" 4,5 kgs 
t :: 2/3/. 

Apprarently the process 
develops as ~ollows. 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 
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 process repeats again. 
Note that the process is the 
t ,= 3f,." e.g. at t ;.,5 ,J . 

most legible at rational values of 

An attempt was made to 
stabilize the obaserved oscilla­
tions by a probe placed at the 
point of the maximal density gra­
dient to change the plasma poten-

3 

tial. The resul ts are " presented 2 

in the Fig 4 where ,relative den­
sity fluctuations (~ at I = 2 cm 
Isolid curvel and the plasma life­
time ldashed curve/ are plotted 
varsus the plasma potential at 
the axis. One can see that an 
optimal value of the potential 
exists which provides the minimal 

relative fluctuations and the 
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maximal life-time'T /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 
Fig 5 showing density variat-
ions at I cm in a nonper-
turbed plasma /trace 1/ and in 
the plasma with a stabilizing 
probe /trace 2/. 

The results of these measu­
rements will be also discussed 
elsewhere at this Conference. 

Further investigations of 
confinement and heating on 
helium pl asmas were carried 
out on the r!"' 3 stellarator 

t 

/Kharkov/ for long 18-IC msecl pulses of the heating current. 
Some preliminary data on local values of the density and the 
electron temperature were obtained 
by ~homson scattering. A ruby 
laser providing 4 jouls in 20 nsec 
was used for the experiments 
/magnetic field Bo= 9,6 kgs cur­
rent amplitude J;~4.5 ka, -t<= I /. 
The results are presented in the 
Fig.6. One can see that the densi­
ty distribution is asymmetric 
lits maximum being displaced upwardl, 
but the electron temperature is 
almost uniform It;,:: 6.8 cm/· 

Another interestingpecularity 
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 r'" 5 cm 
/trace 2 / are shown in the Fig 7. 

It would be of interest to 
measure the spectra for larger 
LlA .. 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 pI asma indicates the pre-
sence of intense modulated 

, 

oscillations which frequency was by order of magnitude the elec-
tron Langmuire frequency lV~c • 
The modulation frequency was close to 
the ion I~ngmuire frequency ~i • 

The ion temperature was measu-
red by a Doppler shift of sing- 7; (ev) 

ly ionized helium. The results 
are shown in the Fig.8 where 
the electron diamagnetic tempe-
rature T e and the ion tempe- jD 

rature T, are plotted versus time 
;-

Maximums of T e and T, are .' 

• 
\ 

, . ' • 

r. (e>,) 

I,D 

iOO 

So 

shifted in time and approximate- o'---~J~~'---'-~--~~~--~ < ~ t 5 
6 t"(,"sec) ly correspond to the current 

maximum. The absolute value of 
Ti is about 10-20% of T" 
It has t o be noted that the 
temperature of inner regions of 
the pI asma column may be somewhat 
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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 Ilaser 
plasma, gun plasma, UHF-plasm 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 Ithe magnetic field from 3 
to I4 kgs , the angle of rotational transform ~ from 0.04 
to 0.7 the electron temperature from 0.2 to 2 ev, the ion tem-

->' ./~ 

peJ?ature from 02 to 40 ev, the plasma density from 10 to 10 
cm-J I sufficiently reliabl e data on life-time scaling with 
main pI asma and magnetic fi eld parameters are still absent. 

A.s for experiments on Uragan IKharkov/, some resuliB inti­
cate that under certain conditions the plasma life-time is 
directly proport ional to the angl e of rotationd transform t 
and inversly proport ional to T "I where 0.5 ~ ~. ~ I • However, 
the speread of the life-times under almost identical condi­
tions IT", T, , N, B~ ,t/ is too large Ifrom 1,7 msec to 7,9 
msecl and the temperature range is too small 140< T" <300 evl 
to consider these results as 
final ones. 

Moreover, a theoretical 
analysis of the obtained re­
sults is returded by the ab­
sence of some additional data 
which are essential for trans­

:;' . 

,. , 
· , 
• • 

. " 

port processes la self consis- ----~~.---~~----~----~~,,~--~~ 

tent plasma potential, density 
and tempenature gradients, ~ -
and '-<.J -spectra of pl asma OSC1-

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 'lth to the experimental one '2;)( 
is plotted vs. :x~::: ;;:;(<< "A'~~ The physical meaning 

• • €i?v ~ i/-'~. " of :x~ ~s the rat~o of a ength of the magnet~c force l~e 

making one turn with respect to the small azimuth to an elec-
,""" tron free path length. The values of Cl/. were calculated as 

CCIi,::: r;% 2J (r;.J using measured plasma param eters. I r;; is 

the plasma column radius/. The diffusion coeffic ient 2) 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" I(,~\<: C1-'" « I I 
and intermediate Ict'e v 11 regions the ratio ~-I"; 7 by 

'.i /l~Jf 
order of magnitude is 10 - 10 • Only for large values of 

Y"e> It:) Iwhen a hydrodynamic description of electrons is va-
~ 

lid I the experimental values of 'c~" are close numerically 

to the -theoretical ones. 

It is interesting to note that the farther increase of 

:::re l:.y~ > 10'" I leads to experimental values 'tt'... which 
r---

are 1 arger then theoretical ones. In all cases when L H, ~ < I 
/ (f/,lf 

the ion parameter rx; = £.J J), /lIr;' is larger than unity, 1. e. the 
r/; 

ions can be described by hydrodynamiCS as well. Then estimations 

show that for T e.. « T ( ,the ion diffusion coefficient is 

smaller than the electron one and the plasma potential should 

change its sign and be positive. Some preliminary experiments 

with laser plasmas IT,,-« T( I indicate that for ex", >- 10-< 

the potential is octually positive. Nevertheless a rigorous 
~ 

comparison of tit 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 rz-t"4h ex is 

larger than unity in the region eYe -> 10.2 as well. Nevertheless 

from our point of view, it is too early to speak about a corres­

pondence of experiments to the neoclassical lor any otherl 

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 10,11,12 where the normaliz-
ed exper :imental life-time re '= -,!:;e t: f.'A is plotted versus 

c. e" r;, 
several parameters being varied in a wide range /T e- in ev, B <, 

in kgs, plasma radius r;, in cm, t ~ 017 . 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 Conference rrJ and data from Proto-Cleb2! 

One can see from the Figs 10 

and 11 that within one order of 

magnitude the normalized life-time 
is constant within the very wide 

9 . -J 
range of the density /from 10 cm to 

1.2 J Do 

5-6,10 cm'/ and of the electron 
temperature /within three orders 
of magnitude/.The Fig 12 is less 
impressive because the range of the 
angle of rotational transform is 
relatively small/O. ()4. ~ t- ~ 1.21 

Nevertheless, no evident dependence 
of the normalized time Otl t can 
be found in this graph as well en. 
The most doubtful point in the 
above normalization is the first 
power of the magnetic field. 

• 
! 
, 

4 

" 

,,' ,,' 

If) r, "rn', r.. ("'src) 

to 8.1"',,,.; t;'r"",~ 

4 4 

3 " $ •• 
" 1 

11 
1 

+ LIISt] ,-F 
.6 ~II" 
o H.F. 7lJA-/ 

•• " r4.tQ /1' 
r .1T 7I'r(;'uti .. j 

N 

Unfortunately the range of employed magnetic fields is not suffi­

ciently wide /i kgs$ 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 - ~/ the diffusion coefficient is proportional ZJ ~ /<? '/(£8 
I' 



155 

/of course, 1) may depend also on other parameters, which 
ion temperature/. have not beeL analized here, e.g. 

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- I 

tisfactory 
the theory 

agreement between 
and experiments has 

" 

on the 

loT~r.(u)~" ("".u~) 
t B. (Alp) ,;1 (""J) 

t++~ , 
I : .t \··· 
o •• 

PROTO·CJ.£0 

(.2u.O;~Sr.) 

been yet achieved. In the "pI ato • LWr] <-I 
~ (O~" nR-J 

region the disagreement is as ~ .::~.". 
I ST (Pril1rd_lr}7; (~,,) 

1 arge as two orders of magnitude +-- ----;:".c;-, - - ---;--- - -;;;"- - - ,-;;;, • .----,-;;;,,c-:--:-

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 

,c<j.ll. 

the oscillations excited in the 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 
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 

• 

ID' /O~~(l") t;~("'J((j 
t B. (JlJt) r/{t"") 

of the insufficient plasma con- ,~. - -.~7-· ---./I;-;,.,.--

finement in magnetic traps. More 
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 "sup E!['banana" 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 Controll ed Nuclear 
Fusion paper CN-28/C-9 Madison, Wisconsin USA /1971/. 

2 R.A.E.Bolton et al. Pays. Fluids ~, 7/1971/ /Fig 11, p. 

1574/. 
3 Proto-Cleo data are not brought here as we were not able 

to find out '('(t) 
t":< 

• 



NUMERICAL MODELS FOR PLASMA EVOLUTION IN TOKOMAK DEVICES 

C. MERCIER, SOUBBARAMAYER 

ASSOCIATION EURATOM-CEA SUR LA FUSION 

Departement de Physique du Plasma et de la Fusion Contr61ee 
Centre d'Etudes Nucleaires 

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 solutions of the equations 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 equations 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 

phenomenological 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 quick interpretation. This last condi­

tion has been obtained in Fontenay-aux-Roses by visualizing the results on 

a scope. 

11 - HISTORICAL : The first numerical codes of this kind were presented to 
1 the Doubna conference (USSR) in September 1969 by Dnestrovskii et al . and 

the Fontenay team
2

. These first studies immediately show that ln order to 

get good orders of magnitude ln the quasi-stationnary state of Russian 

Tokomaks,it 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 
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in order to explain the rapid disappearance of the skin effects during the tran-
. 3,4 . . 

slent phase. The Rome Conference showed that thlS klnd of research was 

developing and was becoming more accurate. To 

new codes ,'ere presented by the Princeton and 

the Madison Conference, two 
. db' 5,6 Oak-Rl ge la oratorles ; 

the Princeton account much more complicated formulae obtained 

by Rosenbluth 

code took into 
7. h et al. ln t e banana regime. These formulae allow a first 

8 
exploration o~ pinching effects of trapped electrons predicted by Ware 

the "bootstraptf current . 

and of 
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At this same conference three attempts at the explaination of the sharp 

profi le 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 center5. 

b) The pinching effect of 

c) The functional form of 

8 
trapped electrons 

ff " 9 the transport coe lClents. 

Several works take into a ccount the pseudo classical law introduced 
. . 6 . 11 f ff' by Artslmovlch and Yoshlkawa or the electron thermal transport coe 1-

. . . . 5,12 
clent. The r esults are also very conslstent wlth experlmental data . The 

effects of the neut r als have been introduced in t he maln codes 5 ,1 3 . These 

neut r als are either cold particles coming fr om the wall or a beam of hot 

neut r a l s injected to heat the plasma, as for example ln the work of Dory 

et al. presented at the Kiev Confer ence (October 71 ) and of Girard presen­

ted at this Grenoble Conference. 

Other kinds of heating can be studied with these numerical codes 

0.8 for example the work of Brambill a. for' heating by TTMP done in CEN at 

Gr enoble. To conclude this brief resume one must note numerous extrapola­

tion works showing the conditions of ignition depending on the hypotheses 

made on the form of the transport coeffic ient s . 

III - EQUATIONS OF THE MODEL: A f lui d description may be adopted t o Slmu­

late the evolution of the plasma in a Tokomak. A very simple model consi­

ders the plasma as a mixture of two flui ds (electrons and ions) with 

electrical neutrality . The basic equations of the model include the 

continuity, the ener gy balance for electrons, the energy balance for 

mass 
. 14 
10ns 

the Maxwell electromagnetic equat i ons , 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 coefficient s and the expressions 

of particle and heat fluxes . The problem is completed by the data of proper 

initial and boundary condit i ons . Where do we now stand with the basic equa-

tions ? The particle and heat 

or derived from a microscopic 

fluxes may be either gi ven phenomenol ogically 
. 7 

treatment of the Vlasov equatlon . All the 

codes now on use are one dimensional and the equations have the general form 
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where G 18 a four compo'nent vector 

G = n 

T 
e 

T. 
1 

Be or J 

... 
M, a matrix whose elements are non linear differential operators and F lS a 

vector including terms characterizing sources or sinks of matter or energy. 

One simplified case of thi s set of equations has been given for example in9 

by negl ecting 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 f rom these neutrals. 

IV - NEUTRAL PARTICLES IN THE PLASMA AND THE CYLINDRICAL CODE OF FONTENAY. 

When a neutral particle penetrates the plasma, it can either 

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 q (r) be the number of neutrals proceeding to a collision 

(charge exchange) per unit time and unit volume. One can 

then easily establish that q (r) satisfies the equation 

where 2::' ech 

ds) dv 

and~ are the cross sections of charge exchange and lODlza­
lon 

tion, taking into account the relative velocities of the particles 

~ (v,t) =Z:- h+L L-t, ec lOll 

~'-r 
x)dx 

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 distributiou of velocities. As we use a complete 

theory for the neutrals, that is the velocities of ions leaving the point 1 
are not uni~ue (for example the average velocity at that point), we will 

handle ~ and not the neutral density as basic function. 

We also compute all the ~uantities which are t he "sourc e or well" 

terms in the basic e~uations of the evolution model. The code can also give 

the velocity spectrum of the neutrals leaving the plasma 1n 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 di stribution by a Dirac function 6( v-v) where v is the average 

veloc ity.The computations show that the di fferences 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 1S 

much better. The results of our computations are very close to t he calcula-
. 15 . . t10ns done by Cheglov w1th a Montecarlo method. Th1S 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 e~uations with very complex expreSS10ns 

for the transport coefficients can be achieved only by computational means. 

The r esults obtained during the transient period of the evol ution or at the 

final stationary or ~uasi-stationary state depend strongly on the choice of 

the transport coefficients. 

V.l -STATIONARY STATES 

We consider in this sect ion 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 e~uilibrium 



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, K , K. ,o<. , 'Tl are respectively the particle 
elL 

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 lS glven 

below : 

(N.C) Neoclassical transport coefficient 19,20,21 

(P . C) Pseudoclassical transport coefficient = C vee p2 I G,11 

( ) 
. . . .. 22,23 

P . SP firsch-'Schluter thermal dlffuslon coefflclent. 
v 3,16 

g (e)/Or Anomaly factors for the electrical resistivity. 

Z Multiplying factor representing an effective charge of lons . 

D=O means that we neglect the evolution of the particle density 

(simplified code). 

The notation (F . P.) means "flat profile" and (P.P . ) "peaked profile" 

All these models explain eQually well the experimental results . 

Though the functional forms used are Quite different, their average values 

are approximately eQual so that the overall Quantities 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 -TRANSIENT STATES 

V.2.a-Skin 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. Tbe 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 uS1ng an anomalous electrical resisti vi ty of the type Il ( e) or a pseudo­

classical heat conductivity K . But for the total elimination of the skin 
e 

effect 1n the short period observed, one needs a resistivity or heat conduc-

tivity very anomalous. For example we have used9 Ke = 5000 ~S 

when the shear is less than some given value. However, Duchs et al. 17 have 

shown that , to suppress the skin effect in large Tokomaks with current inten­

sity of Mega amperes r1s1ng linearily in 50 milliseconds, these anomaly 

coefficients are not sufficient (one needs a factor one hundred times greate~; 

one may predict then that the skin effect will appea~.But we 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 assumption of the heat conductivity dependent on the shear, 

which we use to suppress the skin effect 

can also explain the results of Mirnov's 

during the rising of the current, 
18 . . types . In th1s case the re1ncrea-

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 r eincreasing 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 K to 
e 

explain the behaviour of Tokomak discharges. This coefficient is quite 

probably anomalous . Using the neoclassical form19,20,21one obtains a proper 

stationary state with multiplying factor of order 30. As the present 

T aks · . 3/2{r ) okom are 1n the plateau reg1me we have K ~ nT -B' The temperature 
e 9 

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. 
2 2 

K = 5 nPee n 
PC 1:' - ,/m" . e vTe 

For the T3 exper1ment the values and of 30 ~C are roughly 
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the same, and this explains the similar results obtained. However, these 

two types of coefficients never gi ve sharp temperature profiles as observed 

on S.T . (At least without a large amount of external neutrals ?). We had 

suggested 
2 

at the Madison Conference the use of an expresssion of the type 
2 

n r 
VT Ba ) that is to say the Pfirsh and Schluter form of K for large 

e 
e 

values of 22,23 W .. \ . . 
q • e shall wr1te 1t 1\ ~S' We then get e1ther stat10nary 

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 

T -1 /2 (rB )21' n the ff' . . term transport coe 1C1ent. Th1S term decreases strongly 
e 9 

when T and the current density increase, leading to a reduction of thermal 
e 

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 ~C 1 This ratio goes to infinity in the 
-- ~--::2' 

~S r 

vicinity of the center of the plasma and it is sufficient to prevent any 

thermal instability. So with the functional form ~S the value of 

decreases with time until it becomes smaller than neglected terms 

which can then stop this increase of temperature in the center of 

K 
e 

of K 
e 

the plasma. 

This saturation might come neoclassical terms, but the simplest methos is 

to use the complete form of Pfirschand Schluter 

K = AK . ( 1 e Sp1tzer 
2 2 2 

+ 1,6 q ) ~W (1 + 1,6 q ) 
e 

B~ 
. h r '" 

W1t q = R Be . The obtained profiles are different depending on the 

value of q d e ge The stationary sharpness decreases as q d decreases for e ge 
the Spitzer term alone gives a very flat profile. 
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The numerical study of this law with).= 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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few milliseconds, it 1S possible to obtain with the same law both peaked 

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 1 (r) 2 . . 
aw 1n VT Be w1th the var10US parameters of the discharge. Fig. 1 shows 

e the electron temperature on 

two cases a) S.T. 

b) T3 

= 27 

= 17 

the axis as a function of time for 

KG I~max~35KA n~2. 1 0 1 3 
KG 1...( ~ 60 KA n ",10 13 

pmax 

the following 

and Fig.2 shows the profiles obtained in these two cases compared with the 

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 ionic temperature in Tokomaks 

and we will compare ire 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 K = 30 x K e e neoclassical 
Ionic heat conductivity K. = x K. 

1 1 neoclassical 

Electrical resist i vi ty "l = 2 x"l . classlcal 

We have plotted in Figure 3 the average ionic temperature versus the total 

current intensity for three values of the 

coordinates are used . The curve (T. ~ 
1 

Log 

particle density. Logarithmic 

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 

T", 12 

means that, for given Band n , the ioni c temperatures 
. z 2/~ . 

for banana reg1me and T ~ I for plateau reg1me. 

vary as 

Moreover, the i onic temperature, 1n the two regimes, is decreasing for 

increasing particle density. These results are to be compared with the 

formulae of Artsimovich 

T. 
1 

T. 
1 

(plateau regime) 

(banana regime) 

In the "plateau" reg1me, the slope 2/3 found in our computations is different 

from the slope 1/3 g1ven by formula (1). In the "banana" regime, the law 
2 T. '" I computed by our model is in agreement with the theoretical analysis, 

1 

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. 
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The explanation of these differences 1S due to the basic assumption of 

Artsimovich ' s analysis 
T 

1.6<~<10. 
T. 

1 

This assumption shows that the 10n energy balance equation 1S independent of 

the electron temperature. 

We have plotted 1n Figure 4 the ratio T /T . versus the current 
e 1 

intensity I for different values of the particle density n . For increasing 
o 

values of n , the condition 
o T 

e 

T. 
1 

is violated, S1nce the energy transfer from electrons to 10ns by Coulomb 

collisions is proportional to the square of the particle density . So for 

higher values of no ,1n the formula of the "banana regime" 

T . = 121 IB: A-:3/2 
1 g V~ 1 

the coefficient g is not a constant but a function of 

is plotted in Figure 5. A dimensional analysis may be 

n . This coefficient 
o 

carried out when 

T /T . = 1 + h e 1 

(h being a small quantity; this happens when no 1S high). 

In this case, it is necessary to use the 10n energy balance equation coupled 

with the electron energy equation. We find, for the "banana regime" when 

Te 

T. 
1 

~ 1, 

T. =), 
1 n a2 A.1/4E. 1/ 4 

o 1 

where A is a constant depending on the distribution of current and density 

over the plasma cross section.We may conclude this discussion by stati ng 

that the scaling law for the ionic temperature in the "banana regime" is 

I
T. = I211B. A.-3 / 2 

1 g V ~ 1 

2 R 1/4 
T. = A I (-,;:) 

1 na2 A;. 1/4 

(g and). are constants). 

T 
for ~ )1.6 

m .. 
1 

T 
for ~ ~ 1 

T. 
1 

(n small) 
o 

(n high) 
o 

Let us point out that the dependence of the ionic temperature on the atomic 

mass A. is different in these two formulae : It is much less sensitive for 
1 
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high values of the density n . 
o 

2 
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TABLE I : TRANSPORT COEFFICIENTS IN SOME NUMERICAL MODELS. 

Ref. D K K. 
0( "1 

Observations 
e 1 

, .3 (Ne) t(~(Ne) (Ne) ¥(e ) 1 (9 ) FP 

' 3 (Ne) t t ( e)(Ne) (Ne) 
, ~ (e) r ,=1 FP , 

with neutrals 

'3 (Ne) r (9 )(Ne) K(e)(Ne) t (9) qe) FP with neutrals. 

'2 (PC) (pc) (Ne) , '6 r 
PP- c =('O .SX10 13 

n 
)3/2 

5 (Ne) z(pe) Z(Ne) , Z ~ = 2- 4 ; FP or pp with neutrals 
or 0 ~h: 60efficients Ne are very precise i n 

the banana zone . 

2.4 0 A (Ne) (Ne) , z .,(e ) A ~ 30 ;z = 2- 4 

FP 

9 0 A(PS) (Ne) , z A il. 2000 ; Z = 2-4 

FP or pp accordi ng to the regimes. 
Nov with neutrals. 
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LASER CHF..ATED PLASMAS AND CONTROLLED THERNONUCIEAR FUSION 

by 

J . L. BOBIN 

Commissariat a l'Energie Atomique, Centre d'Etudes de Limeil 

B.P. nO 27 94-VILLENE'JVE-SAINT-GEORGES, FRANCE 

Abstract : Up to date data about lasers and laser created plasma experiments 

are given. Possible mechanisms leading to neutron emission from such plasrnas 

are discussed. Proposals for the use of laser created plasrnas in control­

led fusion systems are reviewed. 

1. Introduction 

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 is 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 is due to the fact that radiation at optical frequencies is 

easily concentrated by a lens or a mi rror. Flux densities <J> up to 101~l/ci 
are thus obtained. If this energy is communicated to some motionless matter 

with a high efficicncy, the subsequent energy density is somewhat greater 

than the corresponding instantaneous cj)/c. 

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. Hip",h p01<er laser da ta 

So far, three laser materials have been used for delivering high 

powers: ruby, neodymium glass and gaseous CO2 , fr~e to its prohibitive 

cost ruby is not suitable for fusion research. The principle and operation 

of gi~~t pulse Nd glass laser and TEA CO2 lasers are extensively descri ­

bed in the litterature • So we shall restrict ourselves to the latest ma­

jor improvements ~1:1ich allow experimentalists to get the laser performances 
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listed in t.he follo\'ling table ; 

Table 1 : High pOI'ler laser data 

I Operating mode Ruby I Nd Glass TEA. CO
2 

I 
I 

691,.3 run I 1.06 p.m 10.6 ~m 

1 
, , 

~ Supcrradia..'lt -
I 

1 kJ 1 t'-s 300 J 100 ns 

1

10 
I 

Q 5,:"i tched J 5 ns 1,3 kJ 15 ns 50 J 50 ns 

I, I 
I : Q s·,'ti tched + 

' external shutteri 1 J 1 ns 
I 125J 3 ns 

!<lode locked 20 ps 50 J 2 ps 4 J 2 ns 
500 J 100 ps 

Nd gl2.SS 

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 MOSCOH) and at the same time improve the oscillator (NRL in Washington 

DC) ~~d the efficiency of the last amplifying stage (NRL in Washington, 

L.R.L. L~ 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 Hith the light of flash 

la.C1ps. Due to t.'1e high absorption, only the outer part of the rod is effi­

Ciently used in laser action. The trick used to get rid of it, is the disc 

amplifier originally designed at Livermore : both optical pumping and 

extraction take place through 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. 

disc linear flash lamp-------..... 

~--~~~-,~------~--------~~----~p 

~_ .... __________ .. - - _J,i,. _ ____ ... _ _________ ... _.._. 

Fig. 1 Principle of the disc amplifier 
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0:1 the other hand, nc-.'Ily devised oscillators deliver stable pulses 

of controlable shape with a gaussian illumination distribution in the beam 

cros.s section. 

Nd glass lasers of 10 kJ in the nanosecond or subnanosecond range 

arc expected by 1975. 

Tr~r.sversc Electron Ptt~DinG at Acmosnheric Eressure CO2 laser 

Such lasers look very attractive : their efficiency is comparati­

ve l y high (> 10 %). The internal breakdown threshold is low but since the 

ac tive medium is gaseous, the damages are not serious. Furthermore pumping 

by clectrons can be efficiently performed even in large dia~ter devices. 

Various geometries were successfully tested. The double discharge system 

oriGinally devised at C.G.E. ~larcousis, gives the higher po· ... er obtained so 

far : 3 G'!l from a superradiant 7 meters long laser set up at NRC Ottawa Ll/. 

Ano~~er promising method under active research and development at Livermore 

and Los Alamos, uses lOC keV - 1 MeV electrons to preionize the active 

medium. Thus high presure gas (up to 20 atmospheres) or larger volumes can 

be pumped by t."1e main discharge (fig. 2). The extracted power is then 

significantly increased L2/. 

The TEA CO2 laser is only 

4 years old. Performances are rising r---~--, 

rapidly and 10 kJ systems in the 

100 nanosccond range migth be avai­

lable \':i thin two years. l'loreover 

since mode locking almost sponta­

neously occurs in diffraction 

limited oscillators, single pulse 

extraction by an acousto-optic 

modulator would allow amplification 

of a nanosecond pulse up to 20C GW. 

Se:-·} nro~ising nei': corners 

T.~er0 is no b~~ic physical 

r eason .... lhy higr~ pm'fer laser action 

shculd be restricted to neodymi~~ 

ela~fi ar.d CO2 - Active researches are 

7-

Fig. 2 

2 
3 

4 

5 

6 
TEA CO;? laser >lith electron 
beam preionization 
1. field emission cathode 
2. vacuum 
3. thin Titanium wi:1dow 
4. grid 
5. high pressure gas 
6. anode 
7. main capaCitor bank 
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carr~cd on in order to get laser emission from new materials. Some recent 

pcsul ts are worth mentioning. Giant pulses of 1.2 GW were obtained from mole­

culo.r iodine pumped by chemical reactions. The wavelength is 1.315p-m DI. On 

t he other hand, the laser effect in the U.V. range was observed with various 

devices : L~ molecular hydrogen pumped by a travelling discharge L4/, stimulated 

emission was obtained at 160 nm and 120 nm. Delivered powers are still below 

1 ;·Tl'l. Finally, electron beams pumping of high pressure xenon creates an exci­

ted state of the X~ molecule. Stimulated emission at 150 nm might occur and 

was actually observed at Lebedev Institute in Moscow. The power is about 

10 ;·~ .. I and the efficiency looks attractively high () 50 %). 

3. Interaction of laser beams Hi th deuteriated tarp;ets 

\o!hen a laser beam impinges onto a cold solid state material, energy 

and momentum transfer from radiation to matter eause the latter to be heated 

and set into motion. If the target is located in vaeuo a radiation wave of 

the flame type will appear. Its properties were extensively investigated 

both analytically and through computer experiments. 

Only the main results of the theory will be stated ar.d compared 

with experirr.ents. In most experimental set-ups a Single Nd glass laser beam 

is used. Light is concentrated by a lens onto a massive target : so~~d D2 

(Limeil, Rochester, Nagoya, Garching) or deuteriated polyethylene 

(Livermore, MoscoH) or lithium deuteride (Sandia laboratories at Albuquerque, 

MOSCOH) . 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 Has built at the Lebedev Institut~ MoscoH L5 I. Experiment 

Hith CO2 lasers are still in a preliminary stage (Limeil, CREN in ~lontreal). 

In many of the above quoted experiment neutrons were detected. 

However the numbers are quite low : 102 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 is given on the folloHing 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 Ti 

Streak camera x 

Interferometry x x x 

X r ay emission x x 

Reflected light x x x 

Light scattering x x x 

~lass spectrography I x x x 

Neutrons I x x 

Collecting the results from different laboratories one may state 

that with fluxes about 1014 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. 

No"" 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 a!"'.s~JCr the first question. AssUI:1e the heat wave is the dominant heating 

pr ocess. The evaluation is simpler in the case of short pulses depositing 

instantaneously an energy \'lA in the focal spot 1..6/. 
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Suppose the te~perature is constant between the focal spot and the location 

r o~ the hemispherical wave front. Then the heat equation is 
p 

().l ) 

the energy conservation equation is 

_ "\/fA 
- 2~~3 

Te. + T, ().2 ) 

and the relaxation between ions and electrons is described by 

d.T,· _ 1. Te -T.' 
o..t- - Ta.$/2. 

().)) 

(b and c are constant determined from general properties of plasmas). 

If the above equations 1ll'e solved for Ti one finds for this parameter 

a maximum value 

(a is a cons.ant) ().4) 

The thermal wave is taken over by a rarefaction wave after a time 

().5) 

at a position 

"/7 
.,. (7.),. S ~ (d and g are also constant) ().6) 
-I" 

These two last equations define the hot region of volume ~oC r) in 
p 

which thermonuclear reaction might occur. Their number is given by 

where (c v) is the thermonuclear reaction rate which in the range 

0.5 - 1 keY is proportional to T: 5.S 

Hence in a time interval ~ t 11. 't a number of reactions proportional to 

().8) 

On the contrary in laser driv~n flame there is a definite relationship 

between t11e plasma temperature and the incoming flux. For instance in 

the case of Nd laser light and deuterium one has L7 / 



-

Ecncc the proportionality 

- 14 
\0 

( q)A absorbed flux) 

\'ic.C:1 sueD a regime is set up the hot plasma is not uniform. The cut off 

de;1si -:.y a-:' "Ihich mos'!; of the radiation energy is absorbed is located li.n a 

rather steep density gradient. Electron thermal conduction is a strong hea­

ting mechanism for an overdense region the thickness of which is LS/ 
Ti'L 
Ni: woit 

L (3.10 ) 

Since the number of thermonuclear reaction is proportional to n i
2 it is 

expected that most neutrons come from the overdense region. Then ().7) 
in the plane case reduces to 

Hence 

().11 ) 

~ ~ T S•5 
" ... co(.. l, , ' I'" ,.... , , T 1,5' ~ S .., r- 5 

': . "" a( VoJA , A () . 12 ) 

~; 

Experimental results yield for the 

number of neutrons versus the absorbed 

laser energy the plot of fig. ). These 

results were obtained with short 

I 
I 

I , 
~ , 
, , 

1. focal s pot 
2. focal spot 

(2 - 4 nsec) pulses 

ding edge (a factor 

with a steep lea-

5 105 in 1.5 nsec 

100 f-" m The occurence of a thermal 
150 i'" m 

wave is indirectly confirmed by 
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thermal wave 
-~ 

, , 
, ';...--.... 
)4 " t t 

: laser driven flame : thermal : rarefaction 
~ »b __ ~w~a~v~e~ ____ ~~. ________________ _ 

Fig. 4 ; Possible heating mechanisms during the laser pulse 

interfero~etric measurements of the electron density L9/. It was found that 

the density of the plasma expanding outside the target is >Tell below the 

cut off. The cut off density is thus inside the target whereas it would be 

about 100 f- m outside if a radiative flame had ·time to build up. 

The origin of the observed neutrons is still unknown. The numbers are 
6 too small to perform any spectroscopy. The highest reported number is 2 10 in 

the spherical experiment of the Lebedev Institute. 

If the neutrons were not of thermonuclear origin, they would be due 

to some instability associated ~Iith non linear absorption of laser light by 

the plasma and this is the second crucial question. Many theoretical inves-

tigations were reported about these non linear effects non linear free free 

absorption, ano~lous heating, stimulated ion acoustic wave generation, 

sti~lated Compton effect, harmonic generation ••• Some have a definite 

threshold ~~e predicted value of which is about 1014 w/cm2 for 1.06~m (Nd) 

li&~t and scales as the laser frequency squared. Others have no such 

threshold but might influence the exchanges of energy when the flux is above 

that same value. Evidence of non linear effects was obtained at Limeil L10/ by 

detecting second harmonic generation both in 90 0 and 0 1800 directions >Tith 

respect to the incident light. Also the detection of hard X rays inconsis­

tent with thermal radiation at the expected electron temperature might be 

a~ evi<ie::1ce for non linear interaction. The following table 3 summarizes 

t i1e con.'1ection bet~ieen experimental observation with linear and non linear 

interaction of laser light with a plasma. 

For any fusion dev~ce using lasers as a plasma heating process it 

is certain t~at ni&~er flu:<es will be needed. Then non linear effects are 

G): pected to beco~e do~i~~~t. So they miGht be the essential topic in inter­

action physics for the coming years. 
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Table 3 

, 
i Linear non linear , 

I Expanding plasma X 
I 

I High reflectivity x 

Fluctuations of reflectivity i x 
--.. -

Satellites on the Stokes side x I 

Harmonic generation x 

Soft X ray emission x 

Hard X ray emission x 

Neutrons x x 
I 

Hig.lUy charged ions x I 

High energy ions x 

4. Anproaches 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 conventiDnal 

confining device ; long wavelength heating and pellet explosion which both 

depend more tightly on interaction physics. 

L0npj \iavel ength heating 

This approach deals with magnetically confined plasmas. Fusion 

conditions require a temperature of about 10 keY. The needed magnetic field 

should be at least ( ~ = 1) 

., ,.--­
S.lO 'lIO\") 
(n in cm-3, T in keY) 

(4.1 ) 

0cstr~ctive methods have becn able to yield magnetic field up to 25 megagauss 

\';:ocr"as non destructive methods are limited to about 1 megagauss. Therefore, 

the censity has to be less than 1018 cm-3 . Predictable teChnological impro­

ve;;-,:onts m~g.'1t alloN one to confine a 1019 cm -3 plasma which is the cut-off 

for CO2 laser light. 
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Then one may imagine first a confined plasma column with density 

in the 
16 18 -3 rar.ge 10 - 10 cm produced by any kind of known process. Laser 

light propagating in the axial direction is absorbed. Subsequent 

"superheating" of the plasma occurs and conditions to get fusion were 

determined after detailed calculations Lll/. 

Asslli~ing 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 is 0.1 the cut-off value . However, 

inverse bremsstralhung is not so good. The absorption l ength given by 

(4.2 ) 
3.$ lD~ 10 1/" 

lj~ >.tL. 
is exceedingly long and an efficient system would require a plasma column 

about 1 ~~ long to absorb 10~ laser radiation unless a multiple pass 

device is set up. Erhanced light absorption through non linear effects 

YJould ma::-kedly reirlforce tile interest of this scheme . 

Now, it is well known that light absorption increases sharply 

at densities close to t.'1e cut-off : denote by CV the plasma frequency. 1/ 
p ~ ~ t 

Actually in (4.2) tne rig.'1t hand side should be multiplied by (i -WIf>/W .. ) 

1-1oreover anomalous absorption is more likely to occur at cut-off. Hence the 

idea of usL~g a plane one dimensional laser driven flame. The magnetic con­

fine",ent helps in maintaining the geometry. Its value must be sufficiently 

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 L12/. A preliminary experiment with a 350 J, l~sec CO2 
laser and a magnetic field of 1 megagauss, looks feasible with present day 

technology. It would create a 1 keY plasma in the laser driven flame. 

Pellet cxolosion 

Tnis proposal was made as early as 1963 L13/. It is the most con­

sistent with the above stated property of laser light to be concentrated 

and yield high energy densities . Basically a small spherical speck strongly 

irradiated in t.'1e focal volume of one or several converging lenses is 

instantaneously neated to thermonuclear temperatures and is expected to 

react before it expands and cools down. Actually things are not so simple 

the heating mechanism takes time and detailed calculations grounded on a 



GC ~.~: ':' l cc. an.:-~lysis of the interaction physics are required. Starting from 

(~l ~·;,-c :-C:1-t. assUj";lptions the r.1any theoreticians who studied this problem 

st~onsly disQgrce on the minimum energy needed and 

(inctially in the solid stQte). Results are in the 

wi th a marked peak at 109 . 

the size of 
8 range 10 -

the pellet 
12 10 joules 

./\n important parameter in the problem of fusion by pellet explo­

sion is the initial density. As it is ... ,ell known, for a given mass of fuel 

the nu~bcr of thermonuclear reactions scales as n. 2 whereas the deconfi­

nins ti~e scales as n i - l / 3 • Obviously the higher ~e density, the larger 

is ~~e n~T.ber of nuclear reactions before the compressed medium blows apart. 

It can be ShOl'll1 from simple minded ideas or from a more sophis­

ticated analysis L14/Ll5/ that the minimum energy to be communicated to the 

pellet is 

(4.3) 

H:cere ns denote solid state density and k is a coefficient the value of 

Hhich depends on the physical mechanisms investigated and on fusion cri­

terions. For instance k would be 2 108 joules 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 

more reasonable value for k might be 109 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 103. Vie know from 

the analysis of the laser driven deflagration that material pressures 

higher th~~ 1013 baryes can be generated and were actually obtained in 

interaction experiments. Such pressures are still unsufficient to compress 

& solic pellet up to a verJ high density. HOHever, detailed calculations 

' .. 'ere rr..:lde by J. NLICt:OLLS and his co;;orkers at Livermore Ll6/. They shoH 

t:cat hiGh energy subnanosecond pulses of Nd glass light Hould do the job. 

The energy rQnSc for breakeven (energy released by nuclear reactions equal 

to the l aser beam energy) is 103 to 106 joules depending on compression. 

Fln~lly it should be noted that the higher the laser frequency the easier 

r.1s:-. p:'8ssurcs are produced. 
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Conclusion 

Requircrr:ents for lasers corresponding to both reviewed approaches : 

lonp; l·:avelengt.'1 heating and pellet explosion can be swnmarized on the follo­

l-:ing table. Up to date data concerning TEA CO
2 

and Nd glass laser are also 

given for comparison. 

Table 4 Laser requirements for breakeven 

I Heating of 
TSA Pellet , confined Nd 

! plasmas CO2 
Explosion 

, 

I I Efficiency I 30 % 20 % 10 % 1 % 
t ! 109 J 

103 107 _ 109 J 300 J 
n=n 

J 
Energy s, 03 

n;l03ns 1 J 

Power 1011_ 1013 \4 109 \4 » 10
12 

W 10
10 

- 1013 H 

\'lavelength .> 10 I-\. m 10 p...m 100 - 200 nm 1. 06 I-'-m 

Except for the case of pellet explosion after compression the 

energy gap is still quite large, In the latter approach the gap would 

rather exist for the pOTders. However, due either to the high temperatures, 

or the high pressure driven flows already available in experiments on 

laser interaction Hi th matter, many advances can be expected in two domains 

first, a better knoHledge of the interaction physics under high f1uxes, 

specially of non linear phenomena. Second, creation of p1asmas,parameters 

of which 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=O 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. 
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The detailed observations reported at the Madison Conference 
and later (ref.1,2,3,4,S) 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 Dense 
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 assumptions. -
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.S) , whereas ion acceleration 
mechanisms are likely to be of paramount importance in the "low 
pressure" regime (ref. S, 7) . 

2.MODEL. 

One of the striking observa­
tions is that most of the Deu 
trons are emitted some time 
after the collapse on the ax 
is. For the Frascati machine 
(fig.1) (a rather typical exa 

Ill !illll 
IIWllSII:5 

~---.j.~-_o" .&J 

mple of the high pressure re- 0,'" I 

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 ,G KeV, 
density ~ 2.1019 , life-time 
~ 40 nsec, whereas the main m l{lj If" I'IIE UKllNUUl (JIAIIIEI 

neutron emission comes later 
f =:;: 60 nsec) from a plasma which FIGURE 1 
is more extended (radius ~ 8 mm), hotter (6+10 KeV) , mor e tenu~ 
us (n =::: 1018 ), and of longer life-time (~100 nsec). Th e neu­
trons are mainly of thermonuclear origin ("moving boiler" who 
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se axial velocity::::l07 cm/sec), the minority (~20%) resulting 
from a beam-target interaction (beam of~lOO 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: 
the dense plasma column at ma 
ximum compression (fig.2a) is­
disrupted by macroscopic m=O 
instabilities (fig,2b), (ref. 
2,4). The radial extension of 
the plasma increases, n goes 
dow~,and the magnetic field 
gets mixed up with the plasma. 
This is the "dark" pause (fig, 
2c), (ref.l), during which 

Pinch at tM end ot collapse 

n- 2·10" cm- l • T, - 1.6 keV 

.,~ , I'TVTl h,_IO mm 

First neutron burst 2 10' 

I 

~} 
..el-

l , 

Diffused low le!T'4=lluature 

plasma column 

End of !orst ~utron bur",t 

-~t-

la 

It 

Destruction ot plasma column by 

m = 0 MHO 'nstab~lty 

t 
[b 

o.Uused high t"mp,zratunz 

plasma column n_l0" .T. _7keV 

t,- 15 mm . hl-lO mm 

SecOl1d neutron burst 2, 1010 

,J.C J 
B.~h' 

,, ' 

I, ra 

the plasma column stores in­
ternally the magn~tic energy 
which was present in the vici 
nity of the pinch; the resi-­
stivity is so low that this 
energy is not converted appre 
ciably into thermal energy, -
At some radius of expansion, 
the conditions for onset of 
turbulent heating are satisfied 

A SCN1mahc re~sentahon 01 th:! ooution cl lIw pasma cdum alter maxl-
IT'IJI'T\ CQI'T1pre!'oslO"l 

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.l,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 instruntof collapse: 

12 = 4 NkT (T ~ T, ) (1) 
e 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 rl to r2, diffusing across the magnetic field, so that, 
when it reaches radius r2, the magnetic energy per unit length 
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W _}-'-o r 2 L r". available inside the plasma is: ~- ~ .. "' . o~r (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 
T2 is related to the former T1 by: T;=Tt(1+4/3 Log r 2/r1 ) (3) 

so that the ratio Q of the maximum rates of neutron emission 
during the second and first bursts is: 

Q= ('I"V>'l..(1'l2)'l.(r2)2 = <<f""/. ,(~)2 
<-:;-\1/, Yl, 11 <"Tv>, rQ. 

as 

From (3) and (4) it results that, for a given T1 , Q is a func­
tion of r2/r1 only. Fig.3 sh~ 
ws how Q varies in function 
of T1 and of the expansion 
ratio. The observed value Q 
~ 4 (ref.1) fits well with 

the temperature T1 = 1.5-2 KeV 
and expansion ratio r2/r1 ~ 4 
(ref.2. paragraph 5) observed 
experimentally. In these con­
ditions, eq . (3) gives Te~6 KeV, 
which is consistent with what 

Q 

5 

5 keY 

5 10 ~2 /~, 15 

has been estimated (ref .1, 10KeV) 
or directly measured (ref.2, 
9 KeV). 

Multiplication factor Q of the rate of the neutron 

emission vs the radial expansion of the plasma 

4. COND IT IONS 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=O 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~heatL~ng: '" no'lILlTd _)-Co db<r 

G = /R = ,-t} 2..nA 2.iTAbtr - 2: 
Assuming that b is of the order of the skin-depth correspon­
ding to the time 7: (it can be checked that this is equivalent 
to assume b= ~ a , which seems reasonable), one has : 

IT 

b .~ [ 1r~~" T/£. so that I:: = f'-co"-fS:/'iT 

Taking for er the classical expression (conductivity in pre­
sence of a strong magnetic field, at a temperature T 1 /?.=O . BKe,V, 
as there should be some kind of equipartition betweehLhermal 
and kinetic energy in strong turbulence), it comes: 

and 

().::=4 " o' 
3 

'(; :0: 5 a2 
(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 satisfactory to note that the 
Larmor radius of a 1 KeV deuteron in a 1 Megagauss field (0£ 



186 

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 1 to '2 whereas the current diameter2.o(rdecreases (0< < 1 ). 
Then, assumlng that the plasma density is constant across r: 

I ~ <>< '2. N. Q • vd ( 5 ) 
where vd is the drift velocity of the e lectrons. 
Eliminating I between (1) and (5) gives: 

c.(,4 N = !± . Y'Y"\.,. • (-Ut:h~) "-
~ e.J. l.d, 2-

Numerically: 0<4 N ::0 S.i"'~ . L"'"'he/''dr, (ions/cm) 
where the thermal velocity of the electrons Vthe 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, io~ 
acoustic instability would develop w?!'ln "d/V-th<~ [me/M~r/'- (6) 
which implies: 0<" N.!S Z.IC " (7) 
and, as N ~ 2.1018 , o<.~V3 
Then, when the radius 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 
wp~ /Me/",c)'le , 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 Te»Ti, 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 Ti~ Te , and it seems -
that electronic cyclotron drift instabilities could be invo­
ked in this case. To be noted that, for '-"'pt :;0 52."0 (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: 

1
1,," ~ dt\= l + Jo" g:..:r.d!: (8) 

1 • 1 
Up to a time t correspon 
ding to the onset of tur~ 
bulent heating, it is le­
gitimate to assume that 
the contribution of the 
resistive effect is negli 
gible so that: J <: . -

udt 
L:: " (9) 

At time t
1

, maximu; of the 
first neutron burst, re la 
tion (9) is certainly hoT 
ding, and one finds inde~ 
ed a good agreement bet­
ween the value of the in­
ternal inductance of the 
experimental chamber dedu 
ced from (9) (60 nH) and­
that calculated (50 nH) 
from the geometrical di­
mensions of the pinch 
(r= 2 mm, h=10 mm), ta­
king due account of the 
additional inductance of 
the remaining of the cur 
rent sheath and of the -
experimental chamber. 
Fig. (4) shows that after 
the time t~the quantity 
iJu"V.Jt/I/ is 
continously increasing up 
to a time t'~ slightly p~ 
sterior to t , maximum 
of the second neutron 
burst. 

470 kA 
Of..lOolrO..------,c50!;r0..-------t(ns) 

dI 
at 

-t-' 

3.610" A.s-' 
OL---~---~ 

J Udtt 

3.610-
2 V~~L-------_. t 

7.85 ~~t~ • t 

I f~dt It 
20 nH.~ OL--------_. t 

dN°1 
dt 

• t 

the e­
the PM 

Time correlation between 
lectrical parameters and 
neutron signal. 
Inter-electrode gap : 7 cm 
Initial conditions: V = 32 kV 
p = 1.1 torr D2 

FIGURE 4 
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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 li"U.dt/I I must be interpreted in 
terms of a resistive effect (turbulent he~ting). The value 
of the energy absorbed in the process (Jt".'R.l1dC1gSld) 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 T2 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 ~-2 
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An examination of fig.3 shows 
that such a dependance had to 
be expected provided that the INn 
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 valu e 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. 

10 

20 

. .. 

-. 

It is interesting to remark 
that the same ratio Q~ ~ Q" 
is observed for the rates of 
X-ray production when the 

Total 
delay 

neutron 
between 

bursts. 

yield vs. time 
the two neu -

X -rays are filtered by 4 mm tron 
of lead. In absence of lead 
shield, such a correlation be 
tween Q6 and Qn is not observed 
this excess of ~ or X rays 

FIGURE 5 

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 
show n in fig. 6 are produ-
ced by (nJ~ ) processes in 
the walls of the chamber 
( ~ 700 KeV) . 

6. INFLUENCE OF A BIAS MAGNE­
TIC FIELD. 

It is a well known feature 
of the plasma focus experi­
ments that the application 
of a bias axial magnetic 
field has a net negative 
influence on the -neutron 

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 
inside the sheath and the­
refore that its final value 
Bf can be deduced from the 
flux conservation law : 

(Q ~ ~ 1), which means that 

till 
dt 

a, 02. n. r\.z. 

H H 
t 

P. M. signals of ¥ rays and fleu 
trons emitted from the DPF at 
a distance of 8.5 m. A 
shield is placed at 4 
DPF and PM. 
Neutron output 
Q = 3.8 

n 

FIGURE 6 

4 mm Pb 
m between 

-2 
B() -:: l- r~vc v " J . BG -v \ 0": 8., 

f ;7If'\lod~ 
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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10' 
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(fig.7). This sharp fall is associated with the disappearan 
ce of the second neutron burst (fig.8) as well as with the 

• • 0 - 0 

0 
0 -

100 200 :m 400 

• 
0 

500 600 Bo(Gauss) 

a) 

b) 

PM signals wit h and wit ho u t the 
initial axial magnetic field 
a) No magnetic field 
b) 300 Gauss 
Initial conditions: 32 kV, 

Neutron yield vs. the initial 
axial magnetic field 

1.1 Torr D2 

FIGURE 7 FIGURE 8 
observation of a more stable and longer living pinch - like 
phase (fig.9). Increasing the field has no further inhibiting 

Time correlation between a typical neutron signal and 
framing pictures of the discharge. An initial axial 
magnetic field of 300 Gauss is applied . 
(10 ns e xposure time-visible light) 

FIGURE 9 
effect ~t 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 Bz is comparable to the azimuthal field B~ 
(typical value ~ 1 MG) . This stabilization prevents the for 
mation of the M.H.D. m=O instabilities and hence the subse= 
quent turbulent heating, so that the second neutron burst 

189 



190 

disappears . For much higher Be fields (103 Gauss or more) , 
the magnetic pressure associated with Bz 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 
(f i g .10) shows .tha t : 

a) qualitatively, the mecha­
nism for neutron production 
seems identical (two neutron 
bursts, the second one acco­
unting for most of the emis-
sion), though occuring on a 
contracted time scale (dark 
pause twice shorter); 

b) the time evolution of the 
inductance, as deduced from 
the electrical parameters, 
remains the same, though the 
absolute value of the induc­
tance is smaller (37 instead 
of 60 nH). As a check, the 
usual kind of computation 
based upon the evaluation of 
the geometrical parameters 

has been performed, giving a 
reasonable 30 nH; 

c) the final phase of the 
whole implosion occurs soo­
ner for 2 cm that for 7 cm 
because of the smaller induc 
tance and correlative higher 
current applying higher La­
place forces on the current 
sheath when it reaches the 
interelectrode region; 

d) the same 1/&' dependen 
ce of the total neutron yi 
eld with respect to the de­
lay between two neutron 
bursts holds (fig.ll) . 
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Time correlation between the e­
l ectr ical parameters and the PM 
neutron signal. 
Inter-e lectrode gap : 2 cm 
Initial conditions : V 32 kV 
p = 1 . 1 torr D2 

FIGURE 10 
From (fig.lO) one can evaluate again 
absorbed in the turbulent heating of 

the amount of energy 
the plasma. It appears 
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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 electrode;; spacing it 
can be evaluated that the INn 
expansion needed in the I Nnoc 1/~11 
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. 
It is likely that there 
is an optimum height bet­
ween 2 and 7 cm for which 
the advantage of a smaller 
inductance is not yet ba­
lanced by the negative in­
fluence of the reduced 
height of the reactive re 
gion, which already shows 
up in the 2 cm device. 

8. INFLUENCE OF THE POLARITY 

• 

20 

Total neutron yield vs. time 
delay between the t wo neutron 
bursts. Interelectrode distan 
ce 2 cm. 

FIGURE 11 

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 currentdensitiscools 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. 
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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 explanation for this polarity effect. It can 

q 
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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 Q pposi te direction in 
the reversed polarity case. 
One can then expect that 
in the second case the elec ~ 
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 
play an important role in 
the final phase of the col 
lapse. 

9. SCALING LAWS FOR OPTIMUM 

(+1 

~----------------~e 

(-) 

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 
Ra and height H of the experimental c hamber , filling density 
no, voltage of the bank Uo ) in function of the energy Wo sto­
r ed 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} 

cw . t --"_ .- c- (10) R!;t f1D -
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 
p l asma layer: 

o~ magneti c pressure 
0( 

I '2/ R ~ 
0( 

Wc 
mass pe r unit area he Ro L n, Rg 

and ")5:: 
distance Rc 

time "-
c>( where L is the total induc-Le tance of the system. 
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- Provided the temperature T2 at maximum neutron production 
is proportional to the temperature T1 at maximum compression, 
condition (b) writes: n Z ~ "0 - c- (11) 

He -
The heuristic proof (see ref.14 for demonstration in the case 
of a Z-pinch) is: n 1. n'L RL 

2- , ("0 J _K. v( 0 T; <>( V'" '" t ,. & ,0" <>( t c "" < 0( Le H C. 
From Eq.3 and asr2/r1equals a few units, T2 is approximative­
ly proportional to T1 and equation (11) holds. 
- Conditions c) should give two relationships to determine 
completely the solution. A rather obvious choice is: 

VVo/Rt =- CP (12.) H" CS (13) 
Then, the energy and currentdAnsitieson the cylindrical elec­
trodes and insulator remain unchanged, and the Paschen condi 
tions for breakdown are the same (Hno = ct). 
- From equation (10), (1]), (12) and (13) the following scaling laws 

are o,;>tainwed :/lz. H /' l:; C -J W.- ,to ,_ to 
"co<. 0 ::.'-- V\ ~ 0=-c- "'0"-<..--

- The neutron output is: N2.""'- (<:TV?, n~. r;, /-1, btQ. 
where n2 is the plasma density and 6t2 the duration of the 
second burst of neutrons. As, following our model,the plasma 
is then radially unconfined: 6tz 0( T'". T 2-'1.2. 
On the other hand, if the snow-plough efficiency is the same 
in all machines; n2 r~ 0( no R~ , ('1"'.-> 'Wo

2 

Taking into account (10) and (11), it comes: N 2o( T!l.1,.' H.r2 (14) 
The optimum temperature for DD reactions is 9 KeV (maximum 
of<:.v> ;,-';' Then, from our scaling laws: N2, "" w;/rz (15) 
It is difficult to evaluate how r2 scales with Wo. Two plau­
sible assumptions are: 

rrQ. ~ c.1: - ras the implosion velocity and no are con-
(16) ~ n ~ .,.'hlstant; 

r'2.~ "o .... ,\lv ... 

One should then expect the neutron yield of optimum machines 
to vary as W~ , 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.ll,~, 
as well as r2 (eq,16), and from eq.14, N2 should vary as W2 , 
which is does. Keeping U constant, and varying C and no, R2 
should vary as W2 only if T2 is c~ose to the optimum tempera­
ture of 9 KeV, f8r which <II'"v/,,\ -'.' has a flat maximum. In our 
device, it is believed that T2 is not far from 9 KeV, and in­
deed N20( W2 •5 • For "colder" plasmas, increasing C would be 
less advantRgeous, and could even be deleterious. 

11.0NE 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.13 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 
scharge and dynamical col-­
lapse . The same calculations 
show that the temperature 
T1 at maximum compression 
remains constant (within 5%), 
as expected. 

REFERENCES 

1) Ch . Maisonnier et al . Pla-
sma Physics and Controlled 
Thermonuclear Research ,Vol.1 
p . 511 , 523,Madison (1971) 

2) N . J . Peacock et al . Ibid 
p.537, Madison (1971) 

3) N .V.Filippov et al.Ibid 
p . 573, Madison (1971) 

4) V . A. Gribkov et al . JETP 
Letters 15,329 (1972) 

5) A.Bernard et al . Madison 
Vol.I p.553 (1971) 

6) M.J.Bernstein, Phys.of 
Fluids,13,2858 (1970) 

7) P.Cloth et al.Proc . of 
VI Symp . on Fusion Technolo­
gy, Aachen p.525, (1970) 

8) D . E . Potter , Phys.of 
Fluids 14,1911 (1971) 

9) W.H.Bostick et al . Second 
Topical Conf . on Pulsed High 
Beta Plasma , Garching (1972) 
Paper E 3. 

10) D .Forslund et al . Madison 
Vol.II , p.277 (1971) 

11) M.J .Bernstein et al. Phys . 
of Fluids, 14,1010 (1971) 

1/2 C v~ c 115 kJ p E­
Uo " 40 k V ~J"O>",""-' 

a) o. 

05 

1/2 CV~ c 960 kJ.L-:le 
Uo = 40 kJ T ~ 

Lo= 7 nH 

Lo" 12.7 nH 

" 

~50 
~m 60 

J(MII) 

B,em,,­
dNldl 

" 

2.5 t{j;s«l 

B 

11/. 

" J 
m.IT,--,c;-----,--,- - ,- -,-----,-----,-, [(MA) 
In c V~ L1LQ Brem'i 

dNldl 

o. 

b) 0 

L,!-_-!--_-+_---+ _ -+ _ _ (-_~ I{j; .. ~) 

Fog 11 

Computed ohariIC lwshc c .... "",.., rolal"" 10 ~) t .... •• ",10"9 liS kJ . ' porm«nl b) lhe prOJoctod 

960 kJ oXP"',imlrnt 
W .... r. 
A 1$ I .... 0"'''91 n t .... cendons .. bank . B ,$ Iho' curront ,C IS I .... Iotal nduclanco 01 t .... 
<.-cUI! . 0 ... th. total Br.m,.-.stfilNung powo:, (arllljfa'y ....,..,..,) E IS Iho' noul ron omissIOn 

por ....,.. I""" (arbitrary cn!s) 

FIGURE 13 

12) J . W.Mather et al . Phys . of Fluids, !~ , 2343 ( 1 969 ) 

13) J.P .Baconnet et al. IV Eur. Conf. on Control l ed Fusion a nd 
Plasma Physics, Rome p . 118 (1970) 

14) M.Bineau et al . "Gas Discharges and Ele ctric ity Suppl y I n ­
dustry" , p .517 , Butterworths Pub . (1962) . 



THE EUROPEAN COMMUNITY ACTIVITIES 

IN THE FIELD OF CONTROLLED THERMONUCLEAR FUSION 

by 

INTRODUCTION 

D. PALUMBO 

COMMISSION OF THE EUROPEAN COMMUNITIES 

200 rue de la Loi 

1040 Brussels 

The subjects of my tal k today a re the motives, development, 

structure and content of the EAEC (Euratom) p rogramme in the field of 

plasma physics and controlled thermonuclear fusion. 

In my capacity of responsable in Brussels, of this b r anch 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 a nd West Germany, 

which will probably be joined by four new members, Denmark, Ireland, 

Norway and the United Kingdom. 
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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 sur vey of the re­

search in progress and the reGults 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 European Community is interested in fusion j 

(2) the means by which it takes action in this field; 

(3) the programme pl a nned for the near future . 

I. Why the European 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 al ready on the market, a nd fusion, which it is hoped to 

employ later on. 

It is also recognized that even if U235 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 weTl , \"e may hope that fusion "il l slart to back 

up 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 at tractive 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 Jears. The amount contained in the sea is 

pract ically unlimited. As wi~h 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 p roduced (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 radioactive 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. 
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(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 

equivalent to 8.1012 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 wi ll rise to the equivalent of 16.10
12 

kWh tot a l energy per 

year, including 1,7.10
12 

kWh in electric energy, 33 % of the electri­

cal energy will be of nuclear origin, but this does not answer the 

suppl y 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 
k,/h of total energy, 

including 6. 10
12 

kWh of electric energy. 

In line with the conclusions drawn by the lA EA Review Panel, l et 

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 as 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 mi ght 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

s i derations suggest that the risk involved in undertaking 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. 

I I. 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). 
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Two favourab l e 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 wa s still in the early stages a s 

regards the experimental phase, whilst important theory work h a d 

a lready 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 "as 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 

\;ith the IPP at Garching. 
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Thus the Commission adopted as its policy the conclusion of 

a series of contracts of associat ion with all Member States insti­

tutions active l y 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; 

(c) IPP (1961) Garching near Munich; 

(d) FOM (1962) Jutphaas (Utrecht), Amster dam and later Eindhoven; 

(e) KFA (1962) Julich . 

An additional contract was subsequently entered into, with 

the Belgian Government in 1968 (laboratories of the "Ecole Royale 

Mili taire" 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 encouragin g the ex­

change of information and a certain redist ribu t ion of work. From 

the very beginning the following approximate breakdown, appeared 

feasible: 

- CEA (Font enay-aux-Roses and Saclay): low beta open-ended confi­

",uration and plasma electromagnetic waves interaction; 

- mainly JUlich and Garching: high beta open- ended configuration 

(theta pinch); 

- mainly Garching, with some Jutphaas participation: closed 

configuration; 

- Frascati: very high density p l asmas. 

Obviously th e 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, equivalent 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 Scellarator; 

(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 Europe 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 

p rogrammes 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 Counci l of Ministers. The financia l provi­

sion s 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; 

(c) 8 million for financing at approximately 44 % the equipment for 

supporting projects of major interest for fusion l aunched during 

the first three years of the programme. witting the following area: 

- Tokamak , low beta Stellarator 

- Screw pinch, high beta Stellarator 

- Heating a nd Injection 

- Very high density. 

A further approp rietion 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. Th e 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 Rise 

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. 

Ill. 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 para meters, as well a s research 

into methods of heating and injection with particular emphas i s 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 o f ope n-ended configurati ons. 

Low ~ closed configurations 

a) Tokamak. Sin c e 1968-69 , at least three labo rat ories have sho wn 

interest in this relatively new field, even th ough the machines 

currently under constructi on or on the drawing-board differ 

conderably fr om the initial proposals. 

- Pulsat o r (Garching) R = 70 cm, a = 11 cm, Bo = 28 kG 

I = 0 ,1 MA (q = 3). The appli cation of 

moderate Stell arat o r fields is planned in the initial phase. 

The machine's interest lies in studying the initial phase and 

afterwards the "l imiter" problem. The machine is in the process 

o f being assembled and is expected t o come into service by the 

end of 1972. 

- TFR (Fontenay-aux-Roses) R = 98 cm, a = 20 cm , Bo = 60 kG 

I = 0 ,4 MA (q = 3). The main aims 

are t o extend the scaling laws, to study the effects of injec-

tion heating of neutral particles and to make a careful study, 

using a special diagnosti c methods, o f the configuration o f the 

poloidal magnetic field and therefore of the current profile. 

The equipment is n ow being assembled and is expected t o come 

into operation (early in 1973). Elab orate the oretical studies 

have preceded and will be carried ou t in parallel with the 

exploitati on o f the device. 

- Tokamak Frascati R = 82 cm , a = 22 cm, Bo = 100 kG, 

I = 1 MA (q = 3). 

The purpose of this ambitious pro ject i s c learly t o test 

these ccnfi gurati on at high magneti c field approaching the regi on 

whic h is probably im po rtant a s regards thermonu clear applications. 

The dimens i ons have been c h os en in order t o proc eed parallel with 

the ALCATOR project, with whi ch there are clos e links. The desi gn 

has been completed and the machine c ould be in operation by 1974. 



--
205 

b) Stellarator. Following the re sults obtained wit h l o w tempe ra­

ture plasma in the " Wend €ilstein" Stellarators at Garching and 

in view o f the desirability o f comparing the Stellarator and 

Tokamak principles at higher temperature when the physics 

might differ greatly, a large Stellarator, Wendelstein VII, i s 

t o be built : R = 200 cm , A = 3 0 cm, B = 35 k.G, .t = 2 and .t = 40 
Firstly, the plasma will be created by induction and OH, addi­

tional heating is planned by neutral injection and RF (see 

Heating and Injection)o Commissioning is planned for 1974-750 

To this list will be added, with the Culham lab oratory 

coming into the Community sphere, the CLEO machine, which already 

works as a TOKAMAK and will be operated as a .t = 3 Stellaratoro 

Injections of neutrals wi ll supplement ohmic heatingo 

The Levitron Stato r 11, in operati on at Fontenay-aux-Roses, 

the superc onducting Levitron in Culham , and the levitated quadru­

pole, Wendelstein VI, under c onstructi on at Garching, als o deser-

ve menti ono 

High e c l osed configurati ons. Ac tivity in this field is along 

three lines : 

a) Screw pinch. This concerns concepts initially developed in 

Jutphaas, basically s imilar t o those used in the Tokamak pro­

ject, but which differ as regards magnetic fiel d g enerati on, 

methods of heating (shock wave s and compression) and parame­

tri c rang eso Three experiment s are under constructiono 

- SPICA FOH Jutphaaso R = 60 cm , a = 20 cm, bank power = w 

-

1 MJ , I = 008 MA o 

The main ob j ecti ve are the s t udy of the influen c e of current 

in t h e low pre s ure plasma surrounding the compressed plasma 

in the Tnkamak (q > 1) and ultra Tokamak (q < 1) s ystem. 

Awai ting const ruc ti on : 1973. 

COMPACT TOR US : Jiilicho R = 25 cm, a = 9,5 
W 

cm , 1"'0.030 MA 

The main object conc erns the study of Tokamak type of confi-

gu rations ",ith high beta and of the behaviour of a machine 
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without limitero 

- SCREW PINCH : Paduao R = 40 cm , a = 6 cmo 
w 

The main objectives are the study of initial i onization and 

of the heating proc esses 0 'rhe machine is under constructiono 

H B T X : Culham. In Culham high beta toroidal experiment 

R = 1 m, a = 6 cm , 2 M J,is already operating as sc rew 

pinch stabilized Z pinch or "reversed field pinch" 0 The 

emphasis is on the latter configuration for which the t oroi­

dal field cha nges its sign going from the magnetic axis t o 

the wall. 

b) Non-c ircular 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-circularo 

They are an upward extensi on, towards energy levels o f 1 MJ, 

o f experiments already in pr ogress at Julich and Ga r chingo 

- TENQ 

- BELT 

: R t = 75 cm , Rint = 23 cm, h ex 
FINCH: R t = 75 cm, Rint = 30 

ex 

= 130 cm (Julich) 

cm. h = 250 cm 

(Garching ) 

c) High-beta Stellarat orso The ISAR T1 machire went into service 

at Garching a few months ago. It is of the circular Stella­

rator typeo R = 135 cm , a w = 11 cm, supplied from the 2.6 MJ 

banko 

The main field (Bo = approxo 37 kG) and the l = 1 fields 
max 

are generated by independentcoi lsj heating is, o f course, 

by means of shock waves and compressi ono The main aims are 

the study of equilibri um and stabilityo 

A proposal for a linear in its first version machine with 

l = 1 is under preparation at Julich. 



In this section, mention should also be made of the continua­

tion of very careful studies on sh ock v.Javes which have 

already produced major results at Julich and Garchingo 

Open configurations 

Interest in this line of research has waned rapidly in the 

Community, for reaSons which are well known. Collisional 

end losses, however imperfect calculations of them may be, 

would appear to show that thermonuclear applicaticns of this 

type of configuration are difficul t, and leave n o margin to 

allow for additional losses due to the instabilities fore­

seeable in essentially non-isotropic plasmao 

Studies on the feasibility of improving end confinement by 

means of electromagnetic fields in the region of the elec ­

tron or ion cyclotron frequencies have shown the difficulty 

inherent in practical application of this principle. Us ing 

the CIRCE experiment at Grenoble, however, which was commis­

sicned recently, experimental researches are continuing in 

this fields 0 

Ne work is in pr o8ress on the direct conversion of the energy 

o f the escaping particles, nor on their re-injection. Acti­

vity at Fontenay-aux-Roses is confined t o the operation of 
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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 n~v acti on is planned at 

presento 

Heating and Injection 

Great attention has been directed to the possibility of adap­

ting the use of RF to l ow-beta t oroidal configurationso 

A joint Brussels,·Garching - Gren oble project has been set up 

aiming at heating, chiefly through TTHP, in Tokamak-Stella­

rator configurationso Two machines, PETULA (TTMP-Tokamak) 

awl WE(;A (RF - Stellara t o:,,) are tn 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 common ; this will mean an 

appreciable saving. 

In addition, the ERM (Brussels) is c ontinuing studies on the 

interactions between electromagnetic wave s and a finite plasma; 

studies are underway on a small s cale on the TTMP at Garching 

and other methods are under investigati on at Fontenay-aux­

Roses. 

An IPP/CEA pro ject has been put in hand at Fontenay-a~-Ro ses 

for the future devel opment o f the injection o f neutrals. 

The injecti on of neutrals is als o planned using convent i onal 

sources, on the Tokamak at Fontenay-aux-Roses and Wendelstein 

VI I at Gar ching. An important contri but i on is expected from 

the CUlham laborat ory, already very active in this important 

field. Turbulent heating is being studied at Julich a nd 

Jutphaas and the use o f electron beams at Amsterdam. 

In additi on, laser heating is being cons idered at various 

laborat ories. 

Very high density 

The "plasma f ocus " i s being s tudies under a j oint Frasca ti­

Julich-Culham pro ject. The chief task at Frascati is the 

extens i on o f the scaling laws to energies co rresponding t o a 

capacit o r bank in the MJ rang e; Julich' s main task is the 

improvement o f the repetition rate, while Culham is c oncentra­

ting principally on diagn os tics and the ory. 

The general aim is t o study plasma f ocus as a neutro n source 

rather than its application t o thermonuclear energy g enera­

tion, whi ch n ow seems a doubtful starter. 

Laser a ction on solid targets , both fo r the produ c ti on o f very 

dense and h o t plasma a nd for filling magnetic confi gurati ons, 

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 "o The only true experimental 

activity underway concerns surface physics and the interac­

tion between the plasma and the wall, for which a Department 

is in operation at Garchingo 

At a general level this fields of activity is the object of 

discussion inside the Liaison Group. 

To summarize In the low (J field there is already large-

scale activity Tokamak covering a wide range o f magnetic 

fields, plasma currents, and geometrical dimensions, and 

with pulse duration longer than the expected confinement 

timeo The operation of Wo VI I should provide a very use­

ful comparison between Stellarator and Tokamako 

In the case of the medium and high beta configuration, I 

fee l that the exploration of several avenu,es by means of 

small or medium-scale machines constitutes the most appro­

priate course of actiono 

Certain of these approaches will probably converge on the 

Tokamak or Stellarator lines at intermediate beta valueso 

Ideas concerning the later stage in the hiGh beta range 

have not yet crystallizedo 

As regards the open c onfigurati ons, there is a considerable 

unbal ance in relati on to the UoSoAo and possibly the UoS.S.R. 

The same applie s to laser-produced plasma, at least as far as 

the associati on laboratories are c oncernedo A satisfactory 

Community c ollaboration is devel oping as regards heating and 

injection, with a level o f activity perhaps unevenly balanced 

between RF and NIo This situation will be improved by the 

Culham c ontributiono 

The f ield n f -fusi o n r ea c tor techn ol ogy 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 reasonable 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 re~arding 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 alternat ive 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 units per year 

(G is supposed constant in time) can be expected . The present mathematical 

expectation for the total benefits is P(r _~-r N _ e. 
r 

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 hi.ghly dependent 

on T expect for the major risk connected with a strong acceleration of the 

activity. 



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 reducti on 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 

• 
• • 
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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.e. 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 suitab le for development into fusion reactors. Experimen ts now in pro-
gress or being fabricated (see Table 1) are preparatory for moving ahead 
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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 le vel of effort, this may be possible within about ten years. 

Three main lines of effort are being emphasized in magnetic confine­
ment . These are magnetic mirror open systems, pulsed high-beta pinch sys tems, 
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 fi ve percent of the program budget. 

Magnetic Mirror Research. In the magnetic mi rror 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 hi gh temperature (_ 6 keV), 
high density ( - 10 13 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-II plasma . The objectives of the Baseball II i s to achieve a high 
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temperature plasma by neutral injection in which the ion di stribution i s 

randomized by co llisions . Experi mental studies are in progress. No major 
program modifications are anticipated in FY 197 3. The objective of the IMP 

is to study the buildup of plasma by neutral injection combined with trapping 
on a "target" plasma fo rmed by electron cyclotron resonance heating . 
Research to date has bee n concerned with studying the properti es 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 Ba1dwin and Ca11en. The origin of the extra loss is an 
amplification by the Rosenb 1uth-Post convective loss-cone instability of 

individual particle fluctuation level . The theory predicts that the en­
hancement of particle scattering is smal l for large n/B 2 so should not be 

of major consequence in a reactor regime . 
High-Beta Research. The principal activity in this area involves the 

Scy ll ac Facil ity at the Los A1 amos Scienti fi c Laboratory. The research 
objective of Scy1 1ac is to st udy the high-beta toroida1 equilibrium in a 
high-beta ste1 1arator-1ike configuration. and to test the idea of feed­
back stabi1ization. The plasma is produced and heated by implosion fol­
lowed by magnetic compression . Experiments in a 5-meter toroida1 sector 
and a 5-meter linear section wi th 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 toroida1 Z-pinch. also at Los A1amos. has ach ieved a reversed 
field equi li brium with Be= .4 . in which the temperature i s inferred to 
be severa l 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 p1asmas sustained and heated by 
microwaves as in the ELMO device. It is expected that the high-beta rela­

tivistic electron plasma wil l stabilize the less energetic toro ida11y 
confined plasma. 

Experiments on a sector comprising one-third of the 4.8 meter dia­

meter Scy11ac torus have been performed during the past year. The toroida1 
force and the outward plasma drift are compensated by a combination of 



.e. = 1 helical fields and .e.= 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 .e. = 0 
periodicity. Plasma containment times are as large as 11 microseconds , 

comparable to the times for plasma end loss. The sideward motions, which 
occur predominantly in the horizontal plane of the torus, suggest either 

an imbalance between the .e. = 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 .e. = 1 and .e. = 0 fields for plasma equili ­
brium agrees with sharp-boundary MHD theory. A toroidal compression coil 

with .e. = 1 and .e. = 0 grooves is under fabrication . An .e. = 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

pl ete Scyll ac 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 keY 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 bas ed 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 Toroi dal 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 leading 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 

comp 1 eted 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 theoreti cal predi ctions over a wi de 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 magneti c fi e 1 d. 
Particle containment times in excess of 1 second have been observed 

in the Princeton FM-I, wh i ch is a sing l e l evitated 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 x 1010 cm- 3 to 2 x lOll cm- 3 the confinement time has been found to 

increase wi th temperature ( - Tem with m _ 3/4) and decrease with increa­
sing density . The class ical confinement time is exceeded by about a fac­

tor of 5. At higher temperature where the plasma is susta ined 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 300T Bohm and the 
cause of the latter 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 une xpectedly, 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 e lectrons 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 ro le 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( 1'9- . 5) Particle and energy confinement time are 
appro ximately equal and increase with temperature and magneti c f i e ld in 

accord with the pseudo-classical theory (not BOhm) . Measurements of radia l 
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profiles are still not sufficiently detailed so as to permit a determination 

of 10ca1 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 pl asma current distribution. Meanwhile from Thompson 
scattering measurements of electron temperature profiles, the expected 

sk in effect has been inferred, at early time in the discharge. However 
the skin disappears more rap idl y than expected . 

The Ormak, Doublet 11, 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 resu lts 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 11, a 
non- circular cross-section tokamak, or plasma current multi pole has operated 
at 500 kiloAmpere plasma current. Possibly the most important feature of 
the initia l operation of ATC is that stab le operation at about 50 kiloAm-
pere plasma current is obtained at q = 3 with the equilibrium field being 
supplied by the vertica l (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 is the largest 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
ve ly. Since no copper she ll will be provided in PLT initially, the ATC results 
are especially significant. Whil e 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 larger tokamaks . Co ns ­
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 ignition temperatures, provision is made in 
PLT for later addition of one or more possibly supplementary heating methods: 
neutra l 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 th e supplementary methods are employed on PLT. 
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Laser Initiated Thermonuclear Fusion Interest in this approach has 

increased s ignifi cantly. Until recently, most discussions centered on the 
use of laser energy to simply heat a liqui d target of fusion fue l 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 1 aser energy requi red for a reactor wi th 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 104 times liquid density and 

reduci ng the 1 aser ene rgy requi rement by many orders of magni tude ,was revea­
led . In essence, a series of spherically converging shock waves are driven 

by ablation of material 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 successive ly increasing pressure which converge simultaneously at 

the origin. 

By ablating about 3/4 of the mass, computer calculat i ons by the Liver­
more group show that compressions of 104 times liquid 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 l aser 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 compress ions can 

be achieved and a large part of the U.S. effort is going into development of 
energetic short pulse las ers, of the Neodymium-glass and CO 2 types. By 1973 

AEC Laboratories project 1000 joule outputs, which shou ld provide a means 
for performing criti ca l physics experiments to determine whether the physics 
of l aser fusion i s favorable . 

Fusion Reactor Studi es.Whi le Lawson criterion plasmas may not be reached 
for another decade, there is suffi cient optimism that these plasma conditions 
can be reached by one or more of the approaches now bei ng persued to begi n 
examining more seriously the technological questions of fusion reactors. Fur­
thermore early research on these questions could materially shorten the time 

to the ulti mate app lication 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 annua lly or 5% of the budget for fusion research, i s spent on appro­

ximately 25 individua l studies of varying size. These studies cap italize in exis ­
ting expertise in AEC laboratories and include :calculations of neutron 

economy in blankets , cost estimates for large superconductin g 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 desig n , sys tem , 

economic ,and environmental studies . It is generall y felt that these stu-

dies shou ld not only be increased but that s erious efforts be started over 

the ne xt decade to solve the technical problems which are so identi f ied , 

so as to lead into a fusion reactor development program in the 1980's. 
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MAGNETIC MIRRORS 

IMP 
Baseball II 
2X-U 

HIGH BETA 

Scyllac 
Scyllac -
ZT-l 
EBT 

TOKAMAKS 

ST 
ORMAK 
PLT 
Doublet 
ATC 
Alcator 
TT 

Linear 
Sector 

INTERNAL CURRENT DEVICES 

FM-l 
Superconducting Levitron 
D.C. Octupole 
Octupole 
Astron 

Table I 

MAJOR UoS , CTR DEVICES 

ORNL 
LLL 
LLL 

LASL 
LASL 
LASL 
ORNL 

PPPL 
ORNL 
PPPL 
GGA 
PPPL 
MIT 
Texas 

PPPL 
11L 
GGA 
Wisconsin 
LLL 

Neutral injection 
Neutral injection 
Magnetic compression 

8-pinch with mirrors 
8- pinch toroidal sector 
Toroidal Z-Pinch 
Bumpy Torus 

Small bore 
Intermediate bore 
Large bore 
Noncircular cross-section 
Magnetic compression 
High field 
Turbulent heating 

Superconducting ring 
Superconducting ring 
Supported rings 
Levitated rings 
Relativistic beam 
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RESEARCH and PROSPECTS on CONTROLLED THERMONUCLEAR FUSION in USSR. 

L.A. Artsimovi ch. 

Kurchatov Institute of Atomi c Energy, Moscow (USSR) 

The problem of controlled thermonuclear fusion is so complicated 

that up to now it is limited 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 ,the predominant idea in developing the 

prob l em 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 lines of re­
search that may be refered to as tradi ti ona 1 and i nvo 1 ved the major s tu­
dies in this field. 

In the USSR, the most intensive work developed along two l ines 
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 loses 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" devi ce . In devi ces 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 devi ces of the Tokomak type are being operated in the 

I.V. Kurchatov Atomic Energy Institute . The larges t of these devices i s 

T- 4 (the modified model of T-3 that has a l arge diameter of the toroi­
dal chamber of 1.8 m and the diameter of a plasma cross-section equal s 
38 cm wi th a 1 ongitudi na 1 magneti c f i e 1 d of up to 50 k il oersted) . 

Similar but somewhat differing results are being obtained with 
different Tokomak devices. We wil l present a short s ummary of these re­

sults here . 
The measurements of thermal energy of a plasma made by various inde­

pendent methods in the T-3 devi ce have shown that for the steady thermal 
condi ti ons ,the rati 0 of the average val ue of the gas ki neti c pressure to 

the pressure of a poloidal magnetic field of the current at the boundary 

of the plasma re = 8TTrjB~ (a) is equal to 0.4 ± 0.1 for not too small 
concentration. The electron temperature is usually higher than ion tem­
perature. The maximum value of Te at the axis of the plasma in the T-3 
device reaches 2 keV when ne = 2.10 13 cm- 3. 

The profile of temperature distribution across the plasma is well 
approximated by the function Te = Te (0) (1_r4ja4)2 . The characteristic 
feature of thi s distribution is a flat top indicating that the heat 
conductivity reaches very high values near the axis of the plasma 

(where Be = 0) . 
The results of experimental measurements of ion temperature are 

we ll approximated by the following function: 
-7 13/ 2 I I 

Ti = 6. 10 \/ IBzR ne ~ ev 

where ne is the averaged electron concentration and A the atomic weight. 
This relation is in a good agreement with the predictions by the 

neoclass ical theory of Ga leev-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 thi s point . In 
particu l ar, there is no confidence that in transition from the plateau 
region, fo r which the above formula has been derived, into a "banana" 

(collisionless) region ,we sha ll obtain the reduction of i on 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 Ti va lue measured experimentally at 
the T-3 device was equal to 600 ev for deuterium (in this case a consi­
derable neutron radiation i s 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"e was 3-10 msec for the 

223 

T-3 device. There is an empirical relation Ye",a~<re' where lie is an e­
l ectric 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 sma ll 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 el ectrical 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 shou ld 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 simp l e exchange of momentum bet­
ween electrons and high frequency waves. 

The stabi li zation of hydromagnetic instabilities in tokamaks 
achieved first of all by means of a strong longitudinal field (i . e. the 
Kruskal-Shafranov criterion q = Bza > 1 is satisfied, where Bz is a 

Be R 
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az imuthal 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 pl asma or by a small bumping (2 + 3%) of the magnetic 
field. Perhaps, the formation of acce lerated particles is associated 
with the development of the so called "disruptive instability" which 

sometimes is observed in tokamaks. 
A rather interesting effect of considerab l e concentration of heavy im­
purities near the axis of the plasma was observed recently. This effect 
is purely classical, it was predicted theoretically l ongtime 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 sys tems i s being realized in stellarators. 
The longitudinal plasma current is not necessary for plasma equilibrium 
in ste llarators. Therefore the plasma in this system may be produced 
not on ly by induction discharge, but also by plasma guns or by high fre­

quency gas ioni zation. 
The different methods of production of hi gh 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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I t was shown experi menta lly that the p1 asma decay rate decreases when 

t he angle of the rotational transform increases .The time of plasma energy 
con fi nement increases with the electron temperature. For the "Uragan" 
de vi ce it reaches 0.5 msec at n = 2. 1013. The Te value measured by scat­
tering of the l aser li ght is 100-400 ev. It should be noted , that the ex­
trapolation of the "Uragan" data to the size and the values of magneti c 
fields of the large Tokomak device, show that the energy and particle 
lifeti mes are cl osed to those for T-3 device . The dependence of plasma 
diffusion in "Uragan" on the coll ision frequency is similar to that pre­
dicted by the neoclassical theory, but i s 10 times higher in its abso lute 
value . 

The second traditional branch of thermonuclear programme i s adia­
batic or mi rror traps . After loffe experiments in 1961 ,the adiabatic traps 
are usually designed in accordance with the "minimum B principle". However, 
other methods are being studi ed for suppression of flute instability, for 
exampl e, feedback control . 

It shou ld be noted that ,in addition to the flute ins tability ,more 
subtil the so-called "loss-cone instabilities" have been predicted theo­
retically. They should develop in mirror t raps due to nonequi1ibrium di s­
tribution of ions in t he vel ocity space. The studies of the role of these 
instabilities and the possibi li ty of their stabi1i zation are the major 
objective of studies in adiabatic traps. The genra1 res ul ts of the s tudies 
is that loss cone instab ilities are less dangerous than it may seem from 
the theoretical point of view. Namely the following res ults have been 
obtained. 

Th e experiments on plasma confinement with an initi al concentration 
of 2.1012 and the ion temperature of 200-300 ev were made by loffe an d 
co ll aborators on minimum B device (PR-6 with s i x rods). The plasma s tudies 
with such a relatively low temperature is of interest, since it most fully 
scales the pl asma state with the thermon uclear parameters. Due to rela­
tively l ow temperature the domi nant ro l e in plasma processes is played by 
Coulomb col lisions between the partic les . 

The measurement of the decay time of such a plasma indi cates t hat 
the initial desintegration phase, of the order of 0.2-0.3 msec, i s quies­
cent i.e. without instabilities. The life time in this initial ph ase i s 
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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 loss 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-li near at very low level and, after that, the amplitude is 

controlled by the plasma potential. 
Different methods of fill i ng 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 11 devices . The latest one, with equivalent cur­
rent up to 0.5A and energy of 20 keY was installed on LIN-5 facility 
(plasma volume 51). 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-
s ity from 108 to 10 9 cm -3. 

After some modification of "Ogra 11" , 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 i s 1 + 1. 5 keY. 
The confinement time of a s uch plasma at H = 12 kgauss is 0. 4 msec, 

which is only twice lower than the classical value. It is worthwhile to 
point out that in this facility no means were provided to stabi li ze 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 i s that the loss cone instability, which 

according to theory should inevitably occur in the plasma with avai l able 
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 investigati ons 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,eand combined pinches, on electrostatic confinement of plasma was con­
ti nued. 

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. s tochastic 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 

stab ilization) was investigated for several years at Sukhumi Physical ­
Te chnica l Institute, at Kurchatov Atomic Energy Institute and at Leningrad 
Institute of Electron-Physica l Apparatus. In these experiments, the ob­
ject of stabilization was a plasma pinch with a strong longitudinal 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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bei ng i nves ti gated; the methods are based on e lectron-cycl otron 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 Atomi c Energy. 
The turbulent heating of plasma by current was us ed for heating of 

the ion component in the "Ogra II" mi rror trap. In Kharkov Physi cal­

Technical Institute, by means of this method, the ion component of the 
plasma was heated up to a temperature of 2 kev, the density being 1015 

cm- 3. 

Due to the rapid deve l opment of new fields and of new methods in 
experimental physics, new practical approaches becomes possible. We mean 

first of all heating by laser . 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 i s produced, 
and its temperature rises very rapi dly . 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 . Recent ly, 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 us ing programmed spherical laser pulse was recently 
reported by Teller. He stated that beam energy of 105 j i s quite suffic ient 
for ignition of thermonuclear reactions. Calculations which were carried 
in USSR support this conc lus ion and show that super strong compression 
is one of the possib le ways of achieving controlled fusion by means of 
laser. At present, investigations of l aser heating processes are very 

widely spread and in the neareot years they can grow into one of the most 
important directi ons of the thermonuclear fusion programme. Prospects of 
this direction depends primi larly on the progress of increasing the effi ­

ci ency of l aser sources. Power efficiency of pulsed lasers is still very 



low . Moreover, one should note that the experiments on laser heating are 

in their initial stage so far . They st ill have not furnished us with suf­

ficient ly complete information required for checking- up and correcting 

the theoretica l conc lusions about t he process of laser heating . 
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Recent ly , 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 severa l ten percent. That i s why this method 
of heating will gain good chance for further development. However , one 
shou ld overcome difficulties connected with focusing of electron beams 
at currents of 106 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 confi nement 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
librium and stability in toroidal systems of comple x geometry was deve­
loped (in particular systems of Tokamak type with not-ro und 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 co ll ective phenomena in a plasma and a number of interes­
ting resu lts were obtained. 

Considering the general outline of scientific research in the field 
of thermonuclear fusion, one can say that in the last several yea rs 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 leve l . After overcoming distructive instabilities, physicists 
have learnt how to obtain quiet plasma but with not very high density. 
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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 low 
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 App .. ratus (JFT-2) in JAERI 

S. Itoh, M. Ohta, N. Fujha ..... , T. Takeda, M. Mae no , A. Funahnhi, 

K. Inoue, S. Kunieda, S. MatAuda, T. Tazima, N. Suzuki, T. Ohga, . 
T. Matoba, S. Kasai, T. Suga ... ara , K. Toi and S. Hori 

JAPAN ATOMIC ENERGY RESEARCH UlSTlTUTE 

Tokai , Ib .. raki-ken, J .. pan 

Preli!!1ln .. ry expertments of the JFT- 2 have been carried out by using the 

magn"tic probes and the vi s ible monochrometer. Displacement of the pIllS"'" 

c"lumn h .. ve been meas,,~ed by th~ horizontal and vert ical sats of the 

magnetic probes. Th .. Cll line fro", the plasma has .be~n obser ved and 

compared ... ith the temp o ra l evolution of the oth .. r signals. The ordinary 

fil.ed l1!!1lter.sof ]27 """ and 500 mm ... e re used to define the plas,. .. boundary . 

Bec .. use .. stngl .. condenser bank ... as used t o drtve the pdmary current of the 

transformer, the plasma current duration ti ....... as as short as about 15 .... ec. 

Hydrogen of 1O-!.1O-4 Ton ... as filled and preioniz .. d by ECRH miCH"'ave. 

Though the 2 mm mic r owave in terferometer is being adjusted , the electron 

density "as estimated to be more than 10
13 

c",- 3 by the r eflection ef ECRH 

microwave . 

After about 1000 discharges the loop voltage "as reduced considerably 

a nd the initially unob s erved negative voltage s pike" "ere observed (Fi g. n. 
The temperature ... as estimated to be about 20 eV for 2- 1. Figure 2 shows 

that the intensity of CH line increased "hen the negative spikes .. ere 

observed . Displacell3l!nt o f the plasIM colUllrl has bcen "",asured under the 

presen~e of only the DC verti~al field. The plasma .. as predu~ed inilie.lly 

near the inner edge of the limiter and then the ~olUllll e>qlanded out"ards , 

and shrank in"ards simultaneously .. ith the negative spikes (Fig. 3). Hgure 

4 sho"s the ~o"",arhon betlo'een the experimental values and the theoreti~al 

ones of the horizont .. l position a f the plasma column. The result o f the 

.. easure_nt by the vertical set of the magnetic coih sh"", ... that the plasma 

co l u"", is displaced up"ards by about 1 cm , ... hi~h i s blamed to the fa~t that 

the distribution of the current beNeen the t"o r eturniog ... indlngs of the 

torold .. l coil ... as not adjusted properly. Figure 5 shows the verti~al 

fields generated by the shell <lOd the current transfonner In the presence 

of the current ring in the shel l center, and suggests the impo rtance o f the 

effeas of the shell gaps and the iro n core. 
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Fig . 1. The loop voltage and 
the maS!!!tlc probe signals . 
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FiR. 3. The U .... behaviour of 
the horizontal pOllition of 
the plasma column • 
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Fig . 4. The cO'"Parhon of the d1&­
place_nt of the plasma column . 

Fig. 5. The 
vertical fields 
generated by 
the shell and 
the current 
transfor .... r in 
the presence of 
the cent er cur­
rent ring . 

• On loan from Tokyo Shibaura Electric Co. Ltd., Kawasakl, Japan. 
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NUMERICAL STUDIES Of Ml-tD EDUILIBRIUM M O STABILITY IN TOKAMAKS 

WITH MlN CIRClA-AR CROSS-SECTION 

P . Greloc . J .W .. lsse 

ASSuCiATlCl.' EURATOM - (EA 
(J~pa.t.teme,~t de PII!l~.iQue du P{Mma U de {a Fu&":ou Con.tAoUe 

SVlvi.a. JGII Cen.tJr.e d' E.tudeJ Nuc.Ul1Vr.u 
nc/u 85 38 GRENOBlf GM I.'. (Flt.anee) 

TRIANGULAR DEFORMATION Of ELLIPTI CAL SHELLS 

(lJ She ll give n Dy (rf/~) . p' co, '!l(e -e.) + p~(A . B. CD5US 9.1-\ ~ 0 

On the first figu", ( po l ar coordin~tes) we plot J ..... function of G,. fo r 

8
0

: ~ ,~,1f) o. l is kept constan t 1II"Id equa l t o 0 . 1 . 

For ei'lch v~ lue o f So on~ CM find ~n optirn~ l va lue of S, ' ~o th"t J is m,, ­

Kirnuon . Nevertheless th"se m"xi.,..,m vlllues " r e .. 1"",st eQuII l fo r 0· · 1 . We m .. y 

~dd t hllt t h .. ma xill"l.lrn vlllue o f J increases "h .. n incn.il s ing a-
On t h~ ... cond figure the dott e d curves show ch", ~ tability re~ion~ in t"o 

limi tin ll C~5e' ( e~ - 0 i Bu ·i 1 for t he maxi mum v~lu" of r in e ach 

[Th~ shell II"l.Ist b~ .. cIos.,d curva). 

Agllln .. t ~. - , ch" ",suIts for r IInd ~ ore "lrno~t the sa"",. 

[21 Shllll ~i"en by 12: PE (...j ... f>( ~3e) 
It is obvious on the second figure th" t f .. ~"dJ 3 thi~ kind of deformation 

give. higher v ... lues for J a nd ~ "hen f->' lS less or eQuol to 1. 
The tle tailed study o f ""'r~i~ r criteT'1"" is now nBCeSS"T"Y "'"'''Y f r om the m,, -

gne t i~ ,,~1s . 
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TEARING INSTABILITY DUE TO THERMAL EFFECTS 

b, 

P.H. Rebut and A. Som";,, 

ASSOCIA TI ON EURATOM · CEA SUR LA FUS I ON 

D"'pa"emenl de Physique du Plume et de I" Fusion Con trOl6e 
c..n t.e d'Elude. Nucl6nl!s 

Boil(! Poet;ll" n· 6 . 92 Fon le n.y·a u x-Ro.ea(Ff~nce) 

We .tudy the nOf1 li,,!:vcr instability of rhe teo.ing perlurbor ion 8 1 
specified obove,when tJ..(LJl/B.)t:hos Q finite value,b y considering" neigh­
bour ing ( Or slowly growing) eq uilibrium stole of Ih .. plasma. We DUUm!! thot 

J'" - 00 . The" T QAd 7 Ofe con,lont olong the lines of for ce, i.e. T= T (p) 
and? =? W)where 'f'_U Z ... .u. 2 (J, "'_8 •• z,4{.;;ond v _ ;<'1/2.. 
(The o"i. of the mognellc islands ond the !eporah;" corre.pond to ~ .. 0 
and foi-"'. respectively) To simplify, we OUume thot ,h e,,, i. no 21!'O o,d ... 
lempe.alu", and denlity gradientl . We find 0 .olut ion which is consistenl wilh 
the dynamical equa t ions and Ihe generalized Ohm low by taking ,_ [($11], 
n _ n (If') ,? I :. £D a"d Il T = n~ 7;; . We 01lume thal the 
perturba t ianl n_ n" , T - 7,;", ! - [D , ') _? are small . Then the heat equa tion 
for elec t rons in the plane lI;, Y mc/y b" li"eariz"d with respect, to th "s .. 
variables. We thus obtain, 

(61 11-1,) /I, ~t81~), IT -T,Vr.~ln -",)/",=81~) 
where B I If J .a l isfies Ihe diffe , e"l iol equation: 

t 7} ~(S d8)+ A~ e = 0 
dip drp dyJ (j.( 2 l.t 

.,ereS()t!)_!(~_sm2.()) j...t clif , fI _2 ZlI ~,,",!:iGt.-Xl~/?Io 

and Z_ 3/ -I- [A -I") Pal!)" I: . We anume Iha t O(Z,..1 . Th en (7) 

admits 0 solulion 8" (~} which is regular at Si-' =O, (B/t (0, R)_1) and 
which i, finit e for lo.ge er in Ihe bulk 01 plosmo . 

We may ta~. B (SV)=>A Bit (if) , .... he'eJ\ is 0 conltonl, la delCribe 
,h. desi,ed neighbau.ing equilibrium. The pe.tur.!2.ationl[-I., as given by (6) 
mainly canlists of an y madulote d con t ribu t ion I(x) ca-. Xy, .. p lus a contri­
bu ti on ... I~ (l(J,.. ..... hich is uni form olOtlg 01 . It may be shown IlIot Ihe fun c ­
tion 1 (K) is local ized near X = 0 in a range"" i'J. This fun c tion mu, t .oti.­
Iy Ihe finl porI cf the condit icn (1) ,which ocluclly delermin", Ihe co",lont 
A ., A _ - (A/L) (CB,/." I, Lsj g(A). , 

where , (IJ)_ :( f:"'d'l B~ /YI A ) f(Y' - s;,,1.lf")"tI.CDS2Vd(}'! 

On IlIe other hand, the functiOtls 1" (J()/I., r;,Jr" beho ... e 01 """,,rol (1t ZyYtr.o<, • .1 
for "om th" mag"",ic is lo"d,. In principl .. , the instabilily mechanism could act 

far v .. ry Imall valuu of 6. . Ho ...... v .. r we must have/\. « 1 fa. th .. above 
linear izotion to be ad missib le. Forll/Ll «1 thi. con st raint read, 

1 » (CJ. u /Lj(C8': /4<" Jp Ls) 

If the ze'o order p,euu.e gradient ap,,/Olt is nal zero, .... e rind 0 
.elf co."islenl neighbouring equilibrium lo~ i"g T .. rfll), 1./ ('I) , ?-'l ('I' 
and 7'_ '/" ID . However 0 1f depende,,' pressure P (It) mUll be intro­
duced. Th e ion, mull have a uniform velocily V in Ihe direction 0)' . The 
eleclranl mu~1 move along Ihe surloce. ~ .. CI I". In particular Ihey do nOI 
conlribut e in the cuftenl I along 01 ," the plane ~~o,wh .... . B • .i " O In that 
plan e we may write I1-d~ V; '1-(e I Bd) (u P / (),,)...... !S) 
By averaging th e y component of th e generalized Ohm Low in the plane It = 0 

we obtain ~ 

if ~ -,,--(-, B - ;1) 
• B" e"· 1 

.... here Il, is the It porlicle velocily ,rl~ i. the ion velocity along Oz 
and Ihe ban mea"s averaging in the J direction . The veloc, ty tJ:. res~lts . 
from the equilibrium be tween th .. La place force - I" B .. It /c an~~"co"IY 
force" C) L rJ:/Olt t ", Vt{. / {jIThere fore we hovc "Zr'8": <'-' _Ll .2Sz I I';e 
and Ihe di ffu:ion velocily v,; at Il ,... 0 i. equpl 10 z ~ fl.:, /J 1 ~ Y B 

_ (""'0<.)( .e~ 8!)ro",/a.tj .... wdh 0(. "-' B.,~ &1 I 7"C J< " 
Th is ve loc;,y mus'?b'l equal 10 Ihe If. porticle veloc ,'y · ,}"c Is. (Jp"li).. 
in Ihe bulke of plOlmo. There fo.e we hove (CJpla "Ju ,,=if(iJp.1 dlt)/-fj-q;- 1 
01 (> consequence ollh~ ore,e"c~. 01 the magnelic i,lundl. Theyve10ci ly ollhe 
mogn~t;c perturooli"" .. tI,,·,ye '0 the· :,on: '" the bulke of plalma ,s equal to _ V 
3na' may be de:lucea from (8) . 

~lIl-HltICAL Snlllt:;s OF UIPfllSlON IS TUK.\.'I,\K CO!lo"FI)l~}II:NT 

,,~ . 1' . .... . "I..::"inll, II. C. G,·i_ ,,,,,I .1. K'II .... " 

U.K.A.t:.A., It .. sea,·dl \;ruul', Cul hant (,."lhOTIi'O,·)· , Mnll:>:dol1, I"',·k~h,,·~, U.K. 

n, .. mUHl si!:"i f;"" ,,'. r""'l1r·e 01" o u,· III 'e8. CllmpnlaliollS ;8 'h e " I' p"" r·-

of 8ki n ,·rrectB ill C""81.,," . ~u, ... elll .. ",le I. , ; . •.. p,·"ke '" .t,,· r,. "",I 

J p ... ,r,l.· ~ ni''''· Lh~ ... all. Thi e , .... ch .0 .... I'r· .. "uunced ~he" Ill>' "'11 '''.11' 
n't;.~ i e .nLroduced. [11 r'tu ... ':; "e "".Ilnn· ,h .. c,·ol ul, un ur the el ~"I,·on 

t~"I'c'·p~u ,·c 1',·"r.l" as ~h ..... n '" r, !!ure 1 ... ,Lh Ilm( rr". "" .<.lent,,,,,1 !"Ion , 

hut "~'"~ -..ooll<"d Lanlll'"_I,I"tcllu cbefr , c'~"t e ",,,I Co ,u'or a,,,1 tttldL"·'d ro,· .. 

ror Lh .. ,·" ,,,Io'CI I'·' t y . 

[,' to n ll·"ot to ,.t" . ,"",Iernte 'Kill "ffeet ~·C' , l i~l'l"y .11 !"i ~U '·'·d " ""I 7 

Lhe ; '''ti,,1 "",I f,,, ,, 1 re "",1.1 vrofile~, ru,· Lt,,· \,"·, ou ~ c .. cff'~'''Ul. d . r"r· 

run. o,·c r I:;U ,u of an Sf 1I."lel (Il _ 109" •• ," _ I ~ C.,, 110 - 1,1'1\;:, I _ ~ :.!"A), 

... , t h i"i ~i ,,1 pr"r .I"d ltaec", Un "~I'''ri.eu tll l oh •• 'r\·" L1o,,"(~I. ,\ a l, ,,h l penk_ 

'"l 'n Ih~ I>U"" I.o;",anll cad.' . be" .... cd " .. t l·""''' ... i tit the _o .. lhed ha""nll_pllltcau 

coerr icicn l~ aud th" n .. inl Te "lid j , ,·,.tuel ",,·Ol'i! eVe" lower. (Th" """k i ll;! 

i. ,·e.lue",1 Ly ,"~ .. eildillj( lh " "edc"tals IH't it , •• till '.lle ,Iom'''''''t r,,"Lure 

of th~ fiu"t l' r orile~.) I" ri:>:II '·". 5, (i tlnd 7 t he IIIler· V, · "rLl~. ~"OW" nr·" 

cl,,~" tU thei ,· rinHI ~tend)" Ila.cs. [n U, .. ij •. \J- I' rU,, " ,ro,· th" cn." w; l.h 

the IIO.t I,,\'~r~ . kin errect. t he pl"t"aLl zone \l'xlelld~ outwards ",·e r 8U~ u l 

tJ,,, radi u , ,.hi h tor the c",e ,hown ill r i I;II" e , i L UCCLlp. ~3 onl y tJ .. : i ""'''. 

,\I r i ~ '·c" :; ,,"<1 ~ iudicntt' Wt! d o 

"o~ fl"ll IIkins ill l a!"j~C'· ~Okllll"'KS (~· i tl' 

~",,,I J .. . · "BI'''cL I·"t;ol),~·h,· '·~ l" ~ platc"'" 

,·pgi.e" l en ;.pol"l .. o"t, "". i~ f unJH"· 

c,,"ri ... ~d ~y the ,.e."lu . h ..... " ill fil(uru 

8 "till 9 r .. ,· a rUn "'th .. ooth"d b_1' co .. r_ 

r,c; .mt. bnd CO llno,·_II,,~ti .. co"ductiv.L~ 

(""1.e £ ,"II~ ·"0 > o.:.!li). n"ro It . 1'15, 

a'" lijc.,., Ill' '" I,:;K.!, I • IhOO""', .. ""I l.he 

illitial 11, T" "lid Ti Vr·ofil .,. "'"re p~,·a ­

~o l i c ... ilh 10""l'ed.,.l,,l . "'''' "",xi,"" at 

10" I cc, :!:;OU.,\' and :.!500eV. ",r !.cr )00 ... 

" I.e .. dy .tot" lollS not b .. el1 r ..,ached, 

heclLu.c th~ a .. ial ~·a , · e de".i ly pCllk ha. 

Ilot yet hCI{\IIl to ,Liffu." "utw" ... 19. 

(8) [)imuck c t Il l. , Jbid.(J),~·ol. t ,p.I':; I . 

Figurc 6 """" COIlUCTIVITY 
---5/11ODlh barlana plaltllu C.H. 

Att. l5Oms -- purt bonGOO C.H. 
----,pun banGna A.H.H. 
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TOKAJ.lAK 1"y/Q~rLUID CODE: EFFECTS 01' !lElrI'AAL !IF.AM 

HEATnIG, RA OIA1'IOtl LOSS , Aim CllA Rr.[ EXCIIFIW;P 

J . T . HOban .1nd 1' . A. Dory 

Oak Ridlle Nationa l Labor lltor;' 
Oa k Ridge , Tennessee , USA 

The neo-cla~ s l cal ve rsion of our code has been used t o cOlIJl8 r e 

result~ " I ~h t hose de~crlbed in Re r. 1, Fig. 18 . >le ciloos ," .iT parB_ 

",eter:;; It " 11, e ll , R .. 109 cm, B(torol d l.l ) .. 30 k C .. uss , t.oUl! c urrent 

I .. 40 kArope r es , con~t .. nt in tiJne . The i n it ial. a nd bOlUld llr y va l ues a r e : 

I ni tia l v"luc~ 

Te( r ) .. 200 ( 1 - . 8r2 /a2 ) eV 

T \( T) _ 20eV 

J(r) .. nO (1. _ -? /e2 ) 

H( T) = 10 1" ( l _ . 8~/1I2) 

Iloundary vlllue~ 

",, = 40 eV 

Ti~20eV 

J;( poJ.oid"l) .. 511 (' ... uss 

\/e us e t ransport cocfficien t~ r ecent l,y derived for t he ban&nll - l'l.a leau 

reg iJne and so, alt hough t he gene!1'll. f eatures or t ne ~olutions a re in 

agTeeoen t , there aN! the expected d i r renmce s i n deUl il. ',;" s how in 

Figure 1. t h l' elec t ron t9rperll t UTf' profUes lit t = l a a nd 30 t·lsec . Thc 

chara cter istic par t i c l e and curre nt dens ity prorlles a r c nhO\oln i n c· t g . 2 . 

t·la~1lna 
l a M~ec 
(710 , }19) cV 
] 0 14se<: 
(91.8, no) cV 

... ax ima 
It : 

L 2} 10 ' " cm-" 
J , 
(lr.6 , }4 ) A· cm"""'" 

, 
J 

Fi g . 1 . Electron Teapcrature Profiles 

Fie . 2 . if a nd J Pro r lles a t 10 J.I~ e c 

"Pese a r ch !:ponsored by tll@ IIntted Sutes At.ca lc E"ereY Co:m\l~~lon 

Wldc r cont r act with t he Unt on '; a r b:\de Corporation . 

L D. F . DUch" , et al ., 11t h I ntL Conr . on Cont . '· us \ on , Mud\:1on 

( 1971) . 
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"''lJHEIIICAL RESULTS O~ TIlE INFLlIE~CE Of A~ AXIAL 

AHTll'ARALlEL BIAS !-lAClit:n C FTI:U1 ON THE E)IDIGY 

"llIANSflJI IN AN HIGH IJETA DIFFlISE rINCH 

'" 
C.f.Na les~o , S. Ortohni 
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CENTRa DI STunI Q SUI CAS I aSI !!.\TI _ C. N.R . - IINlI"ERSlTA' Dl P,\IJ(l \'A 

l st i t ut o di Elettrot""ni ca , 6/ " via Grad"nigo _ P.I()Q\'A _ IT"'.\" 

In the lI;tin p;l p~1" .. c di scu ss~d the positi ve ~ ff"c t "f an a ):i~ l 

antiparallel bias ma gr'el ic ficld on rh" pla"m ~ ~n c l"!;r tl"i",.f~,·. Wc poin t ed 

Out that this ""s iti\'" ~ff,'c t ~·~ s strengly ",lated t o t he a,sUlflp t i (m o f an 

"n"",aleus descript ion fCI· the pla s ... r"sist ivi t )" . M<.I r eove l· .. " . ent i c"cd 

that the res ul t depends also On t he c","pr c ssion r ate . 

\then ... e "'rote t h .. M in pa per this de pendence ... a s "ct complt"tt"_ 

1)" analy : ed . U)" the k i ndly collabo rati on of t hc C".l111Ul1 t..~bo".ltory t he On ~_ 

dimensional mm code is no .. · av;oi.l.a bl e also in Padeva. li e havc then ob ta. lned 

ne ... r e sults ton<::e ming t he dependence of the h .. ~ ting e ffect , due to an 1,,_ 

c",ased anti p.~ra l lel bia ~ fie ld, On the cOIIp",s sion ,·;. te . Fig. 4 s how, t he 

perc~ntage f inal encr g.,. va rhtion , c o r responding t o an inc' .... ase in the 113 _ 

gnitude o f th~ antiparallel bia s fie l d f l"OlI 2 up to 4 kC, pl c,ted again s t .. 
the product B: Il:. 

The r~sult5 ShO~l1 i ll t he figu l·c r e f e rs to it s i .. pl ~ theta_pinc h 

cenfigur"t ion. 

We find t hilt in orne,· to obtain a pos i t i ve e ffect in the phs _ 

." ener KY tra ns fe r,by i nc"eas ing th" "",gn.itud~ uf t he axial an t iparalle l 

bias fi e ld ,lte .. u st tak~ i ntu a <::<:: OIUII the relativt" ;Ulpli tud" of t he cun fi ­

ning fi~ ld ;.nd i a !"is,," 'i.".~ . 

In pa l·tic ulal· wc !!et I hat appro., c hing lo~ cOJllp l'C ssion " eg imc 

the posith'" effec t " ani she s bec Clllin ll; ev~n strongly " " g;, tive • . 'l",·eo,·e r ... e 
• A 

tried t o distinguish tflC ~cight o f tl: and B: and wc found t h;1\ t he crit i c a l 

par .... eter is il:. 
The I·csult i s cl .. a d S sh",,,, in fi g. 5 whe ,·" t he p<' rcentage va _ 

riatio," of the final pla sm;, e n ~I· i(' ~ o "I"e sp"nding t o an inc rease i n the ru1 _ 

tipa ral l.e l bias field frOM Z up to 4 kG , 

is plotte d againn i\. All t he I"i!$ul ts 

dis cussed are obtained ass..nng i n tile 

c","putation 11$ o f init:ia l i eni :~tion 

leye l . The evolution ef t he ioni : a rLcm 

phase obvioudy affe<::t5 the ene r gy tra!! 

sfe r. In particular tile pal"th.l 10Il1: a_ 

tion in t he theta_pinch <::onfi" ,,·a l iun 

is eXpeCted t o haye ~ coolin~ (' f fe~t d!O 

pendent On the in i tial ratc of r ise of 

Ilagnetic ficl.d (4). Our mind i s to '", a_ 

l}" : e a t fil·st the ... eight of t h.i s pa ram!O 

t er. 

The authors .. "is h to thank 

D.Hasby of t hc Culham La bOl";l t" '·y, r .llo!!! 

bi of t his in s t i tut e and G. F;l\'ar in fo r 

the suppor t p ven t o ha,'c the ).Ilm code 

available in Pa dova . 

~1 

L4J .1..,1. Ne .. "ton - Pape, 0\.4 -

"2nd topical Gonferenc~ on pulsed 

hi ,~eta plasaa s " Garchln, _ 

July 197Z . 
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RESULTS f'ltOH THE TOKOlDAL Z-PlNeH £XPERIMENT ZT-l 

L. C. Bur khardt. J. N. DUlarco, P . R. Po ....... ", A. lla.beracich , H. J . Karr, 

J. A. Phill1ps 

1.0, Ala..,1 Scientific Laboratory*. Lo~ Ala_s . Nf,,,, Mexico, U. S,A. 

fut!:!.£!: Magnetic Held prO&ra~lnB ha, producl!d revernl of the B
Z 

n .. ld outdde the pinch, with the ""'-rO 1n th .. H"ld _ 0 , 5 c. frono the waIt. 

KIIIl stability anoly." of tha .ag" "t1" field profUe. shows It reduction in 

the growth ratll. An:! range. of unstable wavenumbers ... ieh 8t. ..... "" ... 1. 

Progr .... !ng of the magnetic field is accomplished by rapidly rl! -

" .. ning the external IQ approxilllB.tely 1 Il~"c af" ..... the .tar t of ch .... In 

pinch curr~u>t Iz- The radial dittr ibution of the ""'B"l'.tic fie ld. a nd the 

pitch are lkown in Pig. 1, with ard without Bt. "''',,''..-sal. The pia,m;o. con­

ductivity is .uHlel!!ntly hig h ,<> tMc ch .. initial pO. tU"1 flux i . 

trapped and "","pre .. ed , 1ncreadng the B
Z 

on .. xis aod ... v1ng the B" (ti!ld 

inward . With chI! OIIgnitud. of fii!ld 

rl!veu.1 .chieved .0 £ar, preuure 

h.lance puventa the t. ro in B
Z 

trOll 

... v1"3 further than a few .UU_ten 

hOlD the ".lL, An MHO stability .. ",,1 -

yda of the .,nsured ..agnetic fle.ld s 

-,--.­, .v __ ·"·0< '1 _ __ ."" ....... I . - .. " ........ .. 
j 

' .... , I 
: ::·,::"_1 
: ~ •• " i 

15 presentad 1n Fig. 2. Thl! .haded ''--T--;--;--.-'ii'-±.<-------l 
ar"as reprelent che unscable .. od"s cal-

cuhted for a apecified w.venurnbl!r 

tro .. the diffuse pinch theory of 

Frddberg .
1 

The a"'pl1tu<i .. of these 

.ode. i, nOnMlh .. d to their growth 

r ate . Horizontal I1n .. . iodic.cl! wavl! -

I 

Fig. I 

ara found. Reveraa l of gz r e.,ve, th l! pitch _i n!.mu .. and reduce. chi! 

r .,,&1! of un.tabl. wavan ... heu a. "1!11 aa the growth rate • . The ._othed 

_gnatic tte ld proftle. uae<l In COlaputing the rl!5ults pre5l!nted In 

FiS . 2(b) !.mply a r ... idual pr ... ,ure at the wall. Re..,,,alof thl! "all 

preuun by a a Ught a l tlration of the B" profile increas ... the band of 

uostable ".v. n .... b.n. FrOll theu. d.te .od atrl!ak photography ..... e 101-

prove_nt in It8blllty 11 n.o[ed, but r e veTSe field profile . tha t an 

Itabte for all "avlnwobers are nOt yet achieved. 

Fig . 

'I 
l "". 

.. Work pl!rform.ed under thl! auspicea of the Un ited State. At_ic Energy 

Ca-inion. 

1 J. P. Preidbug , Phy • . Fluida , g. 1812 (l970). 

Shock lIea tinq of Flasma" to The.rmonuc:lear Temperature in a 

Meqavol t Theta - P inch 

by 

47 

M. Keilhack er, M.Kornherr, G.Maret, H.Niedermeyer, and K.-H S teu er 

Max-Planck-Institut filr Pl as maphysik, EurlltOlll ASllociation , Garching. 
Ger'l'lany 

Tn Paper No . 4J presented in the Proceedings of the 5th European 

Confer ence o n Controll ed fuei o n .. nd PI Mlma Physics (Vol . t) we 

have reported the first reeult s of the Garching High Voltage Thet a 

Pinch experiment . I-\eanwhile the mellsurementll were expanded system_ 

atica lly t o lower dc-nsitiell "ml chllrgin'1 voltll'Jcs. f\Jrtherlnore, 

nensity and e-lectron ter:lpe~ "t"re o n the .. xis have bE'en mea sured 

by laser liqht sClIttering, 

Experiment al res"lts 

')uring the "tra"'l neutron emi"sion the electron clensi ty o f the com_ 

pressed plasma is about 2·1013 C,.-3 IInd is roughly constant ( init ial 

density l,3 · 10
12

cm- 3). Jtssu-ning constant Une rlens ity one C"" ca l ­

culate a plasma ~adills of 5 c.., in qood agrec"'Cnt "'ith th e 'l'agnctic 

field profile ..,easure ..... nt" (Fig. 3 (l f Paper No. 4J) . Shortly "fter 

the c Of>1pression the electron t e "'pcrllture m",,!'Iured by laser li gh t 

scalterlng wi th a ""-1ltichllnnel lIrr1lnq""", nt is about 500 eV . In th e 

following 300 nseC the el~ctron temper1lture decreases to allout 50eV 

ann sce"!:" t o b e " ept down by enerqy 10sI'Jf!s to the b a ckground neutr"l 

'J"'s IIn<l by a",i.al he" t cGnduction . Simu l tllneously 1In increase o f den_ 

sity due t o ioni.za~i on co11 is;ons is obllervecl . 

Neutrnn ancl magneti c probe me ... r;ure·l\ents were performed down to in_ 

iti al densities of 3 ' 1010 c",-3 1Ind chargi ng voltages to 150 kV. 

The" .. "easure'nen ts shO'oo th ... t s trong plr;ton heati.ng holds f o.- the 

whOle pa .-"meter range inuestig1lted ~o far . 

Scaling 1"w for anom.,lous she1lth b r olln eniOq 

/l5~ \l rT'ing the magnetic field di ffuses into th e pIllsmll clue to ohmic 

resisti.vity t he sh e a th thickness 11 ie 'Jiven by thE" ski n d epth f o r_ 

-nul", 

The effectlve collision frequ ency v is assumed to be proportional 

to .opi and the comlJrcssion time to be described by the snow plough. 

for cOII'pression to one hlllf the initial radius ane finds that 

Pig . 5 shows thi~ .-elat ion!lhip with t he parameter t llnqe investiga ted 

so far. The "'e"k dependence o f the s heath thickness from the ini tial 

density is vE"rified by the mellSUtements . 

The lower bound of the diffuse she1l th regi on results from the fa c t 

that th e in~ t"bilLty r es p clnsillle fo t the effec tive Collisions ,"ust 

'1ro, .... to large " mp l itudes in a ti,oe short compared to the compression 

time. 

~" • {cm"'] Ic ..... l .. , + t t ..... m_ 

"" 
0" 

If!'. 1O' 

,;' "" 0' I U.!kVl 

0" id' .' {cm'Ok) 

fiq. 5 
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'EJP£l1~'U.L IYVESTlG.lTIO" OF COLLECTIVE 

PlIOct3SE9 U A TIlEU.~INCt! 

T. A.. !:1-Kh&'d.WJ". it.", Bo",.h .. , •• Z. EI-l\.h .. ,.. L. O. EI-H_k . 

A • .I. . G .. br , V .V. [)eaCb&Dko· ."d .I. . JL T.r"opol~ 
At .... le. DIn",. .I.II(.horlt,., Cdro, EG;ypt 

In the .&\n p"p.r C9 Illv • • tl",e.t!oo of ""rhula"t proc ..... III " 

th.t&_ploch .. re ,.epo,·t,d . F"oll tb , re ... lta or exp"rim, ,,tal data ob­

uloe d by ...... . of ",Iero ... ""& prol> •• (IDfl') Introduced into the plUm" 

a"d" lion' plac"d out, ld_ of the dlec harge ch ... b .. r, th~ !Ins t ab le oacll_ 

' 0.110" _ (UO) . ,re proved to 4 .... 101' III t.h, p i ..... ". S in~" r e r. ["9 

Efarb.un.l 

Fig. 1 Ot!l'endenc e or ~K 
s ;gn .. 1 vi 'H~ch .. rg .. r .. diu •. 

add •• ) detec t . 1eelro H&U c 001 . Tbe 

~.' ... r h r.ad,. it we t.a ke ioto .. ccount 

tbat. , &ccordio& to ['iI. tb. p i ..... d&l1_ 

,I t y dia trlbuUOD h . troDi1,. iob .... OIl."_ 

Cy on tb. ha.h or .. agnatic probe ..... -

, .. re ... "ta, ". perfonud .. ddIUon .. t lil\I' 

.. e ... ur .... ot •. Tb ...... piitud .. di.tributlon 

la plotted ill Fig. I. 0" ..... ch.rt,. 

the Inhllllogelleit,. ot tht. dl.trlbutioll ... Ith m.n:io, .... in tbl region ot 

current Ih . .. th. In 1&0 10homoll noouI ph.oml , ". kn.o .... Lfl, the lon(l;1_ 

tudin.1 olclll.Uonl C.II b. tr.n .. fo .... e d Into tr llneverl" one ., tbe bulk 

,hen .. compo,," .. t ~ ~j Z O. It Ta. d.,.o .. . tr"Ud iu Lg th." 100,,1-

tudln.l uclll.tion. iD the rl,ioo of tb. "pp.r hybrid n.Ollllllce 

w" """ lW~~+ W~.)1jt (l..I.l't,u)~ ... re the pl ......... d eyelot.ro .. fr.'lu.neil., 

nop.eth.ly) C"n b. trllD.fo,...d Int.o DIW ... Itb. fre'lu.ncy tJ:l"",_2w\.. 

In our c .... U)t. ... _G . iOI~\ .bleh "Ire ...... 11 dtb U .. up.rla.nt..l 

" .lue tJ:lro.d ..... ?. \O~.....:l, AAother u, ..... Qt in th. f .... oUT of the .bon 

t r .. n.fo ..... tion h the dir.ction of polarh..Uon of W'if radiation. ,"0110._ 

p hn. coiocide. with tbe direction ot UO dectric field. The IIIf radi .. -

tio" h tt,u . polariud in .uch 11 ... y tb ... t 

the ..... v. e lectri c vector I. pe rp.odleul"r 

to Oz, Thh nlult "lire • • with the theoret_ 

ical prediction Lg. 
It h neturelly .. ttr .. ctlve to detect 

pi ...... It..ell "nd "'I. tb. pl ....... -il'.fl' intl r_ 

hce, Thoullh it ha. blln i ndinctly pro v e d 

to .... lte Lt .. tiD .. \ couc h .. ioll. 

E(arb.un .) 

tOO ~--r---.---'r---' 

0.15 >-+--+1+-+-1 

f"ig. 2 Ot!pe "de"ce of M1I' 
. igna l v ... ngle bel ... e " 
r p lane of YlfP .. od 
direc~ion of e(l ' 

LV T .A. tl-IOo.1&flwy e t "1., Vth £'urop. co"r. 00 Contr. Ft. ••• " d 

Piu .. " Phy' . , Gru,oble, 10 12. 

Cy T.A. tl-IOo"I"hw;r . t • .t., pby_ . LeLl., ~, 1012 (to be publieh.e d). 

Cfl r8ytoy ich, V.)I., S~"llo.o r Effec t. In Pla"ma, pIen .... Publ. Corp., 

N.Y . , IG10. 

CiJ Demchellko. V.V. e t. . 1., hv. 'llJZ, aadlo'i~lta, ~, 10 11, i .. u . VIII. 
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1~ode Couplinq ~n Dyna .. ic Stabilization of MHD Modes (Part 11 ) 

by 

G Becker 

Max-Planck-Institut t il r Pl asmaphysik. Eu r a tom Association, 

Ga::ch ing bei Milnch en, German y 

I n the fi r st part of this paper (ConLPr oc .,Vo l.I.p . 52) it h a s 

been shown that the existing line ar i~ed theo ry o f dynamic s ta­

bilization o f I·urn modes is n ot applicab l e i n the c ase I1' S ... .,. '~ i 

'r h is r es ul t is p r oved i n more deta~l in /5/ . S ince "' , __ ". "' . 

wa s ,"ssumed in the normal mode ;;on"l yses !ln d is e xperimentally 

true as we ll, presently then.' exists no t heor y of dynam ic sta­

bilization o f M!ID modes that c an be comp ared ..... it h e xperi'nent . 

The fai rly int ui ti ve model calcu l llt~on p~esented in the fi ~st 

part uf thiS p aper cann o t o f cou" se replace an e xact non -l ine­

ar i zetl ~ll rn IInaly sis o f t he ..... ho l e p r ob lem o f dynal1 1c stabilizlltion 

t h llt take s ~nto acc!Jun t mode coupling te r ms . ·rhe .. efo r e the oreti­

ca l p " edictions conc erning for eKamp l e the cp timiz8tion o f the 

Bz- s tllbilization of t he m '" 1 mode on a linear " .. t o .. o i d81 screw 

pinch shou l d ~n l y be b ased o n a n o n - linea .. izod NJ ID a n lllysis . 

Apa .. t f r um th", s mllll 1<>55 of ! ft' power Cr)I·'I,,' .. cd wit~ o the .. dyn'llmic 

s::abiliz"ti",n me thods / 1/ ::he D:.:-method has tloe IIdv nn t a'J c that 

many ,·urn ,,"odes ..... i th g .. owth .. atcs "1 .,,« 'v, can be dyna:uc; ally 

stabil~zed at a tine . rhis is t rue because !!Ill these ,I\OdIolS Can 

be coupled at th., sa'M! ti ll>e t o the enfur ced 111 .. 0 oscill'llt i ons . 

I t 15 neccss ... .. y t o dynillll i cal l r stabi l ize with the s mallest pos­

ubi .,. rcl ... t; ve fi el d amplitude in u r der t o .. cduce the HF powe .. 

l oss in the outer c : .. c ui t . 'fhi s ~'an be acco"'p l i~t.e tl in two st eps: 

I) Optimize the .. elat ion be tween the r e la tivc pieslna alnplitude 

(m .. 0 osc illatwn) ,,,,d .. el"tive fiel d amplitudc 

'-I 1'\ II xi m;~c t he coupling b e t ... ·cen the d .. i ving :n .. 0 mo de n nd the 

unstab l e mode . 

'rh e relat~ve fi eld 'mplitude nee ess8 .. y t o .. e ncrate a ce .. tain 

.. elati v e plasm" ampl i t ude ma\' be ..... d uced by ..... O .. klnQ in r eson ance 

.... ith the natu .. al f .. equency (~.'o ) of the m .. CJ osclll" tion 16 / . 

I n thIS C"se t h e IIF "ne .. CJY ci .. culatcd I n the syste", '5 " 

r.lln l onum bec a use t he m' cj .. cu~t feeds ell< .. gy into the cylln ­

d l"; cal osci ll lltl::ms I n a ll phases and thus on l y hlls t(J feed 

b ack the POwe l' l u st by m .. 0 damplny p .. ocesses . The .. cfo .. e 

such a syste ....... It\': an Indl .. ec t dyn""'~c stilb~ li :latl Qrl ml'v be 

especially eC(Jnum.:: when tl' " dllr.lpiny of the d .. ivln •• mode (m .. 0) 

is stnall . f'o .. this type of dynamic s tablllza t i.o n it is impo .. tant 

how t h e cl a mpiny cuefflci ent o f the d .. lvlnq r.loc!e sca l es with 

t h e pa ra"TletCl's of a fU SIo n plllsmll . lis fo .. the st .. eny th ~f mode 

coup l ing this c iln only b e optimized un the b a sis of t1 n on -

l i ncII .. i zed t h e o r y o f d yn ll,"ic stabi.liza tion. 

/5/ G Becker . to be published in Plas,nil Physics 

/6 1 O. r; .. uber , z .Phy sik, ill, 333 (1 572) 



236 

53 
Dyna~ic S t abi li~ation txpc=iments on a Screw Pinch with 

St andinc: Wil'JC Hnnnctic Fields ( P t-.rt II I 

G. Bccl<er, O. Gr uDer, H. llerold 

~!.:lX-Plo!lnck- ln stitut fu". Pl,).S::lilph~'sik . Euratom Association 

Garching bei !·:i.Jnchcn , Gcr:nuny 

E>:,,~=incnts : The c}'!l=i c stabilization exper iments described 

in t1;e fir st part of t he proceedings are e;(tcndcci to ~·lIl..,cs o f 

~ .. ( ~J _ . up t::> 0 . 26 ir: a s!-.orter 0 pinch coil. Also t~c d is­

ton.le" "6': of tr." p Ia,,:r.;:! ncr:nillized to the p l asl:la radius in a 

bulge o!: U:e stl'.nding "'a vc f':clc! ~lllS been r.leas ured . The pa.rll ­

,,",ctet's of the two c:q:>er incnts ru-e sho wn in tab le 1. Tn>ical 

~ 
Scrc·..r Pinch 

F..:m.l i':x'.:. . 

0 coil length (c; .,) 175 111 
t..,be di ':>::lctcr (c", ) e B 

B;:o(kG) 10 ,. 
,-If', (I's) 4. 

T crO'~'b,,::- (ps ) '0 '0 

! 5t"-:-Jdi:1g \-/il'JC ~!a'inc':.:,-~:~ . 2 

1 nu::l!:>er of loops 10 6 

i .... ·lIvelens th A!3 (~~) 2~ 2<:.0 

I fre~eney '~s (s) \: :/ 

f: 0.12 1 0.26 

growt h nltcs of t he :n = 1 test in s t ability with the rc(1:.::;ed 

pinch le'lsth "'c~e "'i ::. 4 ' 10
5 

!i-I at ) S 310 Co . t n a:!d u;_ion the 

fillin<; pressure! .... ilS varied between 40 a.,d £0 mTorr D
2

• I\gain 

there W<lS not observed any s,::.wilizi:l9 effcct due to the stiln­

ding "'1\Ve . l\ fur t her inc re<lse of ~ '.a s not .... eaningfu l because 

t~e willl b r ea.l(down limit wi th stror.g da",,?ing of the HF curr er.ts 

[I .]} has already been reaChed at r. ~ 0.25. 

'f!": e ""'p l it",d" bo of the en!orcee. "l - 0 , h "" 0 osci1 1a':.i o :-.s WIIS 

nea::;"..tre:: by p~oto",etric evaluation of s trea% ?ictures ta",en in 

integral l:'ght c lose to the position of a loop. For the c~' alll -

ati o n o f n,,{rl i n successive ccr.:pression and e:!<p ans i o" pr .... s " s 

of a n ino.ividuill discharge only continuu", emi s sion , .... ith ... co-

efficient - ~ ..... as assll::l(!d . The ele ctron te",perature wa s con ­

sidered to be C8n stant over the p lasna cross section a~d als o 

constant in ti::IC . The rad ial density profiles for the cornnres-
,.ion la) and c><pa n"ion {b). phto&o& ar . w .. ll d.,,,-:-rih .. rl hy . 

GaUssiQ03 (Fig.S) . These measure~ents yield ~o ~ D. 6 t at a 

f requency 'vs::::: 0 . 15 '~k ("'k ::::: 3£... ; Dt line density) . This is well 
'rot 

in agree:nent with previous expcrinents (1 , 3] with ho:no<;eneo",. B
z 

Where ha:::: t at '''5 :::: 0.2 Wo,.; was obtained b y hologra?hic inter ­

ferone try for the sane t values . 

Co"'."~.rison ,,'ith t':eorv : The assu.T.ptions of the theory (2) were cx­

peri~en t al ly r ea lized . According to this theory ~o{l» 0 . 074 ~,d 

"'0(2» 0.11 are necesS ilry for dyna;"Iic stabi1i zation in experimer:t 

1 iUld 2 . Expe rinentally "0(1) ,.. 0 . 11 and "0(2) ,.. 0 . 21 wer e a­

chieved. One can conclude that the d}~amic pote ntia l due to the 

standing wave magnetic field is at l east a factor of 4 smaller 

t h an theore t ice. lly derived. . Pr oblili l y the theor e tical mode l is 

too mile" idea lized since it takes sharp bound.ary, linearizec! 

MHO equations and neg l ects :node coupling (c . p aper 52 of thi s cen­

ference) . This mode coup l ing effect was found i n the dyna:nic 

s tabilization of the :n ~ 1 ",ode by B
z 

enforced n ,.. 0 , h ~ 0 os ­

cillation. of the plasma c ol umn (1 , 3) and it should e xist for 

the m ~ 0, h + 0 oscillat ions. too . I n thi s case t ane. 6
0 

have 

t o be average d a l o ng z siving ~ ::::: £/2 for the me asure d r.{z) re­

s:>ectively .ro It! 6
0
/2. These va l lles are too small to fu l fill a 

s tabilizing condit i on -.::o r responding to Bz experiments [3} : 
e > C"'i/'JIs with C ,.. 2 . 5 for 5""0::::: 0 . 8 ; . 

Therefore the mode coupling e f fect s h ou ld not be obser vee. here . 

conclusion : The experiments show that the stMilizing etfe:;t of 

the standing wave scheme on the helical m ,.. 1 instability is 

f airly weok cor:-par e d wi t h that expected f rom linear i zed 1-!.'iD the ­

ory . Generally . if o n ly mode coupling effects are considered, 

all inho:nog-eneou.!l B
z 

configurations need a field o.mpl itudc in 

t he res ion of the bulges that is l arger than i n t he ho:nogeneo us 

fi'z CIISe since a certain average d dynamic a l for c e per 

h a. t o be opplied . Theretore the mentione d br e akdown 

comes more c rit i c a l f o r i nhomogeneoUS Bz · 

Re ference! : F;,.5 ~I .. b ..... , 

(1 1. (2) lee part I 

(3 ) O . Gr uDer , Z . Physi"k, 
25 1, )33 (1972 ) 

. ) ·1 · 1 

unit length 

l imit be -

..... .... 1,1 
< .ala 
&".C.6 

,\ TOIlOllU1. 1IIGlI_1J£"T.\ I'USMI IX .\ 1":IIIUIJ1 C' (;,11 UJ:1f-t1 SI' ~' II I , IJ 

T U<: •• idn , I( S"l". H Ak'YHmn,;" ;"-",11, . ,\ M""",. 

~ In"",,' .. "d JI \'II~ h [mu" a " 

P""""nt ,\ ,1<lr'!~II ' Fn cully "r (m:i " eel'itl,lt, ' tli'" ~, ~i t ~- "r T,.]..,)" 
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P"' ... ~n"nl Add,..."., C" I IeIl" of S ... ",,"c Ii.- En!:""',,,';,,/! . :0;;11"" I"i""·~".' 

TI. ; . oddilio"al fW' l",r r~1<r,,~e";F '" ~ ~,,,,,,,,, , , ~' .. f I, ... ""I'",.,m,,'H,,1 I " 's "I' ~ 

oht" illed _0 f",· f",· 11,,· , · "nfi"~",,,"' ,.1 " """"-1" ' 11;1, ,, 1,,~ ... , '" 11, .. lC' f r,,·I,I . 

A~r,,,·d; "l!l y . u,, ~ ~""" "Y ,,, ~fu tlr ~ ~",,(,.,,(~ ' "(' 1",,1.,.1 "I (11.' .\~"Il ~ "" '""f,·,-_ 
c ne".!!!;1 ·)- 1 " ",1 ,,1 /1, .. I;' ''',' IIIIII! ' ·,,"r .. ,-.'" ]' '' ,,,, l\d~ .. ,1 110 1:,, _11<> 111 ,' I" """, •• 

IQ7:!. Fi. 

( i ) rl "s.,,, 1' ... "lu~'i,,,, . S llff "',e" I I ~' "'~II" " "'.1"·",1 ,, ,1' {_ 1,,11, ,., ) pl'L __ ' ~ 
K,'" "Illni "".!;n Mp; I." " f lh" ; "~~,""",, "r ""jI;~ . The "x ; ,,1 " "m"I(,."u;I .' " r 

1, la"",,, u". [ 11',111 111 ro~ull fro. H,,, i,,,I,,~e.1 , - ' ''~ .-", ... ·,,1 , ~ " ,,,,I, · ,,·, I L. "I., 

well hl' th e I"'''' '' I~\e,,,, .. e,,n "r (h., c" ,, ( ,'a,· t ;,,1': ~ ", ... k " N,(,·d 1,1" ."", 11'.'-"" 

(, i ) A". a l .\1" 1; .. ,, • . I ,,~ I " f l .. r llll' .. ax i ..... ro n l ,-,,,· (,,, ,, . ,," ;, ." •• 1.,., ,· .. · ,,; 

""Ictal;,·" .. ;,, ~ fie l .! i ~ " I'l' l i",I . \1" .. 1"1", ~"." ' , "", .. I ",,,I , ,,,, ' I '~"IJI'''''''~ h} 

'I ,,6 ~· h e" 1,,,· f i e l d r"" ,"II"~ "". ",,, ,,imum. If,,,·,, .. l'''~i''' '· I,, ;,. f,, · ld ,~ 

" ppl;"d. ~"r" "11 ox,"1 .. "t;"" ; ~ ""l " lme,,, ... ,1 hu( I,,,· "",~ ,,,,,, 1)"1'1' 1,· , I'·.I~·'­

"t," "C i~ "~t"." l ,,,! I .. h~ 10 ~ \' " ",I 11,,, lu '",I", ·, ' ,1 " I ;,~.." •• ,,,,,1,1 ',."P " 1",, - 1,, ·,., 

""1",,. T" i~ ,~ ,I"" I" 11", ,·,,1,,1;"' 1.,· I ,,~, · , ,-;,1., u f ' ''''''1':' ' ,.r "" .• "1(''''('' 

" .~ x 11\ r. 

(ii i ) 

",·Ii,· f, ,· I ,1 "d",."", '"~ (I ... 11"11 ,1 ;,,,,. ,. "" "" ~ "."':" "",1 ~ " r f" " "',,1 ! n ,.~l"hl'''h 

Ihe e'l".li"r i, .. "t", .. ur " l u""" I,,1 ,y l j,,,I ,· ,,',, 1 II;l(h-1o,,(II 1, 1 " ~.,, , . 

(iv) IIIat""lli!.,\' . ,\ ' -" ~;Ml i,~ ";,11""",,,1': ., ,,,I e , ,, ~t,,lo il ' I ." " ' Il"l I,,· I"'''''· 
"h i e I " ,,,r,, ,· '" . ,,,. \I" r .. ,,,, ..... 1oIe ' ."'.'''('' .... "~~'UII "r 11<,' m; ,(("" , i, I,,,, . ~ "f 

f"'T" ,, " (,," ""'~"I" "f "',," ""I': , .. ",I " "" •. III ' ''''' .. ; , ~ •. "r ~ I " "~ ~ II ~,·, I. 

."" !(""~' I" j,,,,,. i ~ ~~ 'i .. "(,,.1 I,. ,,,. · I I '~~ r', '· .. . 1 ,",,01 ... 

(,.) 1'10""" I"'e~s" ,'" »e.-".". 1" ,,,' ,I .·,·,,~ · " ." ,' 0" "1",,, "r "". 1" '1"· ,·." , ,, 

.h!, lupe .! t n " " Ii _ ~ . .,-1<, "" ,~ 11 ,'",,,u1 " '1";' I I., (" ", "I' ."1' , "" 1".'1"" ,.;, I "" " 

,Ifler 'n"uti,,~I'''J f p ,· F"" "'i,1 I,, ~~ .~'· ".'n' ~OL~ ( I' IH· , ,,~" " ,,,;,, ". , """ ( .( ' ,, . 

.. ,,_t li kely <''' '' ~" " f 'h" 1 ""' ~~"'" d, •• ·,,~, , ~ ( ,,,. p~ , ,,,,,~,,,,, .. r I'I II~"" I",,,"nl 

II ca l' I ' ,~ 10; '"'' o~,~ ,,,in (h., ,·"" r ;" i"l: I'~l(i"" " r ." ,. ffT r;,· I ,I. ;0.;,.,, 1 .• ' . " ". 

,·"Iup. .. r r. _~ c~I, ,,,,.,'d n~ tll,. I ... e~~" ,'" ,I""IIY t ill" ;~ ,,,,I r", ' "1<' "'((1,-1 ... 1., 

I''''_~ filli,,]( "P 'he w".d~ ,·" .. r''''''1( I'~I!'"'' "r I"~ rcr f ,,· I.I. 10,,1 r •• , Ih,. 

h,gn-I"' (II "y l i ". I ,·;~ ,,1 " I""",,, 1" '",1""",1 " ,.,, " 11<,. '"''',,'' ;, ~i ~ "r Ill " (' I 1' ",1,1. 

be li .. i l ,,,1 hy (lie 1' l n M.n """, ,,,'li "l( u" th" ;,,~; , I, ' "r j"" "'"1.!. "~" "~ I" ill" 

"1'lwIl'''' '' o f I .... ~hl("lII i,,,, 1", .,, 1 t" t he "11 '1( . Th i ~ "1'1" '"'''' '' ,~ " ;"'~ "" .'.' 

/.I, e d i f fcr"",·" lIelw.,m, I ',., 'Icc,, ~' t,.". "r (,,,. ",,;1 ,·" ,·,·,· ,, 1 .",,1 (h.,( "f " ". 

i ",1 \1ec.! d,,1': c-u , ,. .. n L •• ',d"II ,.rill'''''t." ,. ' " " .",,,,,,i.ijy ,·f f t·, · ( I ... , ~" ,·" I"., ,, 

r" ,.,.cnl • . lII'hen till' hi,lth" ,· '·()ndu..t;,· i ty .,, 1,,1 i ~ ,,~p'l f",· I" ,· "'''1':' ., ,, . 

c"nh,'U " ,It ~ h,," l d " C" ",· ul j h" I"t ~ ,· l i ... , . 
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THE EXPANSION OF A LASER PRODUCED PLASMA 

P.T. Rumsby 1111<1 J. Oeaulieu 

(UKAEA Research Gr oup. Culham Labor ator y. Ahinydon. Berks., U. K.) 

~. The d e nsity of expanding lasel" p r o d uce d phsma has 

been obse r ved to fall as n .. R-3
• Tempe r ature mells ureroents lit 

large distances show a decay Ta'" R- ' liS p r oposed theoretical l y . 

Experime nt 

The experimental arr llngement is as descr ibe d in the main 

Co nfe r ence Pl"ocee dings. 

lI . ~ 

The density deca y of the expanding plasma shell has been 

eXllmlned out to a d, s tance of one r,letre using charge collector 

probes. The decay of the denslty pc .. k remains constllnt wlth 

ne 7 L/R~ sh(owing cone l u llivel}, that par tic le recombinatlon has 

negl1g1ble effect On Ihe denSlty dec;ay !Oate. 

Earl ier we reporte d preliminary mlClCowave absCllCpt i on tempelCa-

tu IC e meaSUlCements . This technIque has noo,..' been improved and wc 

have been ;:tble to me'lsure collision h'cquenclcs and der ived 

temperatur es with reason;:tble accuracy . ~·ig . 1 s hows experiment-

' 0" 

h '0" 

f 
J "0" 

The p lasma is h i ghly c oll isiona1. 

Fig .2 shows the depe ndence Ot 

a lly measured v;:t l ues of the 

co llision f l equency In the 

expanding shel l. Point. 

ma r k e d With Circ l e. and the 

dashed li ne co rrespond to the 

peak she ll densi ty . For 

R<60 nun the peak density IS 

glCeate lC t h an ncrltical for 

.:I nun ... -waves (6· l O\3 cm-3 ) so 

th"t the poi nts mar ked With 

squar es cor r-espond to a den-

sity of 3 , 101. cm-~ in the 

leading - edge of the shell . 

e c "lcula ted elect ron tt!n'p" r,,-

ture on e xpansion distance . The calcu lat ion IS now straightforward 

as in the r egion in whl. ch we have mude me"su lC ements "Debye 18 

'OUghLy const ant alCound l e. and not 2 as repolCted earlIer . The 

two points plotted a t 60 mm , cOrrespor.dlng to lOhe Shell peak and 

lOhe leadi ng -edge, agree closely Sugyesl lng a constant tempe rature 

wilOhln the she ll . The temperature dt!cay has a near l/R dependence . 

o. 

"[ 
.. 

effect of p""rticle rt!combin a tion o n the tempera tun, dec""'" In 

such models Initially T"l/R~ unt il recombinatIon becomes impor­

tant when a g r adua l t r anSition to T", l /R occurs . NOte that fo r 

To< 1/R
4 

all CO llis ion f r equencies r emain con s tant with radiUS 

whi l e fo r T'" l/R they decrease as L/Ri . 

Assuming an in i ti al temperature of 50 cV in our laser pro­

duced plasma she l l we find that ou r data fi ts such a model , as 

shown in Fig .3. 
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~ bso rption o f P i co ,,, cond LIght Pulses by Solid T,u' j1;C t , 

A. J . And,- "w" T.". Hal l and T . I'. nug h '" 

In fig . l r"5 ults a,. " shown fo,. the ,."(1,,ctivity o f boron , 

blu,uth and l it hium fluoride tlrgets . In t hi s fii\ure 

th e r eflec tivi t y is plot t ed I S a function of incident 

energy rath"r tha n inc iden t po wer . Ho r e c ar e ful measure-

lII e " ls on th .. se quantitie , indica t e th at the thr e, hold 

po .. er .. ay be a f" c t o r of 5 less than that shnwn in fig. 2. 

This .. ould b ring the ,.esuitll Int o '"'' sa . .. range a ll th olle 

quo t ed by C",-uso (2). 

TI"18 threshold valu es for the t hree cond ucting .. ate r ials 

are not aig nificantly different fr n m " ach 01h"r , whe r eas 

fo r lithium fluoride no cha n ge i n r e f l ectivity is Ob ser v ed 

.. 1thin the r"nge of Observations . 

Th. lack of variati on in threllhold b"t"""n the thr .... 

conductors suppo,. t S the hypothesis t ha t ion . otion can 

play nO part in the absorpti on .e(:hanI5 • . 

" " .. 

I l,1 

o" L----••• ,--------" •• ________ -..,-______ -.~ 
I"' (IDEN ! HERGY (mJl 

Figure 3 

clc~t cr.f'r<IV. 
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~ . !lFllNARn . A. (:OUUI:.V I IJ ..::: • .I . IJIlliMm:r. " .In!A~ • . r . IAIlIISI'Mll 

J. df! Mf.'lr:1 IREA U Iln<\ .1 . 1' . WATI'I-.AI I 

C'Cl",",I. ~ ""·!!l t It. I 'Fn"r!\l~ f1 t ....., I 'l"p . !: .. ntr~ d'l-:t .. <lu d .. 1.1"'~t l 
H. t' . ,, ' n _ 0., _ 'lTU .t:NF.lJVF:-~"Tlfr.flF:rnr.~:s 

li e " "'"O .. t tne l ~ t'!lI t r ~ ~ Ll l t~ on """t .. "" .... B~u .. .... "nt8 ""d I\n l o _ 

g .. a phle I n t"r r " """"ll")'. 

n. .. """tran "",, 'Xv "1''"<011"1\ t"k .. " at 1 I" .... t" .. " " "" n"" pr"vlou~ 
r er><>rl .. . The wi dth n f t h .. " p .. " trum "rt .... limP or fl l W\ t I~ .... ~surf'<1 wi th 

hell",. """u r""y ",,(I It !.~ f ound tl1.I\l In _"""'e cl l .. ~haro: .. ~ ,~t "r Tor .. thl! 

"Idth squa .... " "Itlo 11 d""t .. ...," tHlI' ''''l\tU'''' I""" .. than '" kl!V. "rus ,,11 

",,,,, .. urem .. nt s fit with 11 tl"''''''Il 

o r igin of th .. " .. utrnn8 for t h l!5" 

dl schllrgl!s. 

n , .. dl!ns l ty _"""I'"I!_ 
ment s hay" h .... n tM.<1 ~ nn " ':'7 k.! 

d .. vl "" wIth .. :; em <l 11\1I"l .. r 

h"",I ~ r>t, "r l ~" 1 In'' ~ r .. l .. "lrod .. 

""d " ' n r .. II I KIII .. t " r nllt" ,. 

.. 1 ..... t.N>tI e ""dr ., r "" I'll! I" ! ......... . 

1'h .. 1M~1~ lnr r~n hI' nn .... ~t .. rl nt 

dl ff c .... "t rt 111no: l"·"~ ~ "r .. ~ 

( 1. "> • 10 'l'n .... l . n , .. I ~ n .... 

('. ~ " ... e" ),"1 r· .. llIth l Mlrl tn" 

descr l bf'd In .. ~f"r"'\r" T. ~o:.' 
.. h "", ~ 11 tYI'I"41 '''t" .. r .. ,~,,, ...... 
<>ht"lnM at ., 1'nrr D, ril l !....; 

1'1''''' ''11''''. It .. " ... ,. c ~" .. drrl Il l""" . 
n..,.tron .... I" ~ I""'. ".0 ns .. " .. f'''r 

lh .. he-p; 1 "n b~ or th .. I"'III ~ .. . ':1, .. 

Uhl ~hoc k .... v.' r r "" t M "n .... 
the .... dlU c"'"'O"" ,,,, I ,,,, e ll" h .. 

,,, .. ,,, ,,1"lI. rl y. Ay Ah .. t I nv .. .. ~ l n·, 

th" "I .. ctrnn d .. " ... \t.y c"" to .. 

!..,"",'" ~'~""~~--~-----, 

'" \' \ ,'~ ~ 
L' ~~~ k' _.,ii ' . • ,-

m .... ~u .... ri B ~ " r. "' C tI ~' ()f ~Pllr" . rr.-u.O.C,,-- -----, --_.~ 

I"nd""slty curv"" fo .. th .. nl .. .. . ""l· .. ·· «.C,..". o . .... n D~ .~.~. _. i 
0Ifl or fll':. 1 Ill''' rlr""" ,' ''M I .. , vU,o uo ,, ~ .. '~'OII." I 
~:n:~n~: I:~:::~~ . :~~~ .. :~. ~J '~I~ 1 
"r e,t. .. nrl .. rI vnl',rn .. ("""y cuhlr 

C"Illl_t", .... I . !'\I I' thl " .. "', ..... -Jl'r 

th .. "!!Utrlm I'ul " .. 5tll. .. tB "rt .... 

th", dl " "\l l't l"" "r th", rt \II"'''''t. 

wh i ch t h~ do .... not contrl h" t ., 

t o th .. ""ut I''''' yl .. ld. Al ) 1'o .. r 

,U.L...; .. ""''''_. ___ .;, __ ~._~.J 

th .. "",,,hi,, .. I " "el'r odudhle "" tha t It \" ""s~ fhl .. t o kno .. th., 1>11l ...... 

dev .. I"f'ITI"'nl . The den~lly nn ,ul ... hll " tJ ...... 01 .. 11."", on .. d l r r"r""t t l ,",,~ ( 1"11(.:> 1 . 

At t * 0 one "!>"'er ve" " h .. oken fIt .. ", .. nt .. rid ~ \ ,," ~ 1'1 .. ,,",", 1 "".t .. rl "I "".0: 

th .. C"" l "r .. I""t .. "", with d~"lty h ... ..;" .. than ' . ' 0' /1 c.'}. I'rrwo lh .. til ...... , -' proflle~ On e cftn .. ~ tl '"~ t e the pi .... "", .. ~I~ 1 veloelty tn h .... t-,n"l ~.1O e," . ~ . 

The s t udy of t h" 1'\ .. " .... lOt h \oVJ e r rl llf n,o; nr" ... ~" .... " \ 11 nnt IIIId .. 

y" t ~o th .. t no r.nMp l .. t p e"",p .. rl llnn e .. " 11 .. dnn .. .. I t h t h .. f ' '''ctl,."", \ "iI. o r 

th .. 100 kJ rI .. wl"". Howev .. .. tu,. fI .. ~t .. .,,,,,It ... I " dlel<l" lllllt t he llf .. tl .... 

.. nd tll ., d~" lly or t h .. f l l"m<'nt Ine .. ",,"c wl'. h 1,), .. 1"ll\,, 1 Il;> Il r""~'J"". 

L'/ A. 8E1INARD, A. JO!.AS • • 1. I.Jd)NSPACH. 1. 1' . ' ... ~TI'£ A U •• Etude d'un .. 

df!cnarge 11 " 1 .. 1 .. ,, ....... ·"yl l nd .. I'I" .. pa .. Int" .. f"ro. .... l .. l .. h"I~ .... phll']"'" 

( A psra t t .. ,,) 
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Intensi lIni50t and Fine Structure in the X- I>QV 1m3 5 

o the Dense Plasma Focus II 

\." H. BOsHck, v. ~Tardi, H.J. Prior am. F. Ibdricruco;-Trelles 
Stevens Institute of 'I'echrrllCXlY, Ilo/::ot:en, N.J.; u.s.p .. 

~.'I1le intensity aniootropy of locali"l!a-j x-ray sources is nmcrically 
estiI:1a.tEd flU'l seven,l films all obtainfOrl urder similar conditions . 

A quantative estimate of the anisotlll!'Y of t.'le x-ray intensity Emission 

has been carried out hUll the images (pinhole caroera pint<Xjraohs) of IMny 

localized x-ray sourceS (E!longated sr.ots usually ",ith a cylirrlrical or a =n­

cave spJOl shape) in the plasTlil far (at a distance > l.San) fJ:cr.l the hollCM 

MOde wall. Fad! lcx:alized source has sClarp OOurrlaries and frequently <lppears 

as the OOl"e of a rrore diffuse source ,.r..ich radiates softer photons l1ith a lo . ..rer 

intensity I for unit of volUl<O . '!tie major dimension ot" sp;>t lero:jth, t (on 

film), defines the SOurce axis " parallel to the electr;ode axis or z- axis; a 

diill'eter cl ort:OCqol131 to f is also defined fot" eac.'l ~pot by boundaries which 

are particularly shaJ:P in thi_" direction . The purfOse is to assess possible 

fluct uations in the x-ray anisotropy i\S given t>t the r<ltio 18001100 ''Illere 

ISOO ~ X- ray intensity in the dir..ct.ion at 8Go with t"espect to the source 

axis; I(JO" intensity along source axis. Films <It diffet"ent angul<lt" positions 

;rre located on a cirCle with the center P <It anrn above I:h£, centet" of the anode­

end-section on the elect:rode axis . WP. have analized only the lcx::alized sources 

,ohich can be clellly identified on both 00 and SOo films and are loc<lted at an 

axial distance < la'! fJ:Cr\ poL'lt p , within a distance P. ' d'a>[ R' • 2mn (the 

radius of the axial pla~ =lunn a t !MXirrun cnrvression) fran the elec:trcde 

axis where sources appear rrost hff]UeIltly. Quantitative estirTates of the 

anisotropy require S<II"<O mr.oerical elaboration of micrOOensitcueter readings 

because of the differ-ent dimen.,>ions of each sp?t (typically t .... O. S - 1.rnn; 

d "" 0.1 - O. :mn on film) in Or> and SOO directions and becausc of the sp<lce 

integration perforrred I7t photographs . 

The value of the x-t"ay intensity lOO(erg/O"'h at a specific p::>sition (x,y) 

on the ()O film [film ortlY:xpna1 to z-axi.s;unprimx1 x,y,z, l ,d,1l etc. on film are 

the inBges of x:y:z; t :d ;R; etc. L'l the plruma;ri(x,y}"<l.i.stance of poin t (x,y)fnnl 

the point of peak intensity !-tax 100i on spot labelled by i )rcsults fran all 

the ffilitting plasma regions with the same distance r 'i (x' ,'1') fran the source 

axis ·((x,y) is the:image of all points (x',y ' ,z') '.~ith z ' varying inside the 

length t ' of a source in the plasm:!, if d ' /L ' < t ' I L' < R'IL ' « 1; object­

pinhole disL<1nc., L ' - 751\\1\; ..,irtluh,-[ilJ·' ilisL",,,,,,, L - 40",,,J .i.e. lOO(x,y) -

' t j1OO{x,y,z'}dz'. In the s~way I SI)O(Y,z) = ' d,.ISf)O(x',y,z)dx' on the 

SIlO film. In all steps of our nunarical elaborat.i.di _ have treatEd 

ISoO as if it W<lS 1
9

()O (SOo films are l'Dre oonveniently hardlEd than 99° films) 

with an ult.imate errot" which is lIl..K:h smaller than the other errors listed bel~. 

By asSmllng (<I) cylindrical syrnretry fot" each source and (n) a dependence on z' 

described by the Silll"e factot" o(z ' ) for both intcnsities IS()O(r' ,z') = o.(z ' )Is()O(r') ' 

l(j'.:l (r ' ,z') = o.(z ' } foo(r '} then these local values can l:e obtained by unfolding the 

=nvolution equation ...tlich relates thEm to the I'Iicrodensitcrreter readings ISOO,IOO. 

Instead of disentanglin:j the l=al values I by this proceclure 'de have est.imated 

the anisotropy of a locali~ed source i (say) by calculatim the ratio A(yl= 

1'soo/100 i .... nere 1800i (y)·f ti ISOO(y, z)dz, l,.,0i (v)., d. 10r>tx,y)dx . 'eIe inl>lication 

is that a strict rel"tion exists between intp.nsitie«l.of "DUrGe (I) and on film (It 

i.e. that fSOo/IOoi • fl'aooidx 'Ifl'r,oidx' is satlsfied for y ' ,Y close to the axis 

of sout"ce,s!Xlt,i.e. for Y' "yi ' y~Yi • The 7. ( x ) integral for a specific spot i 

on a SOO ( rp ) film is then carried out on the line y---const=yi (on both fi1.ll's)which 

900S thro!l'jh the peak value of I on each scannin<lp. -"",,"-',",,-"'P'-"'T¥~¥-l 
for 10 different spots are reported in Table I, Isoo/i'Q 

~ is derivEd 17:l' the maxinun fluctua tion in the 

integrals due to the uncertainty lJy i in these 

peak positions On each scanning step(essentia­

lly a silver-grain effect on the filn) An 

additiofl<ll error of 8%(maxirllln) in the values 

of A(Yi)is intnxlucal. hy the fluctuations o f 

source distances f n::rn p . _ 'Ihe ratio !so0;Ioo 

of the total intensities I~'fdy at SrJO and r:P 
fran a few spots is reported in the last 

ooll.ll1I1. '!he fact that !soo/irp > 1800,1(10 

indic<ltes that the anisotropy can he a fun­

ction of p:>Sition inside a lcx::ali~Ed source 

ard is larger near the axis of the source .I'Ic 

notice that the intensity anisotropy of eilch 

8TOI:r D2 -+- 0 . 5 \ AT 

• 2-71a 3 . S9 15 
~ 2-7lb 3.05 17 
_ 2-71c 7.30 26 

2-77a 3 .D9 25 
I 2-77b 3.57 14 

2-7'Ja ].]7 9 2.28 
2- 7'Jh 3.49 5 2.61 

• 2- 79c 3.40 13 2 . 92 

~ 2-S7c 
i 2-S7h 

~<I:;~~ . (~~~~EZ~i~i~,",as 
CXfD5ed to singl.!; lSkV discharge, 
0 .050 Illl1 thick Be window cover ing 
films .Pinhole di<lll"eter 0.075 Illl1 

source is evident even befot"e elaborating the densit:aTleter dat:a;Max1.S00i/t-IaxIOoi is 

varying beb.-roen 1.11) and 1.75(in spite of 1i ' "il for all fil1'Ls from the D
2

+0.5% AT 

discharges that wc have ElXa'\ined. For pUre 02 discharge;o; the anisot=p't(smaller than 

for 02+0.S'tAr) beo::mes clear only after consict..rinq the spot par<neters l ,d. 

'!he electron bea/ll picttlrfO discussed by previous I-":>I..,I.l!s sunportcd by these results. 

Peciprocity failure of X-ray film(I<odaJ": RPR54)response is considered negligible(2). 

We have OOll8idered dat:a(3)on film response(exposure factor)vs X-t"ay energy ~2 30keV 

Work s~rted by TI . F.O.S . R. an:l (V. N. ) by r.~VOCjadro Te:::.(C' . P.I07S7,1bre). 
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oeS':RVATION OF ION LANDAU DAMPING OF THE DRIFT 

WAVE IN A SHEARED MAGNETIC FIELD 

239 

T. Dodo ," Y. lI'ishida .... T . Kuroda, and G. Horiko s hi-+-+ 

Insti t ut e of Plasma Physics , Nagoya Universi ty, Nagoya , Japan 

Abstract : The drift wave stabiliz9tlon by the magnetic shear 

i s discussed by taking into account the effect of ion Landau 

damping . It i s shown t ha t near stabi l ization the ion Landau 

damping is more effective than that expec t ed theoretical ly . 

The crit i cal val ues for the drift wave stabilization by 

the magnetic shear , Which are determined exper imentally , are a 

little smaller than that obtained theo r etical ly as mentioned 

in the main paper . In the theoretical work ,l it has been 

assumed a priori that the ion Landau damping is completely 

effective, i.e ., uJ/k:ffvi (1 , when the wave is stabilized by 

the mElgnetic shear, where k~/f is t h e parallel wave number 

effected by the shear and is given by k~ x/Ls ' In the present 

experiment, however , uJ/k~,ffvi is larger than one , as will be 

shown later, and the ion Landau damping effec t is weaker t han 

that expected theoretically . So , the ion damping e f fect mus t 

be taken into account carefully . 

The growth r ate y o f the drift wave instability is giv en 

by Y 2[i\ i3( l -rll 4.jn ~ 2 

:;: ~ ~e (2-P)1 c.l* - Yi (2-P)1 11) 

where II =I o e -
b , boo k2Ti/ltWci2 , z= uJ/kz v

i
, k

z
= 

is the parallel wave number wi thout the she ar , w" is the ilr; ft 

angular frequency, and Vi and ve are the ion and electron ther_ 

mal velocity , respectively. The wave g rowth term contributed 

by the resonance electrons , the first term in the righ t hand 

side of Eq . (2 1. is about (1.37-0.97) x 1O- 7 W" und er our 

presen t experimental condi t ions with the shear fie l d . The 

ion damping term, the second term in the right hand side, l S 

calcul~ted as follow~ : When Ti is 2.0 eV, the wave damp s away 

a t about bcrit"' 0 . 025 , and there W/k':tfvi is about 3 . 1 and the 

ior: damping term i $ 0 . 48 x IO-5W ~ a t the cri tic al poi nt. 

x -1.0 om . Here , we take x to be the wave spreading width and 

When Tl. is 1.0 eV , bcrit~O .08 and uJ/k~,ffvi""""1.7 . 

ion damping t erm 15 1. 4 x lO- 5w... The s e values 

So, the 

of uJ/k;/fvi 

are still larger than one , but the g rowth tenn by elec trons is 

smaller than the dampl.ng t erm by ions . The ambigui ty of the 

cri tical value .reri t in the experl.ment does not largely change 

the values of ion damping rate . Thus, the wave lB stabilized 

by th e ion Landa,· damping effect . If the mag netic shear i s 

absent , the g rowth t erm is a lway s larger than the damping term. 

In conclusion , it is shown that near stabi l izat i on t he 

ion Landau damping is effective eyen though the resonEl1lt ions 

are a fe w. 
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PIaslIIs Confinelllont. Experiment in Heliot.ron D (cont inued) 

A.liyoshi, S , Horimoto, 5 . "onoshiIll8, S.Yoshioka. M.Sato, 

T.Otake and K. Uo 

(Pla !!"a Physics Laboratory, !'aculty of Engineering. 

Kyoto Universi t.y. GOkfUho, Uji , Ja pan ) 

,[oull! heating experiment: 

An eight turn air core coil is mounted along the discharge 

chamber. A typical !let. of pictures of plasma current, loop voltase 

and probe !li gnal lire aho .... n in Fig.I. Vhen t he plasma current 

reache s a certain cri tieal vulue, the ob se rved current Ilod probe 

signals " ho .... violent fluctuations . The critical current might be 

due to kink instRbility(l} , (2) , The relation bet" .. en the rotational 

transform anglc produced by he] ieal winding" at the radius of the 

plasma boundary,..t
n 

• and that due to the critical plasma current, 

.t ohc ' i" e h o1oln in Flg.2. Aseuming constant current (listribution 

, RI 
in the pla slla , the latter is given by..t h =~ The figure 

oC 2 -.;r-S' 
p • 

"eellS to shov that the mac r oscopically stable pla sma vould be 

lIIaintained until ..t ohcz I, tn Pig,) the density profile ill shown 

for .. ",0 (without toroidlll fi e ld coil). Although we han not any 

li .. iter, the plas .. a is "ell separated from the he l ical conductor. 

This suggests that it might be u"efu} to elllploy field" in the 

"eparatrix region as 0 divertor(J). 

RP heating experi .. ent: 

Heating method! due to ion cyclotron "ave (I.C . W) and r..!lt 

vave ( F , V) are applied to the plasma in Heliot ron D. The wave" an 

generated by a tvo !!ect-ion reverse turn induction coil (Stix coil ) 

vho"e fundamental vave length ie 84 Cm . A helium pla "ma js produced 

by joule he ating ta maximum density 5~10lJ cm-) RP current \ljth 

frequency range of 1 Mnz to ) MHz is pulsed during )00 IlS in te the 

induction coil . l-'ig.4 nnd 5 sh010l the equ i vlllent load r esiatanee 

measured as a function of density for I.C."" at Win i",0.91 /Lnd for 

F , iI at uJ In i ~ 4.7, re"pectively. Vertical arro'o's on the s e figures 

indicate the densities predicted theoretica ll y for the coupling 

resonance and for c ut off. The experimental peak" ag ree rea "onahly 

well .... ith the predicte d density. I.C." shov~ better coupling 

reSonance at )rd harmonic! .... !lVe length. It is i nteresting that the 

)rd barmonic s vavelength Of il '" 28 Cm is almost exactly "ame value 

a " one half of helical coil pitch length. As the ne t po .... er coupled 

to the plaSMa i" on l y a f ew joule in the"e experiment" , .... e have not 

"een appreciably heating yet. lIuwever. the result" of high coupling 

efficien~y up to /levera l tens percent encourage us to further IItudy. 

Fi g.l 

Pig.) 

()I> COJPLIN(i 

CUT I 

r 
pig . 5 

FAST WAVE 
B, " IIIG 

~' 1o.7 

"" ~ 

MUlEl·C 

5'·_1 "~ ... ",,, 
!.om J • • Moot 0' 01 
(1' 1.",.11 

"atIlo 

. , 
,_.*!t­

Fig . 2 

n.len" 1 
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CONFINEMENT AND FLUCTUATlOll STlJDIES IN nlE JA.EII IU:XAPOLE 

>, 

S.Tllllun, H.Ya .... t o·, T.NagaBhl .. , ti.Obuuka, 

S.Adz""o, T.Shiin& , K.Y08hlklllolB, and S.l1or i 

JAPAN ATOMIC ENERGY RESEARCH INSTITUTE, Tokal, tbaukl-ken, Japan 

We describe here properties of the fluctuations obBerved In the JAERI 

hex"pol~ and identicaUons of theae instabllttieB. 

Mode B Maxima of the fluctuation labe l along a m.lIgnetic field line are 

found to be located at maxi..,. of unfa"orable c unature or at maxi.,a of the 

hexapo l e Held (Fig.I). The oscillations at P llnd Q are l8Cl de grees out of 

phase, while in phase at Q and R. A poastbh. Innabillty "'hi ch is local­

Ized In the ..,favo r"ble curvature ia a drift ball ooning instability (1). 

In the h .. xapole geo_try, however, drift wave cannot be locslized In a bad 

curvature, sioce the .... xi_ of tC + b cor responda to D ainl.ull of t he 

"'&nettc fidd. ( tC _ 2 Un B/ nn n, b _ k~T/Hfl12 ). Anothe r pouibilHy 

h S ......:le discussed by RutherCord et .t . (2) as "electron drift trapped 

panich instabili t y" and alBo by Coppi et 11. 0). Observation ..... de so 

far are consistent with this _de, but _ re detailed cOllparhon, fo r 

examp l e cOlllParison of observed allp litude di stribution with theoretical 

pra diction, is required t o conflr. the identity. 

Iiode A and C Aft~r careful cor raction of E x B drift, th ~ frequency of 

.-od., A and DOd~ C is fomd to be clote to drift frequency ( 0.1 1oI.- Cl.9 "'.) 

and propagations of both "",dell lire in the direction of electron diamag-

neUc drift. Various observaU"". of thie "",de ace", to . uppOrt that this 

nonloclllize.d "",de 15 a drift univeu1l1 inatabllity. One problem to be 

explained is disappearance of the "",de under appl1caUon of u,all toroldal 

field. Th h difficulty can be eliminated if the "",de C 11 a"WIH!d to be 

the as .... typ~ of instability wHh different lIIOde nWllter. I t ia .. 1.0 found 

thst the lIIOde C iuelf is devided into aeveral IKIdea ",ith different lIIOde 

nWllten n, as the toroldal field is incraaaed up to abovt 90 G (Fig . 2). 

The IKIde nlJllli>ers al""g the pololdal fhld and along the toroldll fidd are 

given by n and m re"pectively. The _de tranlitlon Can be understOOd 

physically from the reb.tt"" beNeen p.rallel ",ave nllOlber kU and toroidal 

field intendty (Hg.3) under an ""Wllpd"" that the. c!.rHt wave h "", r e 

.. ,atable for . .... Iter 1<11 . 
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L P.H.Rutherford and LA.Frie ... n , Phy'. fluids g , 569 (1968) 

2. P . Rutherford et a1. , Plasma Physlcl and Cont r o lled The~llclear 
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NON ADIABATIC ltOTIOH OF A CHARGED PART ICL:;: It: A 3PAnALLY 

A!lO SINUSOIDALLY MODULATF.O ~AGIGTIC FELD 

by 

D. A. Dunnett and G. A. Jonea 

Oepal'tment of Applied Mathematics , 
University ot' Liverpool , Eng!and . 

The question of '~'hether an invariant eXists throughou t the 

ph'lse !lIens may b e restated ea ~:hether 1 t 1s possible to 

generate on invBr-iant which predicts b e haviour suff'iclently 

complicated to explain the numeI'ical results . \'le shall exanine 

this pOi n t using the methods of reference (I) . 

The Hamiltonian for the problem may be transfor."ed using 

Dction anGle vari ables to 

H • p + h: ... c{P + A sin 2Q)g( z ) 

;.c2(p + C A sin 2Q)ga( z) . 

Following (1) we genera t e Illl InvBI'iant by Writing 

[J. Hj. 0 , Where [ ! Is the PoiS!Dl bracke t, !md 

eXpanding J in po~eI's of t as 

J.J+,Jt,2J , , , 
It is easIl:,r aeen that J o is any a rbItrsFS function of 

p. P . p~-z and J t may be obtained from the relatIon 

[Jt • Ho]" - LJo • H, j 
In fact , changing va riab les to a,j9,f'"here Cl ~ pQ -z. {3 .. Z and p • y 

J, is obtained by an integration over (j . In a s11l'.ila r man ne r 

LJ2' HoJ • - [Jo • H2 , - [J ,. H, gives J 2 1n terms of J, and 

similarly .for J 3 - - I n • The J i are , of cou r se , 01' increaalng 

complexity but we mey ncte that J t contains t erms proportion"l 

to ~ and ~ resultlng fl'Om the interactlon of the field 

perturbation term g(z) ~.1 th the gyN>motlon term (A stn 2 ... ) . 

This predicts a resonance at p .. !. ~ as would be expected and 

corresponds t o the centre of the nlain quas i - circular closed 

orb! t curves preaented . 

However J
2 

alao contains terllts proportional 1 
to h!21fl1 

·.Yhich are due to the interection or J and H . These are the , , 
terllls wnich cause the secondarJ "uasi-circular closcd C"..lrves 

atE -·75 · 

If the calculntion is continued in this · .• ay i"urt":':r 

harr.\Onlc terms sre generated . for exal'tple J
3 

will = nt ain tepms 

proportion!!l to Jo.~ nnd 2xb7ll? ' The 1'irst of the~e term::; 

corr espondE! to another quasi - circular curve above e - . 75 (seen 

on the f .. . 0637 curves) . while th e second may be shol'ffi to 

correspond t o an islsnd Chain containing t\'oO islands . 

Claarly we may continue in thi s way and generat~ terms 

;vh1ch predict increasingly compUcated behaViour of the type 

observed 1n the numerical aolutions . Of COUl"~e as the terms 

become more compUcated their effect is dimInished by multi plication 

by increasing powe r s of c and for s~all enough , i t seems tha t 

high harmonic effects do not contribute appreciably to the 

invariant curves . The curves drawn for the tw" different values 

of, ( . 03lB and . 0637) demonstrate this point . 

This is remarkably similar to the ove rlapping of reEonance 

ideas discussed by Llchtenberg (2) . However it Lo; not clear 

that thIs overlapping of the reaonance effects will dest roy ttle 

invariants in a given caae . PO!lsi"bly 1'01' large enough c t he 

terms of the invarisnt which contribute appreciably to the curves 

are suffic I ently compUcat-ed t o glve the appesr!!nce of q·J"si 

ergodlc behaViour when a psrticle orbit is plotted . Our rp-suIts 

auggest that this ia tte cs se for c •• 0637 at H :ast . 
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TOKOMAK PLASHA HEATING Bl FAST NEUTRAL INJECTION 

.J . P.Girard, H.KIt. Uadi , D.Nartll 

ASSOCIAT ION EURATOM,CI!!A SUR LA FU$IO",", 

O'partemenl de PhYlique du Pluml I' de I. FUlion Conl/O-IH 
Centre d'Etu.du Nu .. ",;,,, 

Bolle Poalale n· 6 . 82 Fon,.ney-e .. ut.Roe •• (Ftlncl) 

In ord~r to kno" rou ghly th~ ignl~ion de.ain of o u r 

largl Tokosak, a silllple en ~rgy bal~n .... code has be~n de v.lop.d. 

T"o ine'lualiti~. have b .. en introduced in it tltll firet onll i. 

the .. quilibrium limitation {Se <li ~ }, th6 86CC>l1d one i. th .. 

balance b"t""" n the oh .. ie 2nd Cl particle ha a ting and the los .... 

du~ t<> i<>n conduction, bre, .. t r ~hlung and . ynehr<>tron r adia t ion [I]. 

• , .' 
,." 

\ tiro""",,, 

I····. 
~ E; .Ii.'':''-

w:,k lit! ..... .... -.~ .. ,,( .... '( 
(' .. 51 

Th .. ob t ai. ned diag r ..... i , .hown 

on fig.S "here the uppe r li.ie 

is given by t ha ~quiHbri u • • 

the lo .. e r by ion tondu"tion 

and thl la f t one by ' ynchro­

tron radi .tion. The points 

"ith arro". giv~ the re . ult. 

of co.pl .. te calcul.t i on. obtai­

ned "ith the neutral heatint 

coda. The Injection ia ' toppe d 

"han tha .. rahed ta.paratur .. 

r . obtained. Tha ignition i. 

aehi~ve d for denoi ti ", o f 7 - 9 10'·c .. -· and tellperature of 20 k"V 

wi th inj ection at lOO k .. v of 20 A (00 ) during 1 I~c. lie obst.rv .. 

thllL th" domain is rather nll.ro", navarthaleBI it can be iner .. a ... d 

.iindican tly if a lo"er q f~ctor (I.a ) il feaaible. 

Appticaeioll to a Tok.omak. Rea(!~or t?.] 

With th .. global lIodel "''' havl! rirlt checked th .. pooaibi­

lily ,,( ignit i on by only ohmic he.ting "ith the minimum q value 

(1.5). Wc can ..... (fig.6) that the re.i.tivity has t o be ~ ti .. ~. 

,n" .. a lous providing that lhe ano ... ly i. not dUi to impu riti es. If 

thi. w"r" ch" c;ose , th 8 ignition should net b~ Obt ained due to 

~nh8nced radiation los s el. 50 additionn.1 heatins seeml nec ""I~ .y 

at all densities . 10/ ~ ~al~ula t e cOllp l ete ly the itnition by n e" t. al 

j 

, , 
~~--' 

-" ... ;. ... _, .... , .. .. -... .," 

.-- --------
, 

"'" 

injection at 10" denlity 

().IO'ltll-l) a nd thi l is 

po,.ible .. ith a rathar lIod .. s t 

neutrsl. eneflY (lOO keV) and 

cu rr ent of 260 A. tha t is • 

dapOli t ad po".r of I.~ 10-lW/~II ' 

(rit.1). Having obtain~d the 

itnition at 10" danli ty and 

IUPPoling t hat rlfuelling i. 

fe~sibl .. , "e f in d to obt ain a 

den.ity of 2. I O' ·c .. - 1 and 

temp.r~ture of 10 keV that the 

fuel inj~~tion rate has to be lOll plsec dur i ng l lec. I f the Cl 

particle. are not ;011 trapp .. d in the ,uchine [l] "e obsllrve that 

I • 

.............. " .... UIl"I."'·'i ... , .... "., ....... ,"'., 
1OO ~.y ... , . 11 4' 'Ii •• ~ •• 

• 
"" 

10,. ..... -_ .. 
'" 

ignition t empe r at ur o i. inc r ea.ed 

frOIl g keY to 10 keV (Fig.1) and th .. 

t"mperature profile. Ire more pe ak~d 

than prac .. dently . 

If th .. ion conduction ("b,nana regi .... ") 

i, incr .... ed by a factor up to , 00 

tima . , th~ ign i tion at 10" dansity 

by injection of na"Lrala of ulu.1 

enarty (100 klV) and unusual current 

1300 A} il ,'"aYI ob t ained. It i. 

only in the cale "h.n tha ion h"at 

conduction folio .. . the "plate.u 

rl,i .. a", eVen ,t \0" collision 

obtained at high d e nsity . We 

frlqu .. ncy that itl>icion should be 

obtain a .inimum dlnsity of 10'·c.-> 

and te .. peucur~ of 7 k"V. The ha.ting by 

need a bea", of Do of high en a r8Y (1 MaV). 

R·flre"ce8 . -

[Ij 

{2; 

{3} 

Rosenbluth Nucl .. a. fUlion.!.,Q., 3, 1970. 

Lubb . l and all H~di . "n Conferencl, CH.l8/K.IO, \971. 

Anderlon-Fu rth Nuel aar FUlien.!l, 2. 1972. 
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ANOMALOUS HICR().IAVE ABSORPTION tlEAR TIlE I'USMA FREQUENCY 

11 . Ore'" .. r, R. F. Ellb, a nd J . C. lngrah" .. 

Los },1".,5 Scientific Laboratory •• 1.0, Ala .... , 11_ Mexico, V.S.II . 

~: Add itional data ia presented {or the exput ... n t of Ref. [1 ] . 

A detailed ""'pping of the threshold for a"om"loua ab50rp ti <>" Onut in 

" . 1er""."" resonator a. " function of "leetdc field and pl .. s .... den,lty 1. 

given in Fig. 1 . The horl~ontal .. xI. h the square of the ratio o f pL .... ,,, 

to microwave frequency, w;o/w2
, and has been detc noi nod 911 50Iu[" ly fr"", the 

.. iet"",ave resonator frequency shift plus D detailed knowledge of the pill."'" 

d"nBity and e l ectric field distributions ... 1thln the resonator . The verti -

cal axi_ iI the ratio o( the e l ectron AC drift I l""ed to the electron ther-

01,,1 "eLocHy. The thr u hold data are. determined uaing t he AM ... Chod[l]. 

Theoretlc.l thres hold curve. for cha dec.y and AC two'atre_ par ..... trlc In-

n . bl liti ... [1] , [J] are shown. n.e .gree .... n t between Infinite ph sou theo r y 

and e.xperl .. en t is rel/.lonable.. 

The .. Icrowave Ulonator 01110..,. quantitative .. e.aure ..... nt of the Dn .... a· 

10UI ablorption. 1£ in addition, the plas .... volu .. In the reson.tOr whi(h 

contribut" to an .... lo" . ab50rptlon la known, che. eHectlve an ...... lou. co l-

lidon r ate , vef{' of the electron. Cln be computed . An e.t bate for chi. 

pin ..... volu ... is obtained by "",asurlng t he radial profile of che hot electron 

" 

.,' 

fig. I 

pul te [I], ..,hlch h produced a •• re.ult of the a_Iou. abso rption. Thh 

p"he profile, me •• ured <:tuc,id" of the re.,,"ato r, 11 . .. "",ed to ""rre.pond 

to the radial profile of an ..... lo". abao rpt!"" region In the re80"'"tor, and 

data In Pia. Z are thua obtained. The hOrizontal axil Is the square ot 

the uti" of the electric field In che ru,,"ntor to dl1 electric fie ld st 

, ' tllre.lhold, Eo /Eoc' tt.. vertical axil i. the ratio of "elf C" tM elee · 

tron·ton collldon rate, "e l. It 11 interuting to note tllat che dapend­

e nce "f "ef£/" el "n E02/Eo/ dependa strongly on ..,hether the I'lasll1.1 den.icy 

corruponds to the thre.ho ld minUn""', 0 . 93 "; W~0/<l,,2 'S 1.0 , (see Fi g. I) Or 

noc, e.g. 0.74 ~ ., 2 /!Il2 -= 0.77. Tlla"ra tLcnl calculatlcon.[Z] predict ,0 
" eU/"1i ~ E02/Eoc

Z 
f"r Eo? Eoc. Thi. dapendence would be a Hr. igllt line 

"f , 1"pe unity In Fig, 2 l ying, bel:Ween the tw" datll curves. 

*Work performed under the "u.pica. of tile United States At"mic 

Energy C .... tuion. 

H. Drelcer, It . P. Ellts, a nd J. C. Ingraha .. , P .. per 120, "Anoll1lll"ua 

Hicrow,"ve Ablorptlon Neat the PlI .ma Frequency", Proce~ding. ct t he 

Fiftll EUf"penn Ccnfarence on Concr"lled Fu&ion and Plasma PllYllca , 

Gnnoble, Pr .. nce, August 21-25 , 1972. 

P . K. K .... , E . Va l eo, and J . H. Da,,"on , Plly •• Rev . Letters 11, 4JO, 

(1970); D. P . Dubol . , and H. V. Goldman, Plly • • Rlv, Latten,U, 218 

(1972) ; E. Vale o, C. Oberman , and r. \I. Perkin" PhYI . Rev. Letter. 

l!, 340 (1972); W. L. Knet, and J. H. D'''' .on, I'hy •• of fl"id . ll, 

446 ( 1972). 

Wa are indllbted to J. P . Preidberg and B. M. foID.rder at Los Alamo. 

for tha ule of tlldr computer cod •• 

THE PLEJAIE ACCELERATOR D:PERlI-U1I' 
by 

R.Geller, W.R.lieSS+ , ~1.llesse, B.Jacquot, C .Jaequot 

4.SSOCIATlOn fWiAT(}!!-([A 
OfpM.tC!Jl1w de Ph!l~.iquf d" Pta~,"" t.t de. ta Fu..\.(o>1 CO>ltJtiiUe. 

SCAuite. TGI1 - Cl!.n.t.\c d'f.twiM Nuctla.U'lU 
CM~~!5 38 GI1(N06lE ('-AAI'. (F}ul>1tc) 

In order w increase the density o r the ionic current it is necessary to 

"'~ 
l/ a hi9her density of cold plasma in the preionization zooe (tWted by 

the cut-off of the R.F ..... YE' and trl<J<Jering of Ins~ili tJcs) . 

2/ the sharpest gradient of pressw'e 1n the reSCl1lil!'lCe zone ..mere the fluid 

must be coUisionless. 

'Iherefore ....,. utilize !I single injector where the h~ gas 1s intro:lu­

ca:l in a. capillary tul:e of (NiB) ~ .. ~ 1'1" sliding In a quartz tube c\l '" 20 I!tn 

n-.e position of the 1110 tubo ia deteoniood in order w obtain the best io­

nic density current, N!th this single inject or we obtain 100 rnA of ions l·,tth 

an enet'<]Y between I,~ t-:ev il-n:! J KeN. (ni ~/~"::! 10i3 1to!/cr
J

) an an Ionic 

dens! ty current of 6{J l"A/a/ . 

'the product of current density and particle energy I:cei.r-.:J roughly constant , 

we CM i ncrease the wtal current by increasing the pla= cross section S, 

provided that the inc ident R. r. p:oo.ocr is also~ncrc...sed. As a m!ltter Df 

fact, we know that the total <lv.!IJlable JUoooer .In the ionic beir1 Is p.r<::pJr­

tionnal to the R.f. p:oo.oer . But if we 'JaIlt al90 w l'<Iintain the ~ ....... in­

jection corrlitions, Md enhance the efficiency by loodi11OOl rrore the cavi t y 

then wc ITI.Is t multiply the ntF.'ber N of injectors (cross-section a) to have 

S .. ns with S « ).,l.pF. 

'ltt1a s1/!tlle scalinq law irdicate!l that ...... CMl expect "it." J injecwrs J 

times nore particle curtent with a l1ttle less particle cn~. 

£xant:Ile 300 IrA of ions ( S .. 4 =2) with 'Y I , !i t:eV energy ill'd "" 2,5 KI.i 

of R.~·. pa..oer. 

The folla.ring corrections sl'OJld be nade 0f1 page 123 , line \(, should read 

10 Gllz - line 3 shoo.lld r.,..d 57 rrA. 



126 

J. j":usil, F. l"cek 

1nst.i lUle of' PlaSlll8 Fh,yaics, CZechoslov3i: ;'cace~ o:!' Sciences, 

Nodellljnslu'l. 600 , l'ra,eue, Czecholllovakia 

:3ecause the ef:ficifmcy of the collision absorption strong­

ly decrenBes wi ~h ti)e increasing electron letlpersture of the pIa-

51118 it h, very important t.o find; out if the absorption of a micro_ 

"aTe energy described in lJl8in conference iloper is caused by col­

lision or it' is collisionlesa on.." The chol"l..cter of the absorpti_ 

on was deterrtinea on the baaiil of the analysi s of the measured 

deperuhnc: DE the reflection coefficient. R on lh~ ~laMlII. densi_ 
ty K_ {.)¥{.f. 'lie hay!! !I!.<!nsured the reflectlon c.oef'f'.i.cl-ent R of 

t.be RHC? wave at ~~ ... .f,~. ;U1Ci' wave '1':'05 incident on the 5YStf)!;!: 

quarter wavelength dielectri c plale ([" ~ , 55) - pl "!IIf)a . The die­

lectric plate, whi ch was placed tightly in !'ront. o~ the nat very 

thin bottom of t.hl! diseh!ll'Ge tub!! , made possible iIIQre efficient 

t.r8lL5i'er of the microv:eve ener,:y into Q :: l asll& at higher domsiti_ 

TIle measW'ed d e l='endence a2 " f(v) for argon at a prl!l!sW'e 

4 . l0- J torr was then compared wit.h the theoret.ical dependence cal-
culated :r'rom the ! oI'lllUla 

where 

R ~ ~.~ - " -l''',.)' 
~. I'r-l'';'J + I, -l'",-,l' 

Ep==nz _ 1 -
.• ,.{,f-Y) _ i 
( ~ _yF .. 1.i 

( 1) 

( 2 ) 

y .. ,; l -'j/(..J i 'j* i s th!! effectiVe collision fr e quency 

which determine a what part of the incijent. IlLiCro .... 'B ve ener~ ifi 

abaol'bed in the plaSD8 ; A. , ia the t'ree-apace wavelength of the 

inci(lent. Wllve , A, ia the cri tical wavel ength in the circular we­

veguide. The :t'o rmule (1) 3btiafies the energet.ic bnlanc<! condi ti­

ou aZ ... T<:\;,.2 "1, where TZ, AZ cenotes the trQu ",mi t ted and absor be d 

,..ower. The calculation sho\~8 thnt the agreement. ot the meas:.1ree 

dependence R
Z = f ( v) wi th tile c:llculuted one can be obtru.r.e(! 01'1_ 

1:; in the case when }Ill" increuses with the plQst':a dendt:; in such 

8 was as i t is shown in Fi g . 1. The magnit.ude of the effective 

~ 

I , 

FIG . 1 

colli ::;ion frequenc:; )I" iE 

a:x,t.:t two orders of the lIIagni_ 

tud", greater thWl Lt the col­

l i sion frequenc:,' of electron 

v:i th ion:: ':111 n",utr!ll jJw·tic­

les,i.e . 'I»Yei+'V.". r.-.is 

annlysi ~ clf!urly a~owe U:a'. 

the abeoJ'l-tion o~ the microw,,_ 

?'of", lor T,"'V 
• ' 1==::::/~,.L----·-·--·'~4: 

ve enerey cannot be cau~ed by 

c1638ico.1 collisiona but it i:; 

c["usf!d b:; some e S6f!ntinlly a:o_ 

rf! efficient colli sionl e sB ab­

:;orption mecha.r:iBIII . The Ilbsor-
,;' .' 10'-.· .. ,:.,,/ pti on probably arises in con-

sequence of wave s tJ'anafoI'"IJ.Gtion _ in reGions o~ "".:lves reson=c~OI 

at oblique vrop&gotion - into short wav",lensth .. 1~5IIIIj waves ?:hi ch 

are Vel':; effecti vely absorbed in an inhoQOgenf!OU6 plas!lI Ei . 

This result i s v .. ry important. It shows that thiB mechllni ­

Sill or the mi crowave ener.zy absorption could be sui table for hea­

ting of a dense and hot w!l,fiJ)etoactive plasma . 

In IIlalI,)' prac tical cases (toroi d..J. tlevi c e e ) is advuntS{l:eo:.lS 

to generate and heat a plosma b:; weans o f IiI microwave g".1Il. TIlerf!­

rore we had meosured also the dependence of the densi ty of the 

Plosma, created directl:; by thf! eun. on t he mal;net i c field Wc-t.,iJ. 
Experiment waa corrhd out wi th two c:;lindrical gulls, see Fi g . 1 

in main psper. The gun I was rf!d rrom the generator (r '" .::' , 35 GH:::) 
the power of which ia to be absorbed in & ploSJll£; . The gun Xl j)ro_ 

duced the independent pl&s:na at '4S--w» 1. Results , gillen in Fig. 2, 
Np,;'J 

ARGO!1 PIfIc(w.! are very promi sinC . It 
to" poJIO to,.,. l~ i s wortwhil", to no te 

. ~;o = : ~ thot ut ~eot incident 

,,-

,. -- 0.5 powers the absorption 

strongly incre:..s es in 

OS I'J1.i'l"~M~ vicinit:; of 4.ley ..... =O,S. 

·-!---C.C.---C,7.---,C,----7,.;--C,",C--C,".,-~ 
FIG. 2 
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RESONANT INI'ERACTION OF 'tWO ELECTRON WAVES 

WITH AN ION WAVE 

by 

R N Franklin: S.H. Hamber'Jer and G. J. 5IDith 

133 

(UKAEA Research Croup. Cu lhllm Laboratory. Ahingdon, Berks .• U.K.) 

Measurements of the spatial variation of the mixing product 

have been made. In order to carry out such measuremen ts with the 

plasma unperturbed by the antenna detecting the ion wave, it is 

necessary for the antenna to be of small are a and the signal is 

consequently small. Care has to be taken to ensure that mixing 

is occurring in the plasma rather than in the dete ction 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 expecte d from theory [ 5) that the spatial variation of CIl s 
will be of the form 

where wave numbers and lengthS are normalized t o 

, n! ), 
k o !!' ~ 2 EokTe 

and the as s umption has been made that the damping of all the waves 

l-55mlll1. Le. K\X. KsX <I 1 

Figure 4 shows the spatial variations of c,' ~a and ~s 

fo r pllrticular frequencies corresponding to r esonant mixing. 

Direct pick-up leadS to the interference shown in the ion wave 

signal. Note that the scale for ~l ' CIl~ and CP,CIl . is logarith­

mic; that for CIl s ... s linear. 

Figure 5 s hows, for different fr e quencies, a comparison 

between measured values of the interaction s t r ength ~I defined 

by ts(K"K.,X) . t,t , Ms .. (KI,K.)[exp - (K, - K. )X-exp-KsX ] 

and theoretical prediction ( S ] . The f .. l l -off .. t high.,,, f".,qu.,nciea 

is due to increased Landau damping. 
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NONLINEAR PLAS:IA OSCILLIITIONS IN TERMS OF VAN KAI>\PEN MOOES 

by 

Robert w. n . Best 

Fot·\-Instituut voor Plasmil fysicl! , Association Eur"tom-FO,'1 

Rijnhuhen, Jutphlll!S, rlederlilnd 

4. Initi"l value problem . We take new amplitude functions in 

terms of phase velocities instead of frequencies and 10'12 further 

r estric t ~2 ' in additio n t o the symmetry condition (6), as 

follolo's, 

~l (k. , "' ) 

~2(k , k ' , w , w' ) 

in Io'hich 

Ik 1-' ~ I (k,Io') , 

IH' I-I ~2(k,k',w") 

101 = wlk, '0" " ", ' /k ', '0' '' 

(101-'0") , 

"," Ik " . 

In these variables the potential () r e ilds 

and the C<lrresponding distribution fu nction (15), 

f .. F(V )- ~ fIk'A, K eik.lx-wtldkdw 
e -

-+ p ..l.. (k' K_k , 2K ' )) e i k " l x-w"t l dkdk ' dwdw ' 
w=w'" av 

in Which K is given by ( 16) wi th wlk replilced by '0', a nd 

~i K ~I(k"w') . I'riting the initiitl condition ilS 

Bq. (20) for t • 0 reduces to the se t of Eqs . 

(17) 

( 18) 

(19 ) 

( 20) 

(21 J 

( 22) 

1n which i!: . dnd li2 in lit .. ,,,",, .. way 1" lhe l. h . .. . Th., curly 

brll ckets in (22) contain the same e x p ression a s I n (20) . 

The solution of (22) invo l ves the int r od uction of func ­

tions ~ !( v) associated with any function .. Iv) defined by 

,, !(V ) = ~ [Q(V) -+ ! J....!... .. Iu) d uj , - . v - u 

It can be shown that ope r a t es always on the v- variable ) 

( 2J ) 

in which V:: i O (et. k: in Eq. 10) a nd 

e' J 1 d F(u)du . 
ro lTlki v

1
-u du (24 ) 

We find that 

k'~~ (k , v) i!(k,v) " - ( e/co )s.~(k,VJ ( 25) 

"od 

k' '!.'] J v! - w. dwdw ' , (2 6) 

in which i~ and i; signify i. Ik ' • v) and .L (k- , v) , r espectively . 

Furthet" work .... ill dea l .... i th the connection of (2 6 ) • .... ith 

known results, e . g. Eq . (A 16 ) of the reference. 

The author ac knowledges helpful discuss i o ns Io' i th prof. 

H. Bremmer and Dr. M. P.H. Ween!nk. 

This work was performed unde r the iI!lsoc l atlon a<Jreement 

of Euratom and FOM with finilncial s uppo rt f rern ZWO and Euratom. 

Reference 

C . T. Dum, R . N. Sudiln, Phys. FlUi ds li (1971) 414 . 



QASSIFICATICN ANI) S"I"-BILlTY CF 1liE B.G.I<. srNrIGlI'\R'f grATES 

fOR A OClUBlE WATER-B.>G KIlEL 

U.FilI2i+, J . Holec+; J . P . lhrenus­

+ASSOCIATlON H!RATO~t-CEA 
WpMtem~Jt-l de PhY4-ique du Pl<LI1M. U de ta F~.ioJl C"f1uoU e 

Svtuite IGn - Ceu-lM d'EtudlUl ,\jllC:.U a.t.-\~ 
C(!dc.~ J5 - 31 G~E .. ..rOBlE Ga.\ 1!. ( F-tWltd 

++ c;.\oUPI'. de. PII!!.I.iqU~ Th~o.'l.iqu l'. c..t. Plcu ..... 
ulI ... .,'-'..-Ut.a. NWlt!! J (541 NANCV rhrultd 

A new set of pararre ters whid-! siIlplifies the represenbtiOIl o f results in the 

case of aperio.:lic soluticns has been introduced in recent calculations . Instead 

of assuning the potential ~ to be zero at neutrality. one sets 4> =0 and d.pjdX,"D 

at )( ,. O. The paraJreter dw:acterizinq <Ql~iform1ty is IlCJo' t= ...,,/ .... (0) . F'or t >1 

the !X>tential4' has thus its noaxima at.p_ O. 1'11c rate(3 between the t:ot;.al ener­

gies of the particles on the iNter and outer o:ntour is ra". always o~~~ 1 . '"'"' 

definitic:n of 0< is kept ".,changed. For each value of ~)j all the p:!ints of the 

square (O~o ~ I , O~ ~,. I) represent a physically meaningfull aJUilibriun. 

In regiau; I and 2 o f Fig. (4) one has oscillating solutioos without and with 

trzrwinq of the inner o:ntour respectively. In the rBtlaining part of the 

«:toP) square. soluticns are aper1o:lic . The problem of thei.r stability has been 

<OIPletely solved. An ~le of the results is given .in !"ig. (3) ...nid-! o:ncerns 

the case (1. l . s,{3 • D. S • The bars oover the vall.le5 ofo: for ...w.ch a given 

symretric (n S ) or aJltisynmetric I" bS ) node of rani<: n is unstable. 'n1e rre­

chanism of the instibiUties is the S<mE as in ref. /5/ . The values of W 2 oor­

respondinq to instability are always <=pIe>< (no absolute instability). 1'hese 

instabilities are due to a reSOlence ben...en boO eigem-odes of the S«I'e rank of 

the inner and of the o.lter IXIntour. Near the bc:unda.ry between regions 2 t!nd ] 

a series of seccndary instabilities can ~, due to rescnances be~ ei­

qemodes of different rmk. 

In Fig. 4 the boundary of the unstable region is pal."tially sha.rn cad! tail 

corresp:nds to a s ingle \.lTI.!Itablc rrcde . Ch t he left of the curve 'l; . 't" all the 

soi\lticns are st.I>le . 

en the right of the cleshed C\U'Ve c;r.e has _ J. 

) 
• .1. q. _~ ) .." do .... >() . Cc ' C i b'Xl, q>*J'I. '\ ~ 

o • t I: ~ () 

1his is, aco.:>rding to Minardi, a sufficient conditioo for instability. /lgr~t 

of the eigennode analysis results with both criteria ( r c1 • "t1 and Mlnardi) has 

been obtained for al l the values of r:J.. 1"?5 el<lllTlined. 
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HICRCl"Ave RADIATION FROI-I A TURDUL£NTL'( 

HEATED TORO!DAL PLASMA 

S. M. HlImbeI'ger. L.£:. Sharp , J. Jancarik, H. Kyama 

245 

De tailed s t udies of r adiation emi t ted both r a dially and tan ­

g e ntially to Bill have been made for H2 plasma. n_1_2xlOl ~ cm- J , 

Ii:p _70_350 V cm-' . Under these conditions the Buneman instability 

i s excited during the current rise (vd> 2)( lot cms - '). f'ig.4 

s hows the time variation of (il ion fluctuation energy (ii) elec­

tro n tempe r ature, (iii) tota l microwave emission 0'0 " 4 cm), (iv) 

radia l dcnsit}' fluc t uations with Ik l .. 30cm-1 • llI"llIpi (from scat-

t e ring of 2 IIU1l mi c I'{lWaves). This s hows that most I'adiation and 

e l ectr on heating occurs following the collapse of the strOng 

Buneman oscillat i on, and coincides with the appearance of ion­

sound fluctuations iBq:,' F l uctuations ' Bq:, at this Ikl were much 

weake r (NB the most unstable modes would have 1"-1 ", l OO cm- ' I • 

Thi s suggests that the origir.al modes gener ated 18", de cay i nto 

10ngeI' wavelength s propagating across the f ield. 

Fig . S plots broad-band power r ece ived tangentia l ly a nd 

radially vs. ~. together with Vd and a. 

i ncreases rough l y with input power . 

It shows emission 

Fig.6 shows I'adiation spec t I'a measured tangenti a l l y for two 

vaiues of B",' they exhibit distinct peaks at wce a nd harmon i cs. 

No clear corI'elat i on with wce are observed, however. foI' the 

r adial spectra (Fig . 7). 

The general shape of the continuum spcctI'a rough l y fo l lows 

i'I power law 1(\11) "'11.,-0. where 0. .. 2 - 4 and is insensitive to n, 

~ • Bill over our par ameter range. Comparison with (a) the bl~ck­

body limit a t T_IO' ev, (b) classic<ll bI'emsstrahlung, (e) 

bremsstr~hlung b~sed on the measuI'e d e ffec tive coll i sion frequency 

(ve '" 7 • 10· s-' ) shows that the mea s ured l evel is generally much 

more intense th<ln <lny of tho/l.O! .... "tima"' .. d for incohQr .. nt r:>diation. 

The pe(]k emit t ed power from the whole co lumn is _ 40 k\~, 

COI'I'esponcling to a total energy l oss <: 10-; J , c l. _ i D-lOO J in 

the plasmll. 
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LII1EAR A:m r~OIl_LWEAR PROPEP.7!ES OP co:m::CTIVE A!1D 

AB~OLI,;TI:. IJiITABILITIES III A Bl::Atl_?LA::~1A SYS'i'I::N 

" 
D. Bollinger , D. Boyd , W. Carr, J . Panicj,;am , H, Llu , M. !:ellil 

St evens Institute of Technology , Hoboken , l~et .. Jersey 070)0 V,S,A . 

Ab!!tract: Recent results she"," that the saturation of the convec _ 

ti ve instability 18 Que to the trapping of the beam partiel",:!. 

F i g I 111uIOt r ates the spatial growth of a con vective wave. At 

saturation th l'ee hennan!!!!! of the funoamental appear . IIft~r s8t_ 

Llra t l cn , trapped particle induced bounc es in the amplitudes of the 

fundamen ta l and nannonlca are seen. 50th tile growth ratea of the 

han:lon i cs and tile phase relation of the bounce o scUlat10ns are 1n 

agreement with rar(l) . Pig Il $hO\<,'5 t he neasurea wavelength 

cnange afte r particle trapping. Abo ve tt.e wave !.ength diagram , t he 

growth rate of t he fundamental is plotted. A ske t cn fr om rl:lf(l} is 

includeo for comparison. Tile measured cha:le;es are laq;er thau p re-

d i cted. It ~lIl\all enl:lrl;Y analyser which c an move alono; t he r lasm.a 

column has been used to I:\easure the bear.l. veloc1ty oistribution as 

a f unct i on of axial position. Pi g III shot:s the l:Ieasured olstri-

tu t ion at the positIons marked on the R. F . plot. The original beam 

enerby is 3!10 volts a na the phaae veloc it y i n the linear gro" .. th 

region corresponds to an energy of 335 volts . ';'he trapped elac _ 

trone are tillsi:"y !leen at positions (~) ana (6) . By tal.:ing tile 

spatial eQuivaleut of equ ating the tJounce frequency to tIle growth 

rate \' 0 get the saturation ampl it ude of the >18ve , one I<:ould tlxpect .. 
""'F'&IT DC 0' . O>lr measurements indicste tile "Xpollent to b" ] . !l :!: O . ~ . 

Ref ( l) T. rt . O' Neil et a1. Phyaic!l of "'1u1ds l~ , I <'O~ . (1971) . 

P • .. 
Fig. 1 .. 

Fig. 2 

Fig.3 
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11
1), R~ TI A NO PO L I S,~n~erG:alljz Narbo~t'nli' v~b~s :mtiq.uifsim:a,& AlIobrogum p" 

~ pUb5Ilull:tnonztat~adkrlpta.non fcm.pcrld ~omlnl~ha.bult;quippcolim Acculio,VCl 
, Accufiorum colonJ2,\·oc:lt:l.,Cab:l.lJontorLIm In ProUlncl:l.colonia fuit, N;ml &: ita Pto. 

lcmzo in Gco$u.phia lhcirur, idcmquc ci pcrmanfit nomen v(que adDioclctiani &: Ma. 
ximini tempora. Q!.;amobtcm Cul.aronacxindc\·ocata fuerir,nullam rationcm accrpi 
PoQaUtem impcrOlnrcGr:lti:mo, cum a~pliort'murorum circuiruciul pomf%ri~ non: 
n ihil prolara dfcnr1a. Gr:atiano eiuHd aJ ll:orc, Romanis primum Grarionopolis Galli' 
'dei~dc;~~rrupto vocabu[o,Gtcno~I:,appcll:Ha fuit.ll:lqLlC non ipfC' Gratianu! ( v~aliqul 

• fallocl[l(hm:lnt ) h;p,nc vrhcmcondldJI,fcd.qu.lnl rcRaurat2m amplia lfel, norncnabfefe 
h3bcrevoluif,G~II.ic.z quidem genlis,apud qlla~l. !1mb!an.i (\olllanQrum Impc'ralorfalhls dfcr,lludiofus:ppfi 
auccm hnno Chrllll eeC.LXX X VII .L ugdu m a Mallmlno Iyranllo (';rfus. Ylcmm,a nlcGrarianum M:u:i­
mianus a Diocledano in Galliam mi[fus, \' t fuborl05 illic tumulus componen:r,hilnc \'rbem Ila ('ornmnnit'4 
r:u,v t l\om3norum l'c1ud propugnJ.culum qllodd:un aduerfus GllJorum \' i01 clf..-t: p.ort:1s ilurchl C'dlru xrrat' 
dU:lSC'l l:apidcquadrato infigncs,opcrcfcalptorio per quam fllbrili ,coagmenfalionc tarn folida, vtnehodie 
quidem ill:Hum pulchritudinem, vlla in parte, vC'tuftatis iniuria Izf:aln apparcpt~ 'Harum altera .:quod ad viam 
fpclbaret, qu:r Rom:un dudt, appcll3batur Romana louia: altcra, perqu~m milltcs in PtouinC:i",m gralfatllm 
prodib3nt, ViC'nncnfis Hcrculilna:: nomcnhabclla.r.Hzc Mn:imiano;qui libi pari cum Hcrt' .. IC'fdicilare blan. ' 
diens, Her('uics dici vcllcr;illa Diocktiano. qui rebus gcllis parem f(-loui_cr('4crct.Jic:ua~ Id hodicqlle fC :ilpflt 
ilia: inferiprioncs docenr,quas non Viennll", CVI fornniauit Pomponius L~tus) fedGratianopoli videas: ahe • 
.ramquidem inpon:l,qua: ad mcried~1)l peniner,& Roman~dicitur: . 

DD. NN. IM PP. ChES. Gh IVS AVRIL. VALERIVS OIOCLETI A NYS PP. IN VICTVS • 
.AugMjl. tr.lm/,. Cif Mo .AM"! Pa/truu Maximunas, pitll,ft/ix, ;tJUillIlS, .Augufl. m",i, Cllwrof,tn/ih"" 
cum ulttrWri~us 4d!ficJjs prollidellli.., lua inflitutis "tq.e per/tElis, port4tn iJ{om4l1am IOlllam }1ocltr; iujfwmt. , . 

.A1tcram vero in port:a,qu:a VienOltm irur,quzquc:ad feptc~triones \'ergir: 

DD. NN. IMPP. CAES. G AIVS A VREL. VALERIV S DIOCL El'T A NV S PP.1NVI CTVS. 
.;IUf.II/I, tr Imp.urll·, Marc .,Aure/.V4/tl'ifa,Maximiamll ,pitu Ut1ix ,imliE1us,,,,/u:!."fi·tnuris (,I/,lrotfen!ibku

J 

cum illt tr;ori6w 4dijiciJ proffiJtIIl;a faa inflitlltis at'lsptrfe£Ju,pOrI4If1VitlfntIJ/C'IN Hc"ukJ )iQ(ar; n1flrtl!/l. 

Sed nulla Maximi.1 ni [:anti momenti Cularonlt fnit fubtli'ullio ,quin ci vrbi Gr:lti:anl:s; ampliori ab fefaa:r, 
,"eleri aboliro nomine, fuum dare voluerit, CUOlque is orthodou rdigionis Prin..:cps, GalJis etiam eh2fUs 
dJ'..:r,facile in ca vrbc nominis al; ... irmtis a:rcrnam Illcmoriam anequulus C'll. A nriqua riU) forma Jongiort'ft, 
quam rorundior. in anglliumddincns 21;Utum,ac tatlrummodooualis. PlanicielU occupar, qmrpaularim la 
montlum r:adleibus ad Orientem cxrellfa,ila pingue.habct folum, VI null2 om nino regio tCrtlJitatc ipfam vin· 
car,Scd neque tllnuim 2b hac pane regio fruauofa dt. ~lOcunquecnim oeulos \'Cflas., 2n:ttnita5,dcliei:t ,&: 
rerum omnium co pi:!. fefe o!fcrt.lfara,ex :litis AJpium iugis ab Orientc l~p1us.hanc pcrluit, qui nlagno impc­
rn per Centrones & Viconcio~(TarC'nr;;lioshodk,& MoriC'nnos\'oc:t IH)dd:nus, irrig2fa Dclphinat ium re· 
gi0i1r,in Rhodanum fc.,inrra. Tinum,& Valcntiam confundir,C)lIo loco Fabius olilll M~xilllus Allobrogas 
memorabili pr:dio fupetauit. Ad Septcnrrioncm in Ilarfl rons ilr:ttl1s,omnimr.,qu05 \'1quam ... ·idefls. pulcher. 
rimus,:ld fuburbi2,qlla: D. L2urentij.dicunturpertincns.Ncc longe fod; n~ lilpidl·,.CX quibu51apidcs .. dolllncm 
ciuir2tis vli1mcrtlunrur.Ad mercdiem pra:tcrlabcns Drllcns,torrcns ira tHoro(es,& vehemen,. ;~tncn raraH_ 
n)ofis inund:ttionibus vicinosagro, de.ormcr, nCl: vllo agtere coC'tccti pof~it,nonlongeil ciuit:ltein Rho. 
danum exeipttur. Q!!i ab hoc concnre longius abfllnt agri,lanliilni,cxtendunrurc2IUris,oil(ni frulluum ge. 
nerconuflis, & :afpcl\ui pcrpetuo quodam \'i rore, [onliumquC'.ac riuorum fl;a IUffginC',rnirurn In moduTn 
blandkndbus. Francifcus,eius nominis Rex Gallorum primlls , Gnu;:ln; fci:J uuluscxcmplum, COnIliIUC'f:II: 
h:l nc ('iuit2tem maiore murorum ambilu concludere,& iam fund:lRlent:a,qult hodic quoque "idere liccar,ia. 
aa cf2nt,fcd pendcr OpU5 intcrruprum.nullam ciuibus inuenicnribus rarionem,q l!a ranti momenti rcm ccx?" 
urn abfoluant.Gratianopolis fedem habet Epitcop:lIehl.Vicnnenli A rchiepifcopo fubdiuln .Hah:-t& C.uriam 
iudiciakm prlLnari2m,adexplic2ndas maiori! rnom~n[i cauf,:u,qu:rapud infcriorcs ludlCC'$ dccidi non por.. 
(unl:.in qu:a viri {'emper funt fcienri2 pra:llantirsimi, turn iullitia & vita:: in rcgritate furnmi, & qui patrilt iura 
con[erucnr.&libertatem tucantur, Dcnique.ad(zterahuiu5(iuitaris ornamenta IIcccdit. ratiollum a:rad 
coanitio. 
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